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Preface 
The Laser Program Annual Report is parr of the continuing series of reports documenting the 
progress of the unclassified Laser Fusion Program at the Lawrence Livermore National Lab
oratory (LLNL). As in previous years, the report is organized progrimmatkally. The first sec
tion is an overview of the basic goals and directions of the LLNL tnertial Confinement fusion 
(ICF) Program, and highlights the year's important accomplishments. Sections 2 through 7 
provide the detailed information on the various program elements: Laser Systems and Opera
tions, Target Design, Target Fabrication, Laser Experiments and Advanced Diagnostics. Ad
vanced Laser Development, and Applications of Inertia] Confinement fusion 

The purpose of this report is to present our work in a brief form, but with sufficient depth 
to provide an overview of the analytical and experimental aspects of the LLNL ICF Program. 
More detailed expositions of the research can be found either in the many publications and 
reports authored by the ICF Program staff members or by contacting the atithoifs) listed at 
the end of each article. 

Erik Storm 
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In inertial confinement futon, powerful laser 
beams compress and heat a small amoant of 
DT fuel to high densities and temperatures, 

initiating a fusion burn. To accomplish this, the 
LLNL Laser Program build* high-power high-
energy neodymium glass lasers (currently, the 
recently-completed K'ova laser), develops the 
scientific concepts and computer calculations 
pertaining to fusion bum, fabricates fuel-filled 
targets designed for efficient fuel burn, conducts 
complex experiments and precisely measures the 
results, researches all aspects of components for 
future high-power lasers, and develops designs for 
future fusion power plants. Success in these areas, 
already demonstrated, will have both near- and 
long-term military and civilian benefits for the 
country. Recently, Iasing action in the the x-ray 
region was obtaiifd for the first time by exploding 
a thin selenium foil with the Novette laser's green 
light. The inset photo at left shows an exploding-
foi!! x-ray target. In the large photo at left, a target 
is irradiated inside the Nova target chamber. In the 
photo below, part of Nova's 137-meter-long jaser 
chains—the 20-cm amplifiers and the spatial filter— 
is portrayed. 

Laser Program Overview 
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Laser Program Overview 
Introduction E. Slonn and I_ W. Coleman 

The objectives of the Lawrence Livermore National Laboratory Laser Fusion 
Program are to understand and develop the science and technology of inertial 
confinement fusion (ICF), and to utili"? ICF m short- and long-tenn military 
applications, and, in the long-term, as a candidate for central-station civilian 
power generation. Some military applications, in the form of weapons physics 
experiments, are already being realized with the laser facilities constructed for 
the Laser Fusion Program. However, full realization of the military applica
tions and the civilian potential of ICF will only be reached with the attainment 
of well-diagnosed, moderate- to high-gain (>0.1 ton TNT equivalent yield) 
thermonuclear performance. This accomplishment will experimentally prove 
the scientific feasibility of the ICF concept; in addition, it will generate large 
fluxes of x rays and neutrons, permitting a broad range of new militarv 
applications studies. 

To reach our goal of demonstrating high-gain performance in the laboratory, 
we are conducting a technical program focused on two major complementary 
thrusts: experiments and advanced laser studies. 

In the first thrust, we design and conduct experiments using our high-power 
Ndrglass laser systems whereby we develop our understanding of laser-target 
interaction phenomena. Our goal in ttnse experiments is to demonstrate that 
the conditions required to drive a high-^ain capsule can be attained with a 
driver of sufficient energy. In 1984, using the Novette laser svstem, we com
pleted experiments showing the very favorable scaling of laser-plasma inter
actions with short-wavelength laser light. Our Novette experiments have 
unequivocally shown that short laser wavelength, i.e., less than 1 /'m, is re
quired to provide the drive necessary for efficient compression, ignition, and 
bum of DT fusion fuel. In other experiments with Novette, we made the first 
unambiguous observation of amplified spontaneous emission in the soft x-rav 
regime. We also conducted military applications and weapons physics experi
ments, which we discuss in detail in the classified volume of our Laser 
Program Annual Report. 

In the second thrust, advanced laser studies, we develop and test the 
concepts, components, and materials for present and future laser systems. 
Over the years, this has meant providing the technology base and scientific 
advances necessary to construct and operate a succession of six ever
more-powerful laser systems (see Fig. 1-1). The latest of these. Nova, a 
100-TW/iOO-kJ-class laser system, was completed in 1984. The Nd:glass laser 
continues to be the most effective and versatile tool for ICF and weapons 
phvsics because of its scalability in energy, the ability to efficiently convert its 
1-^m output to shorter wavelengths, its ability to provide flexible, controlled 
puise shaping, and its capability to adapt to a variety of irradiation and focus
ing geometries. For these reasons, many of our advanced laser studies are in 
areas appropriate to solid state laser technologies. 

We must begin to develop a plan for an ICF facility for the next decade. We 
are confident that Nova experiments wi'i strongly support our present projec
tions for achieving high gain with a 5- to 10-MJ short-wavelength laser. We 
also predict that a high (>100) target gain can ultimately be attained with 
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Introduction 
lower (~2 to 5 MJ) input energies, the result of progress in understanding the 
physics and technology of designing and fabricating taTgets. We have thus 
continued analyses to examine the issues associated ivith the design and con
struction of a facility for high-gain target investigation, and to identify the 
research directions required to define such a facility. 

In support of :nilitary applications, we define three categories of experi
ments. One category is to investigate and enhance our understanding of the 
physics of nuclear weapons, and to develop nuclear test diagnostics in support 
of the Weapons Program. We have made significant contributions in these 
areas with our current ICF facilities. The densities and temperatures attainable 
on a small seal-? with the high-power laseirs developed for ICF are comparable 
to those otherwise achieved only in underground nuclear tests. Consequently, 
experiments on topics of physics and diagnostics of interest and applicability 

Fig. l - l . Solid state Nd:glass laser design has progressed rapidly since its 
invention. Construction of multimegajoule lasers is, in principle, a 
straightforward extension of existing technologies. 
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Progress and Accomplishments 

to the Weapons Program have already bean conducted and will cont inue on a 
somewha t larger scale on Nova. W h e n w e achieve m o d e s ' target gain xvith a n 
appropriate future driver, additional military applications experiments n i l ! be 
gin. This will add the second category of military applications: to produce high 
enough x-ray, neutron, and gamma-ray fluer ces to simulate the e f^c t s of 
nuclear explosions on military targets, i.e., ballistic missiles, reentry vehicles, 
and satellites and their components . The third category of experiments is to 
provide a laboratory capability to help develop an unders tanding of the phys 
ics of nuclear-driven directed-energy weapons . 

The longer t e r n objective of the Program, to develop and utilize ICF tech
nology for civili ^n energy production, has an extremely high payoff but is also 
one that entails considerably higher technical challenge a n d economic risk. 

Progress and 
Accomplishments 

Exper iments 

Nova Completion. The ronstmction phase 
of the $176-mii!ion Nova laser project was 
completed on schedule and on budge! in 
December, 1984. Nova, depicted in Figs. 1-2, 
1-3, and 1-4, is a three-wavelength system, 
capable of irradiating targets with 3-ns 
pulses that deliver 100 lo 120 kj at a wave
length of 1.05 fim, or 50 to 70 kj at 0.53 or 
0.35/j m. Over the next 2 to 3 years. Nova 
will be used to extend laser-plasma studies 
with plasmas 10 times larger than those 
produced with Novette. We expect that 

these experiments will confirm our theoreti
cal and expeTimental understanding of 
laser-plasma coupl.ng and implosion phys
ics for the types of capsules that are re
quired for high-gain performance. We also 
expect to extend x-ray laser performance to 
shorter wavelengths, higher power levels, 
and greater coherence. 

Lascr-latget Interaction. Major progress 
occurred in understanding and quantifying 
laser processes and laser-target interactions. 
This progress includes not only obtaining 
very positive experimental data, but also 
improving our ability to model and sca!e 
these phenomena to conditions appropriate 
for high-gain targets. In ?n ICF target, high-
gain conditions occur w'.ien 2 to 10 mg of 
DT fuel are compressed to densities exceed
ing 200g/cm3 ani -..:.en thermonuclear 
bum is initiated in c high-temperature-

Fig. 1-2 The Nova 
10-bwrn ICF facility. 
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Progress and Accomplishments 
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Progress .and Accomplishments 

94? 

Fig. 1-4. Nova target 
chamber, showing 5 
if the 10 spools con
taining the frctjuency-
convcrsion crystals 
and the final focusing 
optics. 

Fig. 1-5. Nov»tte target 
chamber in the fore
ground, with Ihe two 
laser chains and pre
amplifier sections in 
the background. 

( > 3 keV) hot spot 1o assemble the fuel in 
such a state, a precisely time-programmed, 
10-ns duration pressure pulse, exceeding 
=0 Mbar at its peak, must be applied. Very 
little preheat of the fuel can be tolerated if 
efficient implosions are to occur. In order to 
achieve the energy densities that corre
spond to these high pressures, the laser in
tensity must be > 1 0 u W/cm\ Experiments 
on the Argus and Shiva lasers (designed to 
explore ths laser-plasma interaction and 
high-compression conditions required for 
high-gain performance) showed that hoi 
electrons generated with 1.0e>-/im !a.er light 
caused deleterious preheat. In some experi
ments, as much as 509a of the laser light 
appeared as very energetic (10 to 100 keV) 
hot electrons, which significantly compro
mised the quality and usefulness of the ex
periments. Theoretical work, confirmed by 
some small-scale experiments on Argus and 
at other facilities around the ivorld, indi
cated that converting the laser light from its 
fundamental (or first-harmonic) frequency 
(1.06/cm) to its second (053 pm), third 
(0.35 /im), or fourth (0.26 urn) harmonic 
would greatly reduce the production of hot 
electrons. We were able to confirm this 
theoiy with Novette experiments. 

Novette (see Fig. 1-5) provided as much 
frequency-converted (0.53 /im) laser energy 
to targets as did the entire 20-beam Shiva 
laser at the fundamental frequency of 
1.06/im. Utilizing up to 85 kj (in a 1-ns 
pulse) of 053-/im light from Novette, we 
stud'ed short-wavelength, laser-target 
interaction phenomena and verified that 
positive scaling occurred under these short-
'.vavelength, high-energy, large-plasma con
ditions (see Fig. 1-6). With targets irradiated 
at 0.53 and 0.26//m, we saw reductions of 
two to three orders of magnitude in the 
hot-electron production as compared with 
similar targets irradiated with the same 
energy at 1.06/im. 

These experiments, as wel! as experi
ments on disks coated with high- or low-Z 
materials, have identified that stimulated 
Raman scattering (SRS) is the primary 
mechanism responsible for generating 
the hot electrons. A subset of these experi
ments also demonstrated that by varying 
the target Z, and the laser intensity and 
wavelength, we could keep the plasma col-
Iisional and keep the laser-plasma interac
tion conditions below the SRS threshold. 
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Progress and Accomplishments 

These experiments and their implications 
for Nova and future high-gain target experi
ments are discussed in more detail in 
Sees. 3 and i) of this book. 

Using Novette's two 053-fim beams, we 
executed a series of high-compression ex
periments. Because of the significantly 
lower hot-electron-preheat environment 
and, hence, the much higher quaiit} of the 
implosions driven with 0.53-/im-light, tar
gets in these experiments achieved final 
compressed-fuel densities about a factor of 
2 higher than similar targets driven with the 
same energy on Shiva with 1.06-/Jm ligiit 
{see Fig. 1-7). 

The Nuvette plasma-coupling dat^ and 
these compression results lead us to expect 
that by using temporally shaped pulses of 
30- to 50-kj of 0.35-/J m light from Nova, we 
can compiess DT fuel to the 200 g/cnr' den-
city ultimately requ'red for high-gain target 
performance. One of the more significant 
implications of the Novette experiments is 
that 0.5 /im may he a short enough wave
length for high-gain target performance. 
We plan to resolve 'hese issues with Nova. 

Thi performance of Novette in 1983 and 
1984 certified the Nova laser design and 
showed that Nova will easily meet its 
baseline specifications. 

X-Ray Laser Demonstration. Eliminating 
the hot-electron p.oblem also allowed us 
to successfully complete a major x-rav laser 
campaign. This series of Novette experi
ments was in direct support of and in close 
collaboration with the laboratory's X-Ray 

Laser Program. Thtse experiments pro
duced the first conducive demonstration 
of laser gain ir. the soft x-ray region (see 
Fg 1-8) and also showed clearly the utility 
and effectiveness of our ICr fa-lities for 
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Fig. 1*6. Summary of 
Izser-plisnu interac
tion results showing 
that laser-plasma cou
pling is very favorable 
at shelter wavelengths. 

«Fig, 1-7, N'ovelte, op
erating at 0.53pm, 
produced significantly 
higher compression 
Ui£ii did Shiva at 
1.06 /jm. These data 
imply that final com
pressed fuel densities 
are >20g/rm 3. 

Novette lasej beam at 0 53 jim 
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Fig. 1-8. Novette 
experiments demon
strated the first lab
oratory laser gain in 
the sovt K-ray region, 
(a) The two Novetfe 
beams focused to lines 
on the target foil. 
(S) X-ray laser emis
sion al 206 and 209 A. 
<c) Exponential growth 
of x-r-y laser intensity 
vr'Jti increasing sele
nium foil target length. 
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Frogress and Accomplishments 

Fig. 1-9. The ICF Pro
gram is engaged in 
broad-based research 
and development for 
advanced lasers. 

conducting high-quality, we!!-diagnosed 
experiments important to the iVeapons 
Physics Program. 

Target Fabrication. The Target Fabrica
tion Program in 19S4 supplied the variety 
of targets required for Noveite experiments, 
and, in addition, developed the target tech
nologies required for high-density experi
ments on Nova. As part of that effort, we 
advanced our target-coating technologies by 
substantially improving our capabilities to 
produce smooth, uniform, low-Z ablators. 
We can now produce high-quality plastic 
shells and have begun to develop tech
niques for producing thick (—10 to 30 fim) 
cryogenic fuel layers for Nova targets. .As 
part of our support of the x-ray laser experi
ments on Novelte, we developed the preci
sion technologies required for fabricating 
and aligning the x-ray laser targets. The 
target fabrication technologies are described 
in Sec. 4. 

Advanced Laser Studies 

Introduction. Cur laser technology devel
opment activities play a very important 
role in meeting the ongoing needy uf the 
Program and its future goals. Our develop
ments in ophral materials, optical manufac
turing and Pnish:ng, lens and mirror 
coatings, laser and optical components, 
frequency conversion, and analytical and 
numerical modeling are all significant (see 
Fig. 1-9). These developments will not only 
play an important role in supporting the 

operation, maintenance, and improvement 
of existing laser systems, but will also form 
the technological basis for the development 
of concepts and architectures for advanced 
laser systems. These developments will con
tribute to more effective laser systems by 
improved performance, improved reliability, 
and lower operating costs. 

Muiamegjjoule Driver. Our ultimate 
goal in advanced laser research is to pro
vide the technical baseline for a mulb-
megajoule driver with which to prove the 
scientific feasibility of ICF. Table 1-1 sum
marizes the requirements for this driver and 
for a short-wavelength laser reactor driver, 
spedficaticms that have not changed for 
several, ?ars. To obtain gains of several 
hundred, we will need to deposit several 
megajoules of energy on a target in a few 
tens of nanoseconds, for optimum perfor
mance, the input pulse must have both a 
specific shape in time and high beam qual
ity to assure effe-tive energy deliver)' to a 
target. Our recent experiments have verified 
that a laser wavelength of 05 /im or shorter 
will be required. Driver cost is of major im
portance; the attractiveness of a particular 
driver concept will be inversely retard to 
its cost. W? have chosen a goal of . ^proxi-
mateiy S2n0 million for laser hardv\ .re to 
gu ;1e O'jr Baser design and research pio-
grams. Success of th mulrimegajoule study 
depends critically on the development of 
new materials, cost-effective components, 
and an efficient power-conditioning system 
coupled with a highiy efficient power am
plifier. We must evaluate present laser 

/ ' 
Power amplifier 
• Compact, efficient 
• Lou- cost 
• \ 'e\v solid state '4dtn media 

'Opt icaj materi 
and coatings 
• Damage resistant 
• Large aperture 

Optic. 
• Electrooptical 

nonlinear optic: 
• Concepts 
• Materia!3 

Frequency conversion"1-
• Improved materials 
• Rapid growth 
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Progress and Accomplishments 

concepts, and develop new ones for appli
cation to this high-pain system. 

Solid State Lasers. In 1984, we examined 
many of the Issues associated with the de
sign and construction of a high-energy solid 
state laser. The results of this study have 
helped us to define the research directions 
that will be required to meet our perfor
mance and cost goals- The main conclu
sions of this study were: 
• Multi mega joule laser drivers for fusion, 

with improved performance and reduced 
unit costs, can be constructed wilh modest 
extensions of existing solid state laser 
technology. 

• Significant additional improvements in 
performance and reductions in system 
costs can be obtained by developing re
generative or multipass laser architectures. 

• Substantia! reductions in the cost of indi
vidual components will be possible with 
the development of manufachjring tech
nology for high-volume production of 
identical parts for a multimegajoule laser 
system; additional cost reductions will iv 
generated by an Innovative research pro
gram directed at critical areas. 
Laser Research and Development. In 

1984, the Laser Research and Development 
Program was primarily concerned with 
Nova-related issues. However, some ad
vances with particular relevance to high-
energy laser development were made and 
they indicate the progress that is possible 
with a mere substantial program in this 
area. We summarize the advances here. 

We built an advanced rectangular-disk 
amplifier whose flexible design allows us 
to test a variety of components and ideas, 
i.e., new amplifier materials, coatings, and 
shapes of flashlamp reflectors. By careful 
redesign of the flashlamp cavity, the use 
of a lower-cross-section glass, and the 
use of a square aperture, we doubled the 
storage efficiency of a 31-cm laser head 
over a similarly sized head from Nova, 
reaching storage efficiencies of 5% at 
modest energy densities. 

We demonstrated a concept for an electri
cally driven, large-aperture optical switch. 
We built and tested a 27-cm clear-aperture 
Pockels cell with plasma electrodes, which 
uses ? KDP crystal similar to those used ir 
the Nova frequency-conversion arrays. This 
optical switch will allow the construction 
and testing of multipass and regenerative 

High-gain (-IPCU) 
experimental facility 

Reactor driver 
(B CIV,) 

Pulse encrgv 5 to 10 MJ 2 to 6 M| 
Peak power 500 to 1CO0 TW SO to 600 TfW 
Pulse duration 0J50 to I0O ns — MRS 
Pulse shape Diverse, 3euKe Singte, fixed 
Pulse repetition rate £ ingle wot Rrw Hz 
Efficiency (Jrcmnmanl exoepi 

for xwt impact ^Ifffe 
Wavelength 0,25 to 1 tint R\cJ/., :=Q,5pm 
Cost fcoal 15 to 50 5/1 30 to 60 $/W 

100 to 150 5/) 

amplifier^ for the firsi time at an aper
ture relevant to a hegh-energy la$er. Other 
possible uses for this technology include 
the active contra] of the frequency-
conversion process. 

We developed damage resistant scl-gel 
antireflection coatings for Nova fused-stltca 
optics and also Applied these coatings to 
KDP whereby (he frequency-con version 
crystals are used without in iex-matching 
liquids and without Fresnel surface losses. 

Finally, analytic and modelling work over 
the past year showed that solid state ma
terials with proper thermal and mechanical 
properties can provide high-repetition-rate, 
high-power laser performance. These tieveJ-
opments have opened a technological 
development path from a single-shot 
multimegajoule driver concept to a solid 
state ICF reactor driver. 

Systems Studies 

Our miiiidi/ and systems applications stud
ies are directed toward evaluating and an
alyzing 1CF applications, their potential, and 
their payoff, and toward producing thor
ough engineering studies of promising sys
tems. Working with representatives of other 
Laboratory programs, we consider specific 
military and civilian applications of ICF. 
The results of this kind of system analysis 
leads to defining technically important, 
"high-leverage" areas in which ICF can 
contribute most effectively. 

The Cascade fusion reactor concept is be
ing developed as an alternative concept to 
correct some of the deficiencies ir our ear
lier HYLIFE design and potentially offers 
impressive improvements. Pulse'Star is an
other concept being studied as a possible 
approach to a more efficient and economi
cal ICF reactor design. These concepts, 
together with preliminary studies of 

Table 1-1. Require
ments for future ICF 
laser tnadMf ion 
futilities. 



Program Resources 

Fig. 1-10. Ten-year his
tory of [CF Program 
resources. 

multimegajoule target chamber options and 
other studies are presented in Section 7. 

Authors: E. Storm and L. W. Coleman 

Program Resources 
Financial resources for the Laser Fusion Pro
gram in FY 84 totaled SS3.7 million in new 
appropriated funding and $985 million in 
expended funding. Program costs included 
$60.1 million in operating funds and S33.6 
million in previously appropriated Nova 
construction funds. The operating budget 
represented almost a 10% increase over 
FY 83, approximately even with inflation. 
This increase was proportionately distrib
uted over the laser development, and fusion 
theory and experiments categories. 

Work force levels were essentially con
stant at 291 f'arect employees versus 296 for 
FY 83. Thf Nova construction project had 
an addi'ional work force of 132 direct em
ployees. A 10-year history of funding and 
work force for the operating program is 
s'.iown in Fig. 1-10. 

Costs for the direct work force were 
maintained at less than 50% of total costs, 
continuing our practice of maintaining max
imum program flexibility by the use oi a 
high percentage of outside procurements. 

Capital equipment funding of $4.7 million 
was available to support the operating pro
gram in its research endeavors. This level of 
funding, representing a 5% increase over 
FY 83, supported our need for increased ca
pabilities in diagnostics, target fabrication, 
and laser technology development. 
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Nova construction continued during the 
year and was completed in late December, 
19S4. We were authorized by DOE to delay 
the date from September to allow the com
pletion of the x-rar laser experiments that 
were being performed on Novette. Nova 
had been fully funded in FY 83, and there
fore no new funding was required this year. 

Author: L. P. Altbaum 

Program Facilities 
Introduction 

Completion of the final phases of supple
mental construction at Building 391, Incre
ment II, the Inertial Confinement Fusion 
Nova Laboratory, was the most significant 
accomplishment of several major iCF facili
ties projects concluded in 1984. 

The consistent growth and development 
of the ICF Program, which this year utilized 
a total work force of more than 650 people, 
has been guided for the past five years by 
a highly successful and innovative long-
range development plan. The success of 
this plan has resulted in a current total of 
458 605 ft: of office, laboratory and multi
purpose space in 15 permanent buildings, 
and 26699fr of comparable tpace in 13 
temporary facilities. 

Continuing construction, routine and 
emergency maintenance, and the ongoing 
renovation of buildings and temporary 
stxuccures has been managed by the Facto
ries Group, which provides services in the 
areas of project design, planning and es
timating, materia] procurement/ and con
struction supervision. During tne previous 
year these operations ave required the 
generation, development, and subsequent 
completion of 390 separate job orders at a 
cost of $2.4 million. 

Major Projects 

75 76 77 78 80 81 
Fiscal year 

New Construction. Among several jobs 
concluded, some of the most important 
were: (1) completing all seismic and OSHA 
up-grade requirements for our crane sys
tems; (2) installing the main nitrogen 
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Program Facilities 

cooling supply system for Nova; (3) install
ing the emergency air compressor system; 
(4) constructing and installing the viewing 
windows in the Nova master oscillator 
room and the laser bay; (5) upgrading 
power systems, necessitated by increased 
demands, for some of our laboratories; and 
(6) completing the access road and loading 
area for the central transportainer complex 
north of the Nova buidling. 

Renovation. The continuing need to 
modify and improve existing 1CF Program 
facilities demanded the undertaking of sev
eral renovation projects of varying size and 
complexity These included: (1) remodeling 
several laboratories: (2) major remodeling 
and renovation of laboratories for the Ad
vanced Laser Group; and (3) redesigning 
and revising the interior of the Facilities 

Group offices and the Laser Program emer
gency command center. 

Moving. With the completion of stepped 
phases of work and the redirection of pro
grammatic goals, the evolution of projects 
often requires the removal or relocation of 
personnel and facilities and the refinement 
of project development. Major moving in
cluded: (1) relocating the Power Condition
ing Group activities to the basement of the 
Nova building; (2) modifying, then shutting 
down and moving the Novette laser to the 
Nova building; (3) removing the Shiva 
spaceframe and flooring; (4) beginning de
molition work in preparation for the new 
LLNL motor pool facilities; and (n) remov
ing the Nova storage tent facilities. 

Author: R. A. McCardle 
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O ut current Nd^gks* laser. Nova, consist* of 
ten identical chains, each built on the 
master-oscillator/power-ampliSer model, 

and each capable of producing 10 k) of energy ir. 
one billionth of a second. Each beam starts as a 
finely tuned, but weak, oscillator pulse increased in 
energy by tvrcessively larger amplifiers. Lenses and 
mirrors direct<»nd focus the laser beams' energy, 
timed for simultaneous focusing onto a tiny target 
filled with a deuterium and tritium mixture. Nova's 
light is 1.06 /im (infrared), but KDF crystals can 
convert it to either 0.53 (im (green) or 0.35 lira 
(violet) light to couple more efficiently to the fusion 
targets. In the large photo, a portion of the 
frequency-conversion array reveals the aluminum 
egg-crate design holding the nine KDP crystals on 
each side. Anti-rafiective coatings on each crystal 
increase beam transmission capability. The inset 
photos at left and top zoom in on details of the egg" 
crate apparatus. The photo below shows that part of 
Nova's 4.6-meter-diameter aluminum target 
chamber where each spool contains a com]. !ete 
frequency-conversion array for final conversion of 
the beam from infrared to green or violet. 
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Laser Systems and Operations 
Introduction J.X Hunt and R.J. Foley 

The two major accomplishments of the Laser Systems Group in 1984 were the 
completion of several diverse target campaigns with the 2-beam Novette laser, 
and the completion of the 10-bearn Nova laser facility. 

Novette. The Novette laser filled the need for a short-wavelength driver for 
mulrikilojoule target experiments during the time between the deactivation of 
Shiva and the completion of the 10-beam Nova laser system. Novette also 
served as a test bed for various Nova system components. A successful series 
of target experiments with Novette led to the world's first confirmed, labora
tory demonstration of x-ray lasing. Fourth harmonic (4(0, 0.26 jum) wavelength 
scaling experiments were also performed on Novette using a 1-kl, 1-ns pulse. 
On August 30, 1V84, the Novette laser was shut down and its two beams were 
used to complete the Nova laser project. 

Nova. On December 19, 1984, the Nova laser construction milestone was 
completed by firing all 10 frequency-converted beams to the target chamber 
center. The Nova laser system was completed on the schedule authorized 
by the Department of Energy (DOE) and within the budgeted S176 million. 
Following the Nova activation period that extends into early 1985, we intend 
to perform target experiments directed at obtaining a better understanding of 
weapons physics, inertia! con/inemenl fusion (ICF) physics, and the physics 
of x-ray lasers 

Nova T'.o-Beam Target Chamber. During 1984, we began planning the 
addition of a second target chamber to the Nova facility. This auxiliary 
two-beam chamber will essentially double the rate at which target experi
ments can be performed. Our experience is that the number of target 
experiments conducted in a given time is limited by target and diagnostic 
changeover, not bv the laser shot rate. The plan allows selective diversion 
of two Nova beams into the new chamber to do first (lru, 1.06pm), second 
(2co, 0.53 /Jm), and third harmonic (3ft>, 0.35//m) target experiments. The ini
tial experiments will be a continuation of the x-ray laser series thai was 
begun on Novette. 

Nova 
Nova Activation and Performance 

At the beginning of 1984, the master oscil
lator room (MOR) was able to produce 
alignment beams and 1-ns pulsed Gaussian 
beams. The single-beam output of the MOP. 
had been split and propagated to the input 
sensors of the first eight beamlines, and the 
operation of the automatic alignment con
trol system had begun. 

During 1934, we assembled, tested, in
stalled, and activated over 400 major 

subassemblies, comprising thousands of 
unique components, to complete the Nova 
laser and target systems with their associ
ated pulsed-power, alignment, and diagnos
tic subsystems. Our activation plan allowed 
us to install assemblies in the laser bay, op
tical switchyard, and target areas while con
tinuing the activation of successive stages 
of the laser beamlines. We first tested, in
stalled, and activated 8 of Nova's 10 laser 
beamlines. On August 31, we began to dis
mantle Novette, and subsequently installed 
the remaining two beamlines from the 
Novette test bed. On December 19, 1984 
we successfully demonstrated the con.ole-
tion of Nova construcrion by delivering 
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10 beams of frequency-converted, 3w light We activated the 220-ft-long driver sections 
into calorimeters inside the 15-fi-diam through the mid-chain sensor of the fiist 
target chamber. eight beamlines by February. Activation of 

The Nova laser fusion facility is capable the high-energy power amplifier sections of 
of irradiating targets at previously unavail- the chains commenced in March with the 
able power levels with lot, 2<o, and 3<o alignment of the fiist 313-cm amplifier 
light. With the combined efforts of our in- heads, followed closely by the final 46-cm 
dustrial suppliers and an outstanding Nova amplifier stages. We activated beamlines in 
project team, we completed this effor* both parallel within e.̂ ch of three groups (con-
on schedule and ivithin the authorized bud- sisting of 3, 3, and 1 chains, respectively). 
get. We are pleased with the reliability and This grouping was bused on the scheduled 
demonstrated performance of this system ."vailability of assemblies and the efficien-
during its very first days of operation and cies of activating beamlines in parallel. In-
look forward to complete activation for tar- stallation of fuU-aperture mirrors in the 
get experiments in early 1985. optical switchyard and target area pro-

Activation History. The sequence of ceeded as these massive optical components 
events leading to the successful activation became available. 
of Nova i- shown in Table 2-1. In January, The three months added to the schedule 
assembly, installation, and checkout activi- for completion cf the x-r?y laser target 
ties were proceeding in the laser bay, opt:- campaign on Novette were well spent. 
cal switchyard, and target room. Using a First, we characterizea single-beam laser 
pulsed beam, we began first to align and and frequency-conversion performance at 
then to activate successive laser stages be- various energy levels and pulse widths, 
ginning with the input of each laser chain. Second, by using slower feed rates on our 

Table 2-1. Chronology ^ • — • « « ^ — i • * • • • - H ^ — • • m ^ — m — m 
(if Nova activation January • First output sensor successfully activated in switchyard. 
during r>^4. • Favorable financial status allowed DOE to authorize target diagnostic instrumentation as part 

KM project. 

February • Driver sections for eight beamiines activated; 3.9 kj delivered to mid-chain sensors in 1-ns pulse. 
• First full beamfine instated. 

March • Target chamber successfully tested under vacuum. 
• Pulsed activation of first three beamline power sections initialed. 

Aprii • Successfully activated first two full beamlines; 7-2 kj each in a 700-ps pulse (1w). 
• Capacitor bark installation completed for eight beamlines. 
« Automatic alignment of first full beamlines demonstrated. 
• First fused-silica final focus lenses coated. 

Mav • A total of four beamhnes fully activated. 
• Liser bay, switchyard, and target rtrom converted to clean rooms 
« First two beamlines completed through switchyard to target roor.i. 
• Novette shutdown postponed by one month, delaying Nova scheduled mr.ipletion until October 3! 

June • Eight beamlines installed up to the target area. 
• Eight output sensors activated. 
• Fust KDP frequency-con version crystals anti reflection-coated successfully. 

Inly • bight V-ams produce 57TW ef power in a 1-ns pulse. Nova is now the world's most powerful laser. 
• Further i \perime:its on Novelte reuui.e second postponement of shutdown 
• First frequency-converted 2(0 light delivered to u.get chamber from single beamline (23 k|. 1 ns). 
• Installation of additional 31.5- and 46-cm power amplifier- initiated. 

August • Fi.sl iio light delivered to target chamber (3.1 kj. 1 ns). 
• Novette shutdown formally delayed by DOE until August II. Nina construct inn completion 

sclvduled for December 20. 
September • Transfer of final two beamlines from Novette initiated. 

• Instillation of the first target diagnostic instrumen*. started on target chamber [Dante «-oft \-rav 
spectromelerV 

October • lw-diagnostic system installation completed for all 10 beamlines 
• Capacitor bank installation completed for a" HI beamlines. 

November • Al' laser components installed, tested, and activated. Optical train to target chamber complete for 
10 beamlines. 

• Pulse-shaping capability demonstrated in MOR. 

December • Ten beams fired simultaneously into target chamber center produce iH.2 kj of 3w light in a I-ns 
pulse on December 19. The No'-a construction milestone is compi le . 

file:///-rav


diamond-turning machines, we achieved 
higher-quality surface finishes on our 
potassium dihydrogen phosphate (KDP) 
frequency-conversion crystals. 

By December, all components necessary 
to demonstrate system operability were 
in place on the laser, in the optical switch
yard, and on the target chamber. These 
components included the full complement 
of fused-silica focusing optics, diagnos
tic equipment, and the KD*' frequency-
conversion arrays that provide 2o and 3(0 
light from the; lft) infrared output of the 
Nova laser chains. A series of activation 
test shots with the laser culminated when 
we fired 30 beams simultaneously into 
44-cm calorimeters mounted inside the 
evacuated target chamber. This shot pro
duced over 18 kj of 3(0 light in a 1-ns pulse; 
it established Nova as the world's most 
powerful 3ft) laser. 

We plan to operate Nova at higher en
ergy and power levels during 1985, as we 
gain experience with the system in prepare -
lion for target experiments. 

Initial Performance Results. For the con
struction milestone shot cf December 19, 
59.7k] of la> light in a 1-ns pulse were 
generated to produce 18.2 kj of 3ft> light 
at the target chamber center. Because the 
frequency-conversion arrays perform better 
at high intensity levels, it is advanta
geous to drive them ivith pulses that are 
temporally square rather than Gaussian. 
Accordingly, in September, we accelerated 
the development of non-Gaussian pulse-
generation capability for the Nova MOR. 
This capability was operational for the 
milestone shot. 

From the MOR, a high-contrast-ratio, 
linearly rising, ramped pulse was propa
gated to the input of the amplifier chains 
(Fig. 2-1). By ramping this pulse, we com
pel .sateu for high-energy saturation effects, 
which cause a decrease m the gain in each 
amplifier chain over the duration of the 
pulse as stored energy in the neodymium-
doped phosphate laser disks is depleted. As 
shown in Fig. 2-2, we were successful in 
producing nominally square pulses at the 
output of the chains and thus also at the 
conversion arrays. 

The average intrinsic conversion effi
ciency for the arrays was approximately 
36.3% for this shot. This figure is adjusted 
for the measured 16% transmission loss be
tween the measured 1ft) output energy and 

£.1°° 
> i - • i • ' 1 ' 1 

c 

1 75 :|\A -

& 50 - I 1. ns : -
> 
'•5 25 -J V. '. 
Zi 

. 1 . 1 
« J - * * - A W » \ ; 

0 1000 2000 3000 4000 
Time <ps) 

the target chamber center. This loss is d le 
to beam obscuratic ii, absorption, and coat
ing losses for mirrors, lenses, and crystals in 
the path of the beams. The 36.3% conver
sion efficiency is lower than that theoreti
cally predicted by the frequency-conversion 
models. We plan to investigate the sources 
of this discrepancy as we prepare Nova for 
target experiments next year. 

We completed a series of initial experi
ments designed to characterize system 
performance based upon single-beam mea
surements. On these experiments, we pro
duced over 15 kj of 1 co light on a single 
chain, 7.2 kj for 2ft> light, and 7.4 kj of 3d 
light in 2.5-ns pulses. The comparable long-
pulse (3-ns) criteria in the minimum Nova 
baseline are 8 kj, 5 kj, and 4 kj respectively. 
We have, in addition, demonstrated single-
array intrinsic conversion efficiencies of 
62% for 2a> and 59% for 3o>. These initial 
experiments give us a high degree of confi
dence that Nova will meet its formal perfor
mance criteria, and we expect to gradually 

*Fig.2-J- High-contrast, 
linearly rising ramped 
pulse generated in the 
MOR to compensate 
forgair saturation in 
the amplifier chain to 
produce a nominally 
square output pulse 

Fig 2-2. HiKh-
inlcnsity pt.lse exiling 
the amplifier chain 
isnomimJl;-- square 
prior lo propagation 
into the frequency 
conversion irray. 
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Fig. 2-3. Nova SO-cm 
KDP rrvstol array cm-
ploys a deep-web alu
minum egg crate with 
nine AR-coated crys
tals mounted on 
each side. 

increase Nova's performance as we prepare 
for target campaigns «r. 1985. 

Authors: G.J. Suski and D. R. Speck 

Major Contributors: J. T. Hunt, 
G. L. Hermes, G. E Ross, and 
T.L.Weiland 

Nova Frequency Conversion and 
Focusing System 

New developments in crystal array technol
ogy provided significant improvements in 
the mechanical design and optical perfor
mance of the Nova 2co/3a> array hardware. 
The final Nova array configuration was 
tested on the Novette laser and on the first 
arm of Nova. 

Ten Nova 2w/3ft> crystal arrays were as
sembled and tested for crystal alignment 
and wave front distortion before installation 
on the Nova target chamber. 

Ten Nova focus lens positioners were as
sembled ?nd tested last year. The position
ing accuracy and repeatability of each 
assembly were evaluated before installation 
on the target chamber. A cylindrical focus
ing system was also developed for installa
tion in the Nova lens positioner assembly. 
Finally, 10 completed frequency conversion 
and focusing systems were activated. 

Crystal Arrays. The demonstration in 
1984 of a high-da mage-threshold, room-
temperature antirefiective (AR) coating 

for KDP (see "Sol-Gel Antirefiective 
Coatings." in Sec 6) was a significant 
technical breakthrough in the development 
of larger-aperture crystal arrays. In conjunc
tion with the improved optical quality of 
diamond-turned KDP crystal surfaces, the 
development of this coating permitted a sig
nificant change in direction for harmonic 
generation array technology. The early 
Nova array designs, which used index-
matching fJuid between crystal and win
dows, were limited by wave front distortion 
induced by hydrostatic pressure. The early 
designs were also prone to fluid decomposi
tion at high drive (luences and to incipient 
transverse stimulated Raman scattering 
losses. It was for these reasons that we de
veloped a fluidless design, which was first 
tested in the bare-crystal, Type-JJ-Type-J, 
4<y array installed on the Novette laser. 

The final Nova array design (Fig. 2-3), 
war initially tested on one arm of Nova 
with bare crystals and then with AR-coated 
crystals. A transmission increase of approxi
mately 12% over a bare KDP array was ob
served in the harmonic output. The full 
16% Fresnel loss was not recovered because 
these coatings are simple quarter-wave-
thickness interference coatings designed to 
have a high transmission (appioximately 
99% per surface) at two wavelengths. 

The sol-gel coating was applied by a 
spin-coating technique similar to that used 
in the semiconductor industry for photo
resist deposition. As shown in Fig. 2-4, the 
coating solution is applied to the ctnter 
of a spinning crystal located in the large 
Painless steel tank. The crystals used in 
the array, both doubters and mixers, art' 
identical; up to the coating step, they 
can be placed in any location in the egg 
crate. The AR coating applied to doublers 
is a lto/2(o compromise and is the same on 
both surfaces of the crystal. However, the 
crystals used for mixing have a l(o/2to 
coating on the input side and a 2<o/3o) 
coating on the output side. An arrav load 
map is prepared before AR mating so that 
any defects, such as edge chips, are placed 
outside the usable aperture. Once the crys
tal location is determined, the correct AR 
coating can be applied. 

The crystals are mounted in a deep, 
10-cm web aluminum egg crate that has 
been single-point diamond machined to a 
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flatness better than 10//m, determined in
ter ferometrically before assembly. Each 
crystal is held in the egg crate so that it is 
parallel to the flat egg crate surface. A 
2-mrad wedge is machined into the egg 
crate to prevent multiple-surface interfer
ence effects. Data taken on the 10 Nova ar
ray assemblies show that the crystals are 
held in the egg crate tc a precision of ap
proximately ±30^rad in the internal 
phase-match angle. 

Each Nova crystal array assembly was 
tested for wave front distortion in the large-
aperture interferometer. The typical single-
pass transmitted wave front distortion per 
27-cm cell was less than A/4 at 0.6328 p;n. 

We have characterized the conversion ef
ficiency of large-aperture K.VP arrays for 
ihe following four configurations: 
» Type-II, 2w, 5 x 5, 15 cm2; 3 x 3, 27 cm2; 

crystal thickness, L = 1.8 cm. 
• Type-H-Type-IL 2(0, 3x3, 27 cm2, 

l\ = U= 1.0 cm. 
• Tvpe-II-Type-II, 3a>, 3x3, 27 cm2, 

L - U = 1.0 cm. 

• Type-II-Type-L 4cor 5x5 , 15 cnr, 
L, - 1.8 cm, L, = 0.8 cm. 
These arrays were tested on Novetto or 

Nova and, with the exception of the 4-*y ar
ray, the conversion efficiency followed theo
retical predictions up to a drive intensity 
/„, ^ 2 GW/cm2 with pulse widths r ( J rang
ing from 0.1 to 25 ns. Rapid departure from 
theoretical values was observed above this 
intensity. Our efforts to understand the rea
sons for this behavior are focused on the 
following areas: 
• Transverse stimulated Raman scattenng in 

KDP. 
• Longitudinal stimulated Raman scattering 

in air. 
• Intensity-dependent polarization mix-ratio 

(ellipse rotation). 
The 4(U-array performance was well below 
theoretical values over the operating inten
sity range. 

Lens Positioner. Ten Nova lens position
ers were assembled and tested, as shown 
in Fig. 2-5, for positional accuracy and 
repeatability under vacuum load and at the 

FJg.Z-i. KD?a7*Ul 

«Sriiagiuir aytul 
pbtw an MBiwlFit on 
the rotating &£fcre 
in Bte center of Hw 
coatiag tank. Coatiag 
•oTs&Nt is jppUert 
by a sjrriage above 
flheUnk. 
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Fig. 2-&. One ot the 
10 Nova lens position
ers mounted en less • •—Cylinder lens 
stand tor testing at 

• •—Cylinder lens 
operating attitude 
before installation. 

i 
t 

s ^ / \ ^ \ . Plane of 
i 
t 

N \ \ A* raj'target 

Fig. 2-6. Tip view of 
Nova focus configu
ration with cylinder 
len-es tilted with re
spect to optical axis. 
The individual line 
foci will form one 
long continuous 
line focus. 

operating attitude. The x-y positional accu
racy and repeatability were <*10/fm on all 
10 units. Focusing (z) accuracy and repeat
ability to within 5/im were achieved. Cross-
coupling between the z and transverse (x-y) 
directions was measured; over r. typical 
?-cm focus range, it *vas <25/im. However, 
over large z excursions, transverse-z cross-
coupling of — 50 ttm was observed. 

Nova Cylinder Lenses. The Nova target 
illumination geometry, a. 100° cone, rules 
out the Novette scheme for illumination of 
x-ray targets shown in an article later in this 
section, "Target Focusing Configuration for 
X-Ray Laser Experiments/' Because the axes 
of the focus lenses and the x-ray target are 
collinear, the line foci of a cylinder lens 
are parallel to the target in Novette. A side 
view of the Nova focus configuration 

(Fig. 2-6) shows that if the Novette scheme 
is used, the tilted line foci would create un
acceptable variations in illumination inten
sity across the target A simple modification 
of the Novette configuration removes these 
undesirable line foci tilts when the cylinder 
lens (located in converging light) is tilted by 
a property chosen angle. As the cylinder 
lens is inclined, one of the line foci rotates 
and the other is unaffected. 

The x-ray laser target is mounted per
pendicular to the target chamber axis and is 
tipped 28° away from the horizon. This is 
one of the target orientations (the other is 
parallel to the horizon) that preserves the 
maximum degree of symmetry. In this ori
entation, x-ray diagnostics can be positioned 
above and below the horizontal plane to 
avoid other diagnostics. 

The ACCOS V fens design code was 
used *̂ **i calculated values of lins foci rota
tion to determine the actual focal lengths 
and tilt angles for the Nova cylinder lenses. 
Three different cylinder lens designs are re
quired to achieve uniform illumination 
when the line foci are stacked en.<*-to-end. 
To provide a 1.0-cm line length from each 
beam, the focal lengths of the negative cyl
inder lenses vary from - 200 to - 310 m, 
and the tilt angles range from 5 to 21°. 
Other stacking arrangements aliow targets 
1 or 2 cm long to be illuminated. The re
quired focus lens motions are within the 
range of the lens positioner. 

Authors: M. A. Summers, L. G. Seppala, 
and J. D. Williams 

Optical Components for N'ova 

Highlights. The highlights of 1984 in opti
cal compos nts are: 
• The implementation of a new LLNL-

developed sol-gel coating for fused silica 
and KDP. 

• The achievement of low-scatter KDP sur
faces by diamond turning. 

• The completion of all optical components 
required for Nova construction. 
Sol-Gel Coatings. For several years 

we have been developing alternatives to 
vacuum-deposited metallic oxide AR 
coalings (such as SiOj-ZrOi) because of 
their low threshold for laser damage, lor 
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BK-7 and related borosiiicate glasses, Schott 
developed the neutral solution process.' a 
chemical surface treatment that produces 
a broadband AR coating with a damage 
threshold at least as high as that of bare 
surfaces. But the neutral-solution process 
cannot be applied to the fused silica fo
cusing optics required by the Nova third-
harmonic light. For this purpose, alterna
tives were sought in sol-gel technology,2 

because early tests had shown that sol-gel 
coatings have high damage thresholds. 
Contributions to this technology were made 
by Schott, Coming, Battelle Northwest, and 
especially by Westinghouse. 

Early in 1984 the LLNL 1CF research 
group achieved a significant breakthrough, 
obtaining a colloidal sol that could be de
posited as a quarter-wave layer on optics of 
any size or type at room temperature, and 
that required no further processing after de
position. (Previous approaches had required 
heating up to 5D0°C and acid etching, 
which limited the type of substrate to 
which the coating could be applied.) Three 
methods of depo->.tion were developed: 
1. Draining the fluid away from the optic 

submerged in a tank. 
2. Withdrawing the optic from a tank of the 

fluid ("dip-coating"). 
3. Spin-coating. 

The fact that an AR coating could be 
applied to KDP crystals in the Nova fre
quency conversion system (which has four 
KDP surfaces) made it possible to dispense 
with the index-matching fluid and sur
rounding windows, resulting in better opti
cal quality and higher damage resistance. 
These changes are discussed in the preced
ing article, "Nova Frequency Conversion 
and Focusing System." To make this change 
possible, the diamond-turned crystal sur
faces had to be made significantly 
smoother, as described below. 

The coating solution, an alcohol-based 
colloidal sol, deposits a uniform layer, 
consisting of stacks of small silica spheres, 
on the surface. The sphere size is uniform 
and can be adjusted, within limits. The si2 » 
criterion is that the spheres must be small 
enough not to scatter the shortest wave
length light of interest. For the Nova optics, 
the required sphere diameter is about 
2C0 A. The average index of refraction of 
the layer, which is part air and part silica, 

is about 12 (the square root of the index 
of the substrate); when the optical thickness 
of the layer is nt • X/i (that is, when its 
geometrical thickness is t = ^/4«) the coat
ing is perfect for that wavelength and is 
useful over a fairly broad range around 
that wavelength. 

The thickness achieved is determined by 
the initial concentration of silica in the solu
tion and (in the case of dip-ccaiing) by the 
withdrawal rate. The maximum thickness 
obtainable for 200-A particles is about 
100 nm, which is roughly X/i for 050-iim 
light. To obtain thicker coatings, multiple 
layers are applied, for use at two wave
lengths, the optical thickness is made A/4 
for an intermediate wavelength. Thus, a 
coating optimized for the second and third 
harmonics is a single coating 90 nm thick, 
while a coating optimized for the first and 
second harmonics is a double layer about 
160 nm thick. 

The colloidal sol coatings for Neva were 
applied to the 80-cm-diam fused silica fo
cusing lenses (see Fig. 2-7) and debris 
shields, and to the KDP crystals; such 
coatings will also be applied to the 315-
and 46.0-cm aperture fused silica input spa
tial filter lenses that will replace the current 

Fig. 2-7. Nova focus 
lens being lowered 
into coiling tank. 
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BK-7 lenses. This coating may be applied to 
any other laser optics for which high laser 
damage resistance is desired. 

Like the neutral solution coating, these 
sol-gel coatings have high damage resis
tance; they have the drawback that, at the 
current state of the art, they are quarter-
wave coatings rather than broadband. As 

Fig. 2-8. Tram mission 
of a quarter~wfve 
coating peaked a! 
440 nm. 

Table 2-2. Cumulat ive 
lisiing (through 19&4) 
of large-aperture 
coaled optics in Nova. 

100 

9S 

Twc &yr*ace« coated"*-*"-^ 

Uncoated 

i i 
0.3 0.5 0.7 0.9 

Wavelength (jim) 

Component 

Diameter 
or dimensions 

(mm) 
Aperture 

(mm) 
Nova 

quantity 
Quantity 
delivered 

5-rm rods 
Tab 01 ro ta tor 
Tab 02 rotators 
Tab 03 rotators 
Tab 01 rotators 
Tab 04A mirrors 
Tab 04B mirrors 
1.5% beam splitters 
Tab 10 polarizers 
Tab 01 polarizers 
Tab 02 polaiizers 
Tab 03 polarizers 
Tab 04 polarizers 
RBDa mirrors 
Diagnostic mirrors 
Turning mirrors 
Turning mirrors 
Objective lens 

50 
100 
166 
220 
331 
604 
604 

420 x 240 
103 X 60 
196 x 115 
330 x 190 
420 x 240 
700 X 400 

820 
910 
940 

1090 

42 
95 

156 
210 
32 ' 
576 
509 
218 
50 

100 
160 
218 
335 
790 
908 
900 
980 
770 

16 
10 
10 
10 
10 
10 
10 
10 
60 
40 
10 
20 
20 
10 
10 
24 
4 

10 

20 
11 
11 
I I 
14 
13 
13 
11 
65 
47 
13 
30 
40 
12 

*RBD = refum-beam diagnostic. 

shown in Fig. 2-8, the result is that reflec
tion losses reduce the two-surface trans.rtis-
sion for the second and third harmonics to 
about 99%. The results we have achieved 
on fused silica agree wit theory within the 
limits of photometric measuring accuracy. 

The basic equipment used for coating the 
large fuserl silica optics was the drain 
tank piovided by Westinghouse. For coating 
the KDP, two approaches were taken, dip-
coating and spin-coating. (Most of the spin-
coating production development was done 
by the frequency conversicr groi'p in con
junction with their spin-cleaning equipment) 

KDP was much more difficult to coat 
than fuse^ 'Uca, for several reasons: 
• KDP is ^..t. 
• It is hygroscopic. 
• It is chemically acti.?. 
• ft is piezoelectric, resulting in charges on 

the surface. 
• The diamond-turned optical surfaces have 

<ome residua! roughness. 
The KDP coating process is size sensitive: 

that is, processes and handlirg that result in 
good coatings on 5-cm-diam samples may 
not consistently work on the 27- x 27-cm 
final pans. For large parts, dip-coating gave 
some good results, but reliable production 
consistency was never achieved; all the 
Nova array crystals (360 on the laser, plt.s 
about 50 spares) were successfully spin 
coated. The crystal coating process was 
integrated with the array assembly process 
in a cle?n room. Further details on spin-
coating are reported in the preceding article. 

Future work on sol-gel AR coatings will 
include development of broadband coatings 
for fused silica and KDP and further work 

Fig. 2-9. Spectral 
reflectance and unifor
mity of Nova target 
chamber turning mir
rors (94 and 109 cm 
diam). 
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on KDP undercoating (there seems to be 
some promise in the use of nonporous 
methyl silicone to prepare KDP surfaces for 
coating, but work done so far has been 
inconclusive). 

Vacuum-Deposited Coatings. In all, 48 
Nova mirrors, with apertures from 79 to 
98 cm and diameters up to 109 cm, were 
coated in 1984. Table 2-2 gives the cumu
lative list of large-aperture Nova optics 
coated through 1984. 

A coating design modification duting the 
last half of 1984 reduced the variation in 
reflectance near 3(0, which results from 
slight variations in thickness. This improve
ment allowed us to approach our goal of 
±3% reflectance over a 1-m diameter. The 
measured thickness variation across the 
mirrors 's about ±0.5%. Figure 2-9 shows 
a calculated pin' of the modified 3fi) coat
ing design and the measured 3<w reflectance 
across the diameter of target-chamber 
turning mirrors (94 or 109 cm) to 88 cm. 

Table 2-? frives the specifications for 
the 109-cm diam, 33°-inciderice mirror. 
Figure 2-10 shows a 109-cn-diam mirror on 
the large automatic scanning photometer 
atLLNL. 

Neutral Solution Process. All 110 Nova 
BK 7 spatial filter lenses were AR coated 
using the neutral solution process (NSP). 
Table 2-4 lists the diameter and aperture 
of each type of lens. Ten of each of these 
lenses have been neutral-solution processed. 
As noted in the table, some lenses have 

Table 2-3. Speci
fications and goats 
(desired values) of 
damage threshold and 
reflectances fur p and 
s polarisations for 
the KBrm-diam, 33°-
inridence Nova minor. 

1.163 (im 0527 ^ m 0 3 5 1 p m 
Rp Damage 3 

0527 ^ m 
RpUnif" 

Specification 
==98.8 2 1 0 

2=95.0 
S98.8 &3JJ 

i=51 c 

S 5 0 1 ' 
±5 
±3 

aDamage threshold for a 1-ns pulse. 
^Average Rp + R^ > 99%. 
cAverjge of —20 data points taken on the major axis. 
dMinimum value on mirror surface. 
cMaximum value on mirror surface. 

Fig. 2-10. I09-cm-diam 
turning mirror on 
Urge automatic scan
ning photometer 
at LLNL 
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Table 2-4. Diameter 
and aperture of Nova 
BK-7 spatial filter 
lenses AR coated bj 
the neutral-solution 
process. Ten lenses 
of each type were 
processed. 

Diameter Aperture 
Tab number (mm) (mm) 

06, output 800 770 
05, input 3 520 460 
05. oi rput 520 460 
04, inpue 363 31S 
04, output 363 31S 
03, input 240 20S 
03, output 240 2DH 
02, inpui ISO 150 
02, output 180 150 
01, input 130 91.7 
01, output 130 91.7 

^Replaced with fused silica lenses AR coated bv the 
sol-gel process. 

been replaced with fused silica lenses AR 
coated using the sol-gel process. 

Plastic Membranes for Debris Shields. 
During 1984 30 samples of 50-cm-clear-
aperture membranes were made by replica
tion for evaluation as alternatives to 
the standard fused silica debris shields. 
The membranes, made of a Femval UV-
transmitting epoxy that was purified by set
tling, had a thickness of approximately 
0.002 in. The parts were easily replicated, 
but they were very difficult to separate 
from the flat masters. This difficulty 
prompted a small study, whose results sug
gest that Lexan might be substituted for the 
epoxy. Lexan is a castable material, less 
expensive than epoxy. It is transparent to 
wavelengths as short as 0.25 //m; it has 
been produced in 5-cm-diam test pieces, 
3500 A thick, with a transmitted wave front 
flatness of A/10. 

KDP Production and Finishing. Overall, 
KDP growth and production of 27-cm-
square KDP blanks in 1984 were very suc
cessful. Cleveland Crystals Inc., the major 
supplier of blanks for Nova, completed all 
their production contracts on schedule. A 
total of 146 Nova blanks were completed. 
Cleveland's performance was the result of 
the following factors: 
1. Sufficient quantity of high-quality boule 

material. 
2. High yield of acceptable blanks from 

boule material. (Rejection rata of finished 
blanks due to defects and fabrication 
problems was less than 5%.) 

3. Adequate production machinery to allow 
parallel effort on shaping and roughing 
operations. 

4. Effective and efficient use of personnel 
on double shift operations. 

The net result was a delivery rate of 20 to 
24 blanks per month, twice the maximum 
delivery rate in 1983. 

Our secend vendor, Inrad, has delivered 
60% of their contract requirements. Present 
deliver}' rates should complete the contract 
by May 1985. 

KDP Final Finishing. R>r final finish
ing we had two outside vendors in 1984; 
Cleveland Crystals, with two diamond turn
ing machines, and Optics West Division 
of Pneumo Precision, with one machine. 
One LLNL machine was also available. The 
production requirement was 140 whole 
equivalent crystals, plus spares. (Each nine-
element frequency-conversion array uses 
five whole crystals and four diagonally cut 
half ("comer") crystals, or the equivalent of 
seven whole crystals. The entire laser uses 
100 whole crystals and 80 half crystals.] 

Considerable effort was put into bringing 
up and qualifying the Cleveland and Optics 
West machines and facilities. LLNL's ma
chine started machining blanks in early 
1984 at a rate of four to six per month. 
Optics West started delivery in late January 
and was operating at a rate of one blank 
per week. LLNL's Metrology Group assisted 
Cleveland Crystals in modifying the spindle 
slides, adding protective covers for the 
machine ways, and stiffening up the entire 
spindle housing and ways. This reduced the 
machine compliance from approximately 
120 /rin./lb to 50 to 60 pinTlb. With 
these improvements, the machines pro
duced crystal surfaces that met our 
original specifications. 

However, as mentioned earlier, the devel
opment of a successful AR coating for KDP 
crystals led to the decision, in April, to 
eliminate the index-matching oil and sur
rounding windows from the array design. 
The use of bare crystals required much 
more stringent specifications on rms surface 
roughness and peak-to-valley (P-V) finish. 
The requirements on Tystal and wave-front 
flatness, wedge, and phase matching weie 
not significantly affected; the absolute thick
ness tolerance was relaxed somewhat 

Studies were conducted at LLNL to es
tablish the minimum surface finish that 
would achieve the following conditions: 
1. Minimum scattering from an uncoated 

surface, such that transmission was maxi
mized with Fresnel losses (-4%/surface) 
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being the only significant contribution. 
(Crystals cut to original specification gave 
finishes of 200 to 300 A rms and 800 to 
1000 A P-V, resulting in additional scatter
ing losses of 10 to 15%.) 

2. A surface finish that would accept consis
tent and uniform AR coatings with less 
than 1% loss per surface. 
In connection with this study, experi

ments were carried out on 5-cm-square 
KDP blanks to determine the new finishing 
parameters. Optics West and Cleveland 
Crystals continued producing crystals to the 
old spjcification, but slightly over thickness, 
to allow for remachining once the new 
specification was established. Approxi
mately 90% of the machining operations 
could be completed this way and only fin
ishing cuts would be needed. This main
tained the production schedule while 
development was in process. 

Surface finish is affected by a variety of 
parameters: 
J. Random morion inherent in the machine, 

arising from stiffness (compliance), vibra
tion, spindle accuracy, and r.moothness of 
crystal translation past the fool. 

2. Variable and controllable parameters, 
such as diamond tool quality, tool radius 
R, feed rate / (the rate of crystal transla
tion past the tool, in in./min), and spindle 
rotation speed W. 
The theoretical P-V roughness h of the 

surface produced by a single-point diamond 
machine is given by 

Original New 
sj«rifk*tio*i specification 

Table2-5. KDP ma
chining specifications. 

h = — incb.ee 
8R 0) 

where F = f/W, with IV in rpm, and where 
R is in inches. The theoretical surface 
flrish is independent of the depth of cut of 
the tool, assuming that the cut does not 
fracture the surface (a critical- factor in 
machining KDP). 

Typical parameters used ir. the initial 
KDP finishing requirements were W = 1C00 
rpm, R = 0.1 in., and / = 0.5 in./min, giving 
h = 0.3 ftm. (80 A) P-V. 

Random machine factors lead to a surface 
roughness considerably greater than indi
cated by h, however: a typical surface ma
chined with the parameters just stated had 
a finish of -150 to 250 A rms or 750 to 
1000 A P-V. We machined a series of KDP 

Thickness (mm) mo ± turns ioo ± O.J 
Wedge (mm) ±OJ0015 bame 
Phase angle (find) ±30 Sanw 
Transmitted v/avc front 
flatness at 0.6328 pm 1% M 
Surface finish (A) 250 inn 

500-750 P-V 
30-50 ims 
150-250 P-V 

samples, using varied machining param
eters, until we obtained a surface finish of 
about 30 to 50 A rms and 150 to 250 A P-V. 

Sample performance wis inferred frcn 
transmission measurements on the crystal. 
A IJj-in.-aperture, 0.442-nm beam from a 
He-Cd laser was passed though the crystal 
and focused on a 100~/im pinhole. A detec
tor measured the energy passing through 
the pinhole. Crystals exhibiting high P-V 
readings produced significant scattering and 
^educed the measured transmission to 80 to 
35%. Machining parameters were varied 
until the transmission was increased to 
90 to 92%. 

The machining parameters that produced 
the desired transmission were VV = 1000 
rpm, R = 0.2 in., and / = 0.1 in./min, cor
responding to h = 0.01 jrin. (3 A) P-V. The 
actual surface finish, as determined by the 
profilometer, was 30 to 50 A rms and 150 to 
250 A P-V, as desired. Table 2-5 summarizes 
the resulting changes in specifications estab
lished with these tes^. 

LLNL's machine was capable of produc
ing this finish, and the Optics West machine 
demonstrated such performance under ideal 
conditions; Cleveland Crystals' machines 
could not meet the new specification, how
ever. After the Optics West facility was up
graded with new air conditioning to 
maintain ± 1.5°F, and machining fixtures 
were stiffened, the machine consistently 
met the new specifications (see Fig. 2-11). 

To meet our crystal production schedule, 
Cleveland Crystals continued to finish 
blanks to the original specification, leaving 
extra stock (0.001 in. per side) for final fin
ishing at LLNL or Optics West All facilities 
went on three-shift operation. In addition, 
to evaluate machining performance on a 
surface-by-surface basis, LLNL and Optics 
West each installed a WYCO noncontacring 
profilometer. This equipment gives rapid 
verification of surface finish; Fig. 2-12 
shows typical crystal-surface profile data. 

2-11 
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Sufficient crystals (100 squares and 80 cor
ners) were finished to complete 10 assem
blies by th;* scheduled date of December ". 
Figure 2-13 shows typical transmitted wave 
front interferograms. 

One additional factor was important in 
the timely production of the required crys
tals. Early in the machining process it was 
decided that all crystals could be machined 
as squares, and the necessary comer pieces 
cut after finishing. This reduced comer-
blank machining costs and time by half. 
This operation was accomplished by tisinj* 
a modified Bridgeport mill with a 5-in. dia
mond circular saw blade and by supporting 
the crystal on a split vacuum chuck (see 
Fig. 2-14). The diagonal saw cut was made 

Fig. 2-11. Single-point 
diazsimii turning ma
chine at Optics West. 
Machine has 18-in.-
diam flywheel and 
26-in. precision Irave! 
in x direction. 

Surface profile 
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1 
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r 

Fig 2-12. Typical 
WYCO profijometer 
plots if KDP surface 
finish. Graphs repre
sent top, middle, and 
bottom of each crystal 
surface. Measurement 
covers 665/im across 
surface. 

228-09 DD rms = 39 A P-V" = 
1 1 1 T 

Radius (mm) = -32391.8 
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Fig. 2-13- Typical in-
terferograms of trans-
nutted wave front 
flatness of crystal 
#228-09 at 0.6328pm 
(He-Ne laser). Cor
responding flatnesses 
are A/5 horizontal and 
A/3.6 verticil. 

at 0.25 in./min. Crystals were flooded with 
mineral oil lubricant held at constant tem
perature throughout the cutting cycle. In 
this way 31 crystals were cut, producing 62 
comers, with no breakage or loss. (7-i.e re
maining corners were machined as corners, 
because the crystal growers were allowed to 
deliver some in this form.) 

The rapid development and implementa
tion of techniques for high-tolerance optical 
finishing of critical UV components, and the 
production of thes? components within a 
tight schedule, represents a significant 
achievement by LLNL and its vendors. 

Authors: E. P. Wallerstein, F. T. Maxchi, 
and G. R. Wir tenson 

Major Contr ibutors : R. C. Duffus, N . J . 
Brown, G. S. Sclippa, C. D. Walmer, W. T. 
Whistler, D. M. Gouveia, E. L. Denson, 
S. E. Stokowski , and I. M. T h o m a s 

Pulse Generation and Shaping 

The general layout of the MOR was re
worked significantly in 1984 to permit the 
installation of the pulse shaping hardware, 
which is now in operation. Fig. 2-15 shows 
the new pulse shaping system that pro
duces 1- to 5-ns shaped pulses, the picket 
fence generator that produces 1 to 4 Gauss
ian pulses, and the oscillator for the fiducial 
system. The pulse synchronization system 
was also added this year. 

The principles of the pulse shaping sys
tem have been described previously. 3 The 
pulse shape is defined by changes in 

impedance along the length of a variable 
impedance transmission line. A cross sec
tion of the conductor geometry is shown in 
Fig. 2-16. The center conductor-to-ground 
spacing S determines the impedance at any 
point. The center conductor is a thin metal 
strip a little over 1 m long supported from 
the top by a series of 23 micrometers. The 
box surrounding the strip is the ground 
conductor. This assembly is connected at 
one end to a box containing the Auston 
sivitches, and impedance matched to a 25-Q 
microstrip line. A pulse shape is selected by 
adjusting the micrometeis to a previously 
determined position or by making adjust
ments while observing streak camera data. 
These two assemblies constitute the pulse 
shaper driver, shc»sTi in Fig. 2-17. 

Fig. 2-14. Bridgeport 
mill modified to cut 
square KDP crystals to 
comers. Slotted vac
uum chuck allows saw 
blade lo cut crystal in 
single pass. 
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Nova 

Long pulse osc, 

Pulse shaping system 
Fig. 7-15. A portion of J 
the revised MOR lay
out showing the pulse 
shaping system, picket 
fence generator, and fi
ducial system 
oscillator. 

Fig.2-J6. Conductor 
geometry of the vari
able impedance trans
mission line in cross 
section. 

0.025 cm -\ 

r***1.26 cm-H 1 

Ground S 

i /y/y//>//'/////////. I 
-4 cm-

The top of the shaped pulse is defined by 
a continuously rising waveform from the 
pulse shaper driver that drives two Pockels 
cells. The rising and falling edges are de
fined by a square gate from the pulse slicer 
driver, which drives the two Pockels cells in 
the slicer. The slicer uses two Auston 
switches in a "tail biting" arrangement, 
which allows the use of a fixed length of 
charge line between the switches. Output 
pulse length is determined by pulse illumi
nation timing on the switches. 

The silicon switches "re 17 mm wide with 
a 2.5-mm interelectrode gap. The dark cur
rent at 10 kV is kept low by reducing carrier 
lifetime near the contacts. In contrast to the 
method reported previously,4 we now sand • 
blast the silicon surface to produce a high 
density of traps before applying contacts. 
The switches are attached contact side 
down on a 25-P microstrip line and illumi
nated from the back. This 25-Q line is split 
into two 50-H lines at the output, and stan
dard connectors and cable are used to cou
ple the output to two 50-Q Pockels cells. 

To illuminate the switches, we use a sec
ond switchout to select one pulse from the 
rejected pulse train, which is diverted by 
the short-pulse oscillator switchout. This 
pulse is amplified by a factor of 100 in an 
yttrium-lithium-fluoride (YLF) amplifier 
consisting of an oscillator head driven by 
a 10-mm rod amplifier power supply. The 
output energy is about 9 mj. This energy is 
distributed to the silicon switches by a se
ries of pickoffs along the beamline. Moving 

2-14 
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these pickoffs (a waveplate-polarizer assem
bly) sets the timing for the system. 

The picket fence generator is a set of pas
sive optics that splits a single pulse from 
the short-pulse oscillator into four beams 
and delays each beam before recombining 
them into one Jine. The system reflects the 
beams so that they emerge parallel to one 
another; the only alignment adjustment re
quired is centering. Each pulse is indepen
dently delayed over a 10-ns range. The 
short-pulse beam normally goes through 
one of the delay arms with all the energy 
directed down the arm. Since the pulse tim
ing is set by the position of a retroreflector, 
timing can be precise and repeatable to 
within a few picoseconds. 

Operation of the pulse shaping system 
has been very successful. We have been 
able to use theoretical predictions of the re
quired pulse shapes and streak camera data 
taken in the MOR to produce pulses that 
compensate for saturation. The rise and fall 
times are close to 150 ps, which makes a 
well-defined square pulse even at a I-ns 
pulse width. Figure 2-18 shows streak data 
from the MOR and the output of the laser 
at 9kJ. The contrast ratio between the initial 
and final intensities of the shaped pulse is 
about 3.5. 

The versatility of the MOR is now greatly 
enhanced, and any pulse shape we now 
think will be required for experiments can 
be produced. 

Author: R. B. Wilcox 

Power Systems Energy Storage 

Capacitor Bank. The capacitor bank for 
Nova was completed during the past year. 
At the beginning of 1984, the Nova capac
itor bank was capable of supporting 8 of 
Nova's 10 arms. During the year, the 
Novette capacitor bank was moved to the 
Nova laser facility. In addition, the capacitor 
bank was expanded to accommodate the 
additional 31.5- and 46.0-cm amplifiers. 

At the end of 1983, the capacitor bank 
was sized at 42.35 MJ at 22 kV. It consisted 
of 1258 circuits, driving 3476 flashlamps 
and 34 Faraday rotators. The energy from 
the 8376 capacitors was transferred by 84 
switches. The bank was charged by six 

Fig. 2-27. Variable im
pedance transmission 
line and box contain
ing Auston switches 
and charge line; both 
are pressurized with 
SF 6 at 1 psi. 

Fig. 2-18. MOR and 
output streaks for a 
9-kj shot. 

MVA-type and eight KVA-type power sup
plies. By the end of 1984, the size of the 
bank was increased to 62.30 MJ at 22 kV. 
It now contains 1676 circuits driving 5336 
flashlamps and 42 Faraday rotators. The 
number of capacitors was increased to 
10 401 and the number of switches to 317. 
The number of power supplies remained 
the s-me. 

2 - 1 : 
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Fig. 2-19. Power con
ditioning control 
system, installed 
configuration. 

From January to September, the bank 
was operated daily to support operations 
and activation of the laser itself. The bulk 
of the increase in the capacitor bank was 
installed during September and October. 
After installation, the procedures described 
in the Laser Program Annual Report 83* were 
used to activate the added circuits. 

Author: B. T. Merritt 

Major Contributors: A. M. Mihalka, R. W. 
Holloway, K. D. Snyder, G. Prath, R. A. 
Stan, G. E. Dallum, R. E. Burch, and 
D. L. Johnson 

Power Conditioning Controls. The Nova 
power conditioning control system is divided 

into three major areas: pulsed-power, 
system-timing, and facility controls. The 
pulsed-power controls command and moni
tor the various pulsed-power hardware 
including the KVA- and MVA-type power 
supplies, the high-voltage ignitron switches, 
and the lamp-check diagnostics (LCD) 
packages. The system-timing controls pro
vide timing triggers for synchronizing laser 
components and diagnostic subsystems. The 
facility controls are used to monitor the 
safety interlocks, building security, and ni
trogen supply subsystem. The majority of 
all pulsed-power and system-timing con
trols were completed during the year and 
insta'led on Nova. Much of the facility 
monitoring hardware has been installed. 

rn m mc m Pulsed-power 
devices 

Facility 
devices 

Slow-timing 
devices 

Fast-riming 
devices 
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Fig-2-20. Pulsed-
pmver menu displayed 
on central operator 
console, power con
ditioning system. 

and the software development has begun. 
Figure 2-19 illustrates the installed 
system configuration. 

Operators now control the power con
ditioning system from the central console. 
Three main color menus are provided, one 
for each of the major control areas. The 
pulsed-power menu, shown in Fig. 2-20, al
lows operators to select a variety of laser 
components, groups of components, or laser 
arms by touching pictures of the desired 
components on the screen. The status of 
each component is color coded. Once oper
ators choose a component configuration, 
they may select the desired pulsed-power 
sequence [Test, Pulse-lonization Lamp 
Check (P1LC), Dry-Run, or Shot]. The un
derlying control software automatically 
selects the appropriate hardware and per
forms the necessary sequencing and veri
fications. The system-timing menu allows 
the operator to directly control the timing 
sequences and to select various timing trig
gers and rates. 

An auxiliary-control program, which 
runs on a DEC VT125 graphics terminal, al
lows direct access to each hardware device 
in the system and performs low-level con
trol and maintenance operations. Unlike 

programs displayed on the central power 
conditioning console, this program may be 
easily accessed at various locations through
out the laser facility by individuals with ac
cess privileges, and is particularly useful 
during activation and maintenance. Each 
menu displays device status in real time 
and is keypad driven. A color monitor at
tached ' ~ ie terminal displays a power-
supply histogram or flashlamp-current 
waveform plot. 

Several utility programs were developed 
this year that allow various parameter and 
configuration files to be loaded and saved. 
Basic communication between the power 
conditioning system and the shot scheduler 
was also established. 

Author: J. A. Smart 

Major Contributor: D. L. Johnson 

Oscillator Controls. The Nova oscillator 
controls front-end processor (FEP) was 
moved from the Nova MOR to the system 
interconnect room with other power con
ditioning FEPs. This allowed us to easily 
implement communications to the Nova 
VAXs through the multiport memory. This 
is a change from the planned Novanet 
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Fig. 2-21. Power con
di t ioning Fast Menu 
allows operator to se
lect and modify a fast 
t iming channel and its 
attr ibutes. 

connection. We cfecided to connect to the 
multiport to minimize software develop
ment and to meet time constraints. 

The connection to the multiport memory 
did require additional software modules 
that transfer status and commands to 
and from the VAX. Thi** lets us view 
and issue commands to the fast timing 
channels from a video terminal in the con
trol room using the power conditioning 
AUXPC program. 

A touch-sensitive terminal is used to op
erate Nova oscillator controls. The available 
menus and their functions are: 
1. MAIN MENU—Displays available 

menus. 
2. FAST MENU—Controls the 128 fc*t tim

ing channels. 
3. SLOW MENU—Controls the 12 slow tim

ing channels. 
4. CONF MENU—Controls six local fast 

timing configurations. 
5. DISP MENU—Displays status of the 128 

fast timing channels. 
The Fast Menu (Fig. 2-21) allows the op

erator to select a fast timing channel and al
ter its delay time, repetiton rate, and enable 
status. This menu also displays the system 
synchronization source. When Local Sync is 
displayed, all timing is generated internally. 
In Remote Sync, timing is received from a 
MOR power conditioning control system in
terface. Synchronization selection is accom
plished with a toggle switch mounted on a 
printed circuit card inside the R-Bus inter
face chassis. Another feature on the Fa*. 
Menu is a local shot button, which wi' fire 
the fast timing channels that are enab :d at 
the shot rate. This only has effect in 1 cal 
sync mode. 

The Slow Menu allows modification of 
delay times and enable status of the 12 
slow timing channels. This includes the 

famp simmer and peak current pukes to the 
oscillator lamp driver, and rf gating pulses 
to the acoustic-optic (A-O) modulator and 
Q-switch driver modules. One of the slow 
timing channels initiates the fast timing, 
ind another channel provides -scope triggers 

at shot time. 
The Configuration Menu allows us to 

store up to six fast timing configurations on 
a singk magnetic tape. The command to 
save a configuration copies the current sti-
tuo of all fast timing channels to the tape. 
When loading a configuration, the operator 
may -hoose whether to load the entire con
figuration (times and rates), or to load just 
rates. All save and ioad operations query 
the operator for confirmation. 

The Display Menu is useful in verifying 
the status on a number of fast timing chan
nels. This menu is divided into 4 pages of 
32 channels each. Channel selection is 
made with buttons at the bottom of the 
screen. The return button returns the user 
to the previous menu. 

Author K. D. Snyder 

Major Contributor: G. R. Dreifuerst 

Beam-Alignment 
and Diagnostic Systems 

Introduction. Three of the four alignment 
subsystems identified in Fig, 2-22 were com
pleted in 1984; only the harmonic-conversion 
and target alignment subsystem remains to 
be activated. The major alignment compo
nents were described in earlier Laser Annu
als, 6 - 8 but the steps required to align the 
Nova system from oscillator to target have 
never been detailed. We do that here. 

Construction of the baseline alignment 
control system was completed, on schedule, 
in 1984. In particular, we completed fabrica
tion of the 32 stepping motor controllers 
(SMCE), which were then used in the re
maining activation of the beamlir j and 
harmonic-conversion and targ<\ sections of 
the laser alignment system. We have com
pleted two of the three levels of Nova oper
ator controls. Details of the basic system 
design have been given before/1"11 so only 
new capabilities and comments on activa
tion are covered here. 

Most of the Nova laser diagnostic sensor 
packages and data acquisition hardware1 2"1 4 

are installed and operating. Two exceptions 
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are the streak-can. a interface module for 
the harmonic-output diagnostics spool and 
the opposed-port target-plane diagnostic. 
The final designs for these packages are 
described below. 

Author: E. S. Bliss 

Alignment Systems 
Front End Alignment. Figure 2-23 shows 

the location of alignment components for 
the front-end subsystem. Sensor package SI 
provides both near-field (NF) and far-field 
(FF) images of the continuous wave (cw) 
alignment oscillator or the pulsed oscillators 
in the MOR. Figure 2-24{a) shows the FF 
image at SI including the sensor reticle. 
Comparisons of the NF image with the 
insertabla sensor cross hair, and of the FF 
image with the reticle, determine the extent 
of any centering and pointing errors, which 
are removed by the mirror pair ahead of 
the sensor. The beam continues to the pre
amplifier section in the laser bay and is 
sampled by S2. Again NF and FF images 
are used to detect centering and pointing 
errors for correction by the preceding 
mirror pair. 

The beam significantly overfills an aper
ture located after S2, so its perimeter cannot 
be seen past th<f point; the shadow of the 
S2 cross hair is used to designate the center 
of the beam for subsequent steps. Sensor 
package S3 and the associated mirror pair 

serve lu position and aim the beam through 
the two-way (2 x) splitter. Figure 2-24(b), a 
NF image at S3, shows the diffracted sil
houette of the S2 cross hair well centered 
on the S3 cross hair. The aperture between 
S2 and S3 is placed on beam center. This 
aperture carries its own insertable cross hair 
for comparison with the S? cross hair as 
viewed from S3. 

Between S3 and S4, the beam is centered 
on two insertable cross hairs while being 
viewed from S4 (S5 is in the other half of 
the system). Front-end alignment is com
plete when the beam is positioned and 
pointed by 54 for propagation into the five-
way (5 x) splitter assembly. 

Amplifier Chain Alignment. Amplifier 
chain alignment components are also 
shown in Fig. 2-23. A portion of the align
ment beam enters each of the 10 chains and 
is centered and pointed with respect to the 
input sensor (IS) as already described for 
the MOR and preamplifier. The overfilled 
aperture at the input to the chain is also po
sitioned as described above. Since the beam 
to be propagated through the chain is de
fined by this aperture, the aperture cross 
hair is used to identify the beam center for 
subsequent steps. The mid-chain sensor 
(MCS) does noi provide data for automatic 
alignment functions, but is used by oper
ators for occasional monitoring of the beam 
position relative to insertable cross hairs 
2 through 5. 

Fig. 2-22. Nova align-
men! subsystems (de-
laih in Figs* 2-23 and 
2-25). 
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Fig. 2-24. (a) Pointing 
image typical of SI, 
S2, S3, S4, S5, and IS 
of Fig. 2-23. 00 Center
ing image typical of 
sensors listed in (a). 
<c) Output sensor stage 
of cross hairs 7 and 8. 
(d) Pinhole image 
ivith focused beam 
superimposed. 

In the second half of the amplifier chain, 
cross hairs 7 and 8 are the alignment refer
ences, and the 31.5-cm turning mirrors in 
the middle of the chain implement correc
tions. The silhouette of the chain aperture 
cross hair is first centered on cross hair 8, 
and then tne direction of the beam is ad
justed so that the silhouette of cross hair 7 
matches cross hair 8. Figure 2-24(c) shows a 
beam with these two cross hairs in good 
alignment. A square is added to cross hair 8 
because the vertical part of the cross hair is 
hidden in the shadow of the splir 46-cm 
amplifier disks. This view is obtained by 
the output sensor (OS) package shown 
in Fig. 2-25. 

The only remaining task for complete 
alignment of the front end and amplifier 
chains is the positioning of the spatial filter 
pinholes to coincide with the focused beam 
in each spatial filter. The far-fielc viewing 
mode of each alignment sensor can provide 
an image of the h ?m in the pinhole plane 
of all preceding spatial filters. Viewed from 
the output sensor, however, part of the re
sidual error from the alignment of the beam 
to cross hairs 7 and 8 appears as an offset 
from the center of the field of view. The 
output lens of the last spatial filter is 
translated to repoint the be^m slightly and 

remove this offset. Then light from the 
alignment beam is defocused enough to 
overfill (i.e., backlight) the pinholes. 
Defocusing is accomplished by inserting a 
weak lens in the beam ahead of the spatial 
filter, in each amplifier chain, for example, 
a weak positive lens introduced into the 
beam at the input sensor provide* back
lighting for the last six pinholes in the 
chato. Each pinhole is inserted in turn 
for vieiving. Figure 2-24(d) is an output sen
sor image of pinhole 4 in beam 4 after 
alignment The photograph is a double ex
posure that also shows the focused beam as 
it appears before the backlighting lens 
is inserted. 

Output Alignment. Components for align
ing the laser output are shown in Fig. 2-25. 
The beam that exits the final spatial filter 
travels to " -: target chamber, where it must 
arrive centered on the crystal array and 
propagating in the same direction each 
time. The first and last 74-cm turning mir
rors in each beam accomplish this align
ment. The position of the beam is observed 
by inserting both halves of a full-apsrture 
centering mirror (CM) immediately behind 
the crystal array to send light back to the 
output sensor. This mirror is registered with 
the array and carries a square mask a little 
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larger than the square on cross hair 8. Out
put centering is accomplished by translating 
the beam until the two squares are concen
tric, as shown in Fig. 2-26(a). 

The direction of propagation as the beam 
approaches the target chamber is critical, 
because the beam must pass through the 
KDP array at the correct angle for maxi
mum conversion efficiency. Therefore, the 
exit surface of the array itself is used as the 
output pointing reference. The stepper mo
tors that tip and tilt the array are driven 
to their "beam normal" setpoints, motor 
positions that were declared during system 
activation with the array surface per 
pendiculai LO the nominal beam path. The 
weak reflection from the array and a simul
taneous reflection from an insertable comer 
cube are observed in the far-field mode of 

the output sensor. Beam pointing is ad
justed until the two reflections coincide, 
indicating that the beam as sampled by the 
comer cube is perpendicular to the array. 
Figure 2-26(b) shows a typical far-field 
view of these two reflections. In fact, the ar
ray produces a group of reflections, because 
the nine pieces of KDP are not precisely 
parallel to each other. The reflection pattern 
is the same each time, however, so the 
beam-pointing can be repeated with an ac
curacy much better than the spread of the 
array reflections. 

Harmonic and Target Alignment. The an
gles through which the KDP army must 
be tilted to obtain maximum conversion 
of the 1.05-fim laser output to 0.53/zm 
{2(0) or 0.35 /jm (3(o) are known to a good 
approximation from crystal fabrication 
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specifications verified by off-line mea
surements. However, to optimize the con
version for the on-line conditions of 
temperature and beam alignment, each ar
ray can be angle-tuned using a 2-cm-diam 
lft) probe beam. 

The beam used for 2a timing originates 
in the local illuminator (LI), shown in 
Fig. 2-25. The U beam is introduced into 
the center of the main beam line by an 
insertable mirror at the input of the last 
spatial fiUc* and is aligned to match the 
propagation direction of the main beam as 
viewed from the output sensor. The KDP 
array is angle-tuned to maximize the 2a 
power generated by this probe beam in the 
center crystal of the array. The signal, which 
is measured by an insertaWe diode in the 
diagnostics spool immediately ahead of the 
target chamber focusing lens, is normalized 
to the 2a power generated by a separate 
crystal in the local illuminator. 

Tuning for generation of 3a light requires 
a more intense 1ft) probe. This is obtained 
by diverting the short-pulse output from 
the MOR along a path that bypasses the 
preamplifier and amplifier sections and goes 
instead to the local illuminator, from there 
the propagation path and the procedure are 
the same as for 2a tuning, except that a 
different detector is used (see the end of 
the article "Diagnostic Systems," later in 
this section). 

After the preceding steps are completed, 
the laser system is ready to produce l<u, 
2o>, or 3o> light but tc be useful the beams 
must be properly directed onto a target. 
For beam alignment we use a reticle (a thin 
piece of glass with a reticle pattern on or 
diffusing surface) as a surrogate target. 
The reticle is positioned in the plane at 
which focused beam positions have beer 
specified for the next shot. The references 
for determining target position near cham
ber center are the target alignment viewers 
(TAV). They are used in conjunction with 
target alignment illuminators (not shown in 
Fig. 2-25) and the target positioner (TP) to 
locate surrogate or shot targets. 

If the target is to be irradiated with lft> 
light, the system 1 a alignment beams need 
only be positioned on the reticle before the 
surrogate target is replaced by the shot tar
get and the system is fired. 

For a harmonic shot, a full-aperture 
harmonic alignment beam is needed. A 

wavelength-independent pointing reference 
(PR), consisting of a Cassegrainian telescope 
and a charge-injection device (C!D) camera, 
samples the beam, and the reference is ad
justed to bring the la far-field spot to the 
image center. Then the l o beam is turned 
off, and a harmonic alignment beam from 
the harmonic module (HM) is introduced 
near the center cf the final spatial filter in 
the chain. Motor-driven mirrors external to 
the chain center the harmonic beam, identi
fied by the wide cross hair in Fig. 2-26(c), 
on the centering mirror square. The har
monic module collects light reflected by 
the centering mirror to form this image. 
The same motorized minors also point 
the beam to the center of the pointing 
reference image. 

Now the full-aperture harmonic align
ment beam is concentric and col linear with 
the la beam path and will accurately rep
resent the pulsed harmonic light for po
sitioning on the target. The instrument used 
for viewing alignment beams of any wave
length near the center of tht chamber is the 
target plane imager (TPf). A reticle illumi
nator (Rl) provides background light for im
aging the surrogate target reticle with the 
TP1. Some of the alignment beam light fo
cused onto the reticle is scattered into the 
//3 collection optics of the TPI, forming an 
image of the beam on the reticle as in 
Fig. ~i -26(d). The target focusing lens is 
translated to adjust the position and size of 
each beam in the reticle plane to match the 
specifications for the target shot. 

Finally, the shot target is put in place 
with the TAVs as references, and the laser 
is fired. 

Author: E. S. Bliss 

Major Contributors: C E. Banks, J. S. 
Hildum, J. P. Hockett, W. A. Jones, 
H. Rahman, R- L. Saunders L. G. Seppala, 
C D. Swift, and J. D. Wintemute 

Alignment Controls 
Device Control. The capabilities of 

the SMC vvere extended to accommodate 
higher performance requirements for some 
.arget-room components. Figure 2-27 shows 
the interface options available in our final 
design. While small motors can control 95% 
of the devices in the system, heavy target-
room components such as the target posi
tioner and target-plane imager require 
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low-speed, high-torque stepping motors. 
The final focusing lens not only requires 
high torques but must also be adjusted 
quickly over long distances to permit multi-
wavelength operation. The required step
ping motors are attached using boosting 
amplifiers in series with ordinary drive 
channels. The resulting high-performance 
channels are interfaced to sophisticated out
board equipment. The channel capabilities 
are assigned in the software to achieve 
minimum overall cost while satisfying sys
tem requirements. Installation of the full 
complement of SMCs represents approxi
mately two-thirds of the overall hardware 
installation and completes the first of 
three levels of operator controls provided 
by this system. 

The laser diagnostic section of the lens 
spool contains several sensors, which a:e al
ternately placed at coincident locations in 
the center of the beamline. Similarly, align
ment devices inserted into the target cham
ber center must be protected from collision. 
We designed an auxiliary interlock package, 
which is attached in series with the control 
channels, to arbitrate potential interference 
and properly cycle device motions to pre
vent damage. We used a hardware ap
proach to ensure fail-safe operation. Truth 
tables describing valid device states and 

motion sequences are programmed into 
read-only memory (ROM) chips, which are 
then interpreted bv the control logic. This 
approach permits the hardware to be used 
in several different configurations by re-
programming the ROM. 

VAX operator console software for remote 
manual alignment was completed to include 
the remaining alignment system elements: 
mid-chain and output sensors, local illumi
nators, harmonic modules, KDP arrays, fo
cusing lenses, pointing references, and 
diagnostic spools. These graphic menu con
trols, along with the output alignment selec
tion and status displays, complete the 
second level of operator controls. 

Automatic Atigtwient. Configuration of the 
laser for routine operations and closed-loop 
alignment constitute the third and topmost 
level of operator controls. Whereas the first 
two levels of control are employed for man
ual alignment methods, the third-level soft
ware aligns all the mirrors and spatial filter 
pinholes and other motorized components 
automatically. An integrated status display 
for the automatic alignment system shows 
simultaneously the state of all 294 pointing 
and centering loops in the system. This in
formation is particularly important becajse 
all 10 laser chains are aligned in parallel, 
and particular tasks are not necessarily 

Fig. 2-27. Stepper 
motor controller 
interfaces. 
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completed at the same time on each beam. 
We have activated 174 of these loops (in
cluding mirror gimbals) up to the output 
se i*r or, and all 75 spatial filter pinholes. 

Oevelopment work during 1984 resulted 
in very reliable second-generation image 
analysis methods. Cross hair analysis was 
extended to permit rinding the centers of 
large-aperture cross hairs and of the center
ing mirror. Analysis of round pinholes was 
changed from the less reliable centroid 
method used on Novette to a more rcbur* 
method based on correlating the pinhole 
perimeter to a reference ring. The diameter 
of the ring is scanned through the expected 
value of the pinhole diameter to ensure op
timum correlation sharpness anc: accuracy. 
This method is insensitive to intensity vari
ations and to imperfections in the pinhole. 

The final spatial filter is a large rectangu
lar pinhole. The sensor magnification used 
to view this pinhole does not allow the en
tire rectangle to be visible at once. In addi
tion, the split in the 46-cm amplifier disks 
causes diffraction lines on the backlighting 
beam. We developed a method using math
ematical "compass filters," which recognize 
positive or negative intensity gradients per
pendicular to a chosen axis direction, to de
tect two diagonally opposite comers of the 
pinhole while discriminating against the dif
fraction lines. Ea.h comer is detected indi
vidually by finding the two edges that form 
it. The center of the pinhole is then defined 
as the point halfway between the comers. 

During 1984 we began to use the auto
matic alignment system to measure the re
sponse of the laser to various perturbations 
and to identify marginal hardware items be
fore they could affect laser operations. In 
June, for example, we ran 39 closed loops 
continuously for 64 h over a weekend. The 
variation in outside temperature from day 
to night exceeded 35°F, and a weak 24-h 
oscillation was seen in some alignment 
loops even though the facility's temperature 
control system functioned normally. One 
alignment loop attempted to make a large 
monotonic correction during this test. This 
was caused by an unreliable motor drive 
circuit that might otherwise have gone un
detected for some time. 

Work on the automatic alignment system 
was directed toward functions that would 
help maintain the laser system construction 

schedule. Continued development in 1985 
will concentrate on the remaining harmonic 
and target alignment tasks that will do the 
most to reduce shot-preparation time. 

Author: F.J. VanAisdall 

Major Contributors: R- D. Boyd, R. D. 
Demaret, D. C Douglas, R. A. Fertig, E W. 
Holloway, R.J. Reeves, R.T. Shelton, and 
G. J. Zaragoza 

Diagnostic Systems 
Opposed-Port Target-Plane Diagnostic. 

Knowledge of the intensity distribution of 
the Nova beams in the target plane is im
portant in interpreting target performance. 
The opposed-port diagnostic (OPD) will pro
vide this data. The design criteria for this di
agnostic require it to do the following: 
• Operate with full-power 1ft), 2ft>, or 

3(0 pulses. 
• Record an image of the target plane with 

a resolution of 20 pm and a field of view 
of 2 mm. 

• Add no intensity-dependent distortion to 
the image. 

• Simultaneously record four target equiva
lent planes with multiple exposures of 
each plane. 

• Record the energy of the pulse. 
• Record the temporal pulse shape. 
• Cause minimal interference with other tar

get chamber diagnostics. 
• Be insertable by the polar handler 

(described below). 
To meet these criteria we use the inverse 

Cassegrainian telescope shown in Rg. 2-28. 
The telescope, selected as the baseline de
sign in 1983,'' uses the Fresnel reflections 
from the uncoated primarv and secondary 
mirrors while dumping most of the energy 
into absorbing glass behind the mirrors. At 
the exit of the telescope section, the beam is 
collimated at a diameter of 76 mm by the 
fused silica tertiary, whose position is ad
justed to suit the wavelength of the shot. 
The intensity at the lens is approximately 
0.5 GW/cnr for a 15-kJ, 1-ns laser puise, so 
intensity-dependent index changes in this 
lens and subsequent optics are negligible. 

The coliimated light passes from the tele
scope section through a vacuum window 
into the camera module. For each laser 
pulse, a multiple 'mage camera (MIC) 
records 16 images—4 exposure levels in 
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each of 4 planes, which range from target-
chamber focus to 1.5 mm past best focus in 
0.5-mm steps. The module also collects 
pulse-energy and temporal pulse-shape 
data. The major components of the camera 
module are identified in Fig. 2-29. 

Earlier MIC designs used two orthogonal, 
partially reflecting wedges to supply the ar-
rt,y ot photographic images. With this de
sign, one can photograph only multiple 
planes ahead of best focus, since the light 

energy drops rapidly with each additional 
reflection. The drop in energy is compen
sated by the decreasing area of the imaged 
focal spot as the light approaches best 
focus. (Operation of the earlier MIC is ex
plained more fully in Ref. 15.) 

As in previous MICs, the MIC for the op
posed pert diagnostic uses a wedged mirror 
with a 50% front surface reflection to angu
larly separate the exposure levels. However, 
the new MiC overcomes earlier image-plane 

F;*. 2-28. Oppcsed-
port target-plane 
diagnostic package, 
ia) Schematic; 
<b) photograph. 
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restrictions by using an array of beam 
splitters to supply the multiple plane im
ages. Since the reflectivities of the beam 
splitters can be controlled independently, it 
is possible to have increasing values of re
flected energy to photograph planes past 
best focus (where the focal spot diameter is 
increasing). The first three beam splitters 
are wedges with uncoated first surfaces and 
antireflection coated second surfaces. The 
materials are fused silica and Schott BK7 
and SF8 glasses, giving reflectivities of 3.5, 
4.4, and 7.4% respectively at 2(0. The final 
reflector has a multilayer dielecuic coating 
with aboui 12% reflectivity. The unwanted 
transmitted beam is absorbed bv an appro
priate colored-glass beam dump. Neutral-
density filters are inserted just ahead of the 
film plane to control exposure levels Dver a 
wide range of laser pulse energies. 

Diverse requirements constrained the me
chanical design of the OPD. The space 
available inside the target < hamber is lim
ited by other reentrant target diagnostics 
and their lines of sight. Per this reason, the 
OPD cone had to be as small as possible. 
Outside the target chamber, the space avail
able for installation is restricted by the 
beam tubes, so the optics for the camera 
module were arranged in a plane normal 
to the cone axis to minimize their length. 

Access to the lower mounting positions 
is restricted by the overhanging final-focus 

optics assemblies, which are cantilavered 
off the target chamber. For this reason, the 
OPD was designed to be moved from one 
opposed port to another by the polar han
dler, which is also used for moving the final 
focus optics assemblies (see "Nova Target 
Systems/' later in this section). The xveight-
handling limit of the polar handler requires 
that the 1800-lb OPD be divided into two 
sections that can be transported separately 
from port to port. The separation point is 
identified in Fig. 228(a). Finally, the enve
lope of space within which the polar han
dler must operate restricts its stroke to less 
than the length of the telescope section of 
the OPD. Therefore, the forward cone of 
the OPD can be retracted 50 cm from its de
ployed position for insertion. The conical 
section is supported on spring mounts 
when retracted and is located by kinematic 
mounts to restore its aligned orientation 
when extended. 

To conserve space and weight, we de
signed a primary lens bezel that weighs 
only half as much as the weight it supports 
and that extends less than 12 cm radially 
beyond the 74-cm-diam opti . Pyramidal 
surface bumps on the cast-elaston.L-i 
mounting pads provide compliance for 
holding the 450-lb optic with less than one-
quarter wave of distortion. 

The OPD package must be carefully posi
tioned and focused to image the desired re
gion in the target chamber. For this purpose, 
there are two alignment aids at the front 
end. An insertable 1-mm ball, which can be 
viewed using the target alignment view
ers,14 permits location of the OPD with re
spect to the center of the target chamber. 
An insertable reticle at the focal plane of 
the OPD, 5 in. from the locating ball, serves 
as a focusing reference. Both these align
ment aids are deployed using ac synchro
nous motors located outside the vacuum, 
between the telescope section and the 
camera module. 

Two additional reticles are used to moni
tor me alignment of the primary and sec
ondary mirrors. One reticle is inserted by 
an ac motor, as just described, and registers 
to the center of the secondary. The other re
sides permanently in the center of the pri
mary. An autocollimator in the camera 
module that looks back along the telescope 
axis (see Fig. 2 29) is used to monitor reflec
tions from the two reticles. Bom the pri
mary and secondary mirror angles can be 
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adjusted by driving appropriate motors. Ac
tive realignment capability is provided, in
stead of relying on preservation of a fixed 
initial alignment, for three reasons. First, the 
static deflection caused by gravity varies 
significantly from port to port. Second, the 
separation of the telescope section into 
halves for transfer between ports results 
in some loss of alignment. Third, minor 
changes in alignment occur when the cone 
is retracted and reextended. The active sys
tem assures that proper performance of the 
unit can be restored after handling. 

2co/3co Incident Diagnostic Spool. The di
agnostic spools described last year 1 3 have 
been built and installed on Nova. These 
spools measure the following quantities: 
• 2(0/3(0 incident energy. 
• 2(0 signals for KDP array alignment. 
• No^a focus-lens and debris-shield trans

mission data. 
• Lens reflectivity. 

Three additional kinds of data are to be 
measured with a module mounted exter
nally to the diagnostic spool: 
• Unconverted 1(0/2(0 energy. 
©2c"3w temporal pulse shape. 
• 3(0 signals for KDP array alignment. 
The module receives its signals from a 
15-cm-diam pickoff mirror in the diagnostic 
spool. The mirror directs the central portion 
of the beam into the module, as shown in 
Fig. 2-30. Wh?n the module is configured 
for a shot, the sampled part of the beam 

strikes a diffuser that scatters light onto 
photodiodes filtered to provide a measure
ment of 1G>, 2<y, or 3o) energy. 

Part of the scattered light also illuminates 
the end of a fiber optic cable that transports 
the signal to a streak camera for temporal 
measurement of the incident pulse. The fi
bers from five modules are multiplexed 
onto s single streak camera; to these signals 
are added an optical time-reference fiducial 
and a comb of pulses, equally spaced in 
time, to provide a camera sweep rate cali
bration. Figure 2-31 shows the output from 
a multiplexed streak camera. The signal 
level on e -h fiber is adjusted by rotating a 
filter wheel in front of it For very-low-level 
shots, such as those used for timing the 
streak camera, the diffuser can be removed 
so that the fiber is illuminated directly. 

To rune the KDP jrray for 3co output, a 
small-diameter {—2 cm) pulsed probe beam 
is routed from the oscillator along a path 
that bypasses the laser an.piifipr chain; the 
beam is reinjected at the input of the final 
spatial filter. The beam passes through the 
frequency conversion crystals, which con
vert some of it to 3a>. The diagnostic spool 
3(0 pickoff mirror directs this partia'ly 
converted probe beam into the modu'e. A 
wedge, inserted in the optica! path in place 
of the diffuser, deflects the beam onto a 
3(0 photodiode. As the crystals are tipped 
through their tuning range, the photodiode 
signal is recorded by the laser diagnostic 

Fig. 2-30. A module at
tached tC' each inci
dent diagnostic spool 
provides multiple 
wavehngth energy 
measurements and 
a streak-camera 
interface. 
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fig. 2-31. Si'gnafs re
corded on a streak 
camera multiplexed to 
five beams, including 
the comb of pulsus 
used to calibrate the 
streak speed. 

data acquisition system. The peak conver
sion position is determined by fitting a tun
ing curve to the data, and the crystal array 
is set to this angle. 

Authors: R. G. Ozarski, D. A. Bender, 
D. W. Myers, and L, G. Seppala 

Major Contributors: B. V. Beeman, B. D. 
Cline (Bendix); M. L. Dickerson, J. H. 
Ewins, B. M. Gim, R. E. Hugcnberger, 
W. A. Jones, M. C Miller, J. A. Prior, 
and J. B. Richards 

Nova Target Sys tems 

Nova target systems include the target 
chamber with its support and vacuum sys
tems, the target positioner, target alignment 
optics, final calorimeter supports, and han
dling equipme.it for lens positioners, KDP 
arrays, beam diagnostics, calorimeters, di
agnostic controls, and data acquisition sys
tems associated with the target chamber. 
During 1984, we completed the installation 
of all system components. Initial installation 
was made with temporary, portable fixtures. 

Target Chamber Installation. The target 
chamber was installed as described in the 
Laser Program Annual Report 83.lb Following 
installation, some modifications were made 
to the spaceframe; we also experienced a 
mild earthquake. Either could have caused 
misalignment of the chamber, but a re-
survey showed no detectable change. 

Vacuum System. The installation of both 
vacuum systems, main and auxiliary, was 

completed. The pumping speeds achieved 
are better than anticipated, reaching 
10" 3 Torr in 25 min and a base pressure of 
2 x 10 7 Torr after 48 h. These results as
sure our ability to achieve 10 6 Torr on an 
operational basis for cryogenic target experi
ments. Some condensation occurs during 
the evacuation of this large vacuum cham
ber when moist air in the chamber is cooled 
to its dew point. The cooling is a result of 
the adiabatic expansion of the chamber air 
while the vessel is being pumped. The con
densation problem will be solved by the 
addition of a desiccant dehumidifier in the 
duct that supplies fresh air to the chamber. 

Target Positioner. The target positioner 
x-y slides were calibrated prior to assembly. 
They showed excellent linearity and or
thogonality with imperceptible backlash, and 
the assembly was completed with very few 
modifications. The assembled unit was in
stalled on the target chamber and in situ 
calibration was started. We will check linear
ity, orthogonality, backlash, and resonance. 

Handling Equipment. The installation 
and servicing of thr* massive components 
used in the frequency conversion, alignment, 
beam diagnostics, and focusing systems re
quire highly specialized, massive handling 
equipment. A unit was built to accept any 
component from the overhead bridge crane, 
rotate it to align with a specific beamline, 
and advance it radially for permanent at
tachment. The maximum rated load of this 
polar handler is 680 kg; it will be used to 
install and service the KDP spools, main 
focusing lenses, debris shields, 44-cm 
calorimeters, and the opposed port 
diagnostic package. 

Debris shields are serviced with a special 
attachment that replaces the swing arm on 
the handling fixture. Use of the swing arm 
requires that beam pipes near the target 
chamber be removed; this attachment allows 
us to service debris shields with the beam 
pipes in place. 

Lens positioners weigh 2000 kg each and 
must be handled separately. The fixture we 
designed to perform the original installation 
of the lens positioners imposed soma con
straints on the sequence of any future instal
lation We do not envision a need to remove 
any lens positioner during the operational 
life of the system, but the removal of any 
lower unit would require us to remove an 
upper one first. 
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Fig. 2-32. Nova Urge! 
chamber alignment 
pylon: (at extended 
and <b> retracted. 

Fig. 2-33. Nova target 
chamber calorimeter 
configured to filter out 
unwanted 2m light. 

Alignment Components. An alignment 
pylon [Fig. 2-32(a) and 2-32(b)] was de
signed and fabricated to verify the exact lo
cation of the center of (he target chamber. 
This pylon precisely and repeatably places 
a spherical target at the chamber center. 
From this reference, the target alignment 
and viewing instruments (TAVIs) and all 
diagnostics are aligned. The alignment aid 
positioner, a unit identical to the target po
sitioner, will be built to support the various 
components that are necessary to align the 
laser beams to the center of the target 
chamber. It will be installed in the bottom 
port of the chamber. 

Calorimeter Mounting. To calibrate the 
sensors in the diagnostic spool (described in 
the preceding article "Beam-Alignment and 
Diagnostic Systems"), we need an absolute 
measurement of the 2co and 3o) light reach
ing the target. This measurement must be 
taken inside the target chamber. To accom
plish this, we mounted a 44-cm-aperture 
calorimeter (Fig. 2-33) inside the chamber 
for each beam. The calorimeters have 

Blast shield 

Calorimeter 

Concave reflector 
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insertable filters to separate out unwanted 
wavelengths (lco or 2(0), an uncoaled, con
cave reflector that returns 8% of the beam 
to the output sensors during calibration for 
reflected diagnostic calibrations, and a blast 
shield to protect the unit from target debris, 
x rays, and scattered light during a target 
shot. Each filter and the blast shield can be 
manually inserted from outside the cham
ber while it is under vacuum. Microswitches 
provide status and interlock capability. 

Author: F. Rienecker 

Major Contributor: C. A. ("lower 

Nova Target Diagnostics 
Control System 

During the past year the Nova target di
agnostics control system was finished and 
put in service. The diagnostics loft con
structed to the north of the target room pro
vides the environmental conditions required 
to collect reliable target diagnostic data. 
These improvements include equipment 
cooling and isolation of the power source 
with strict control of instrumentation 
grounds to eliminate data corruption due 
to electromagnetic pulses from the laser 
power-conditioning system or from target 
implosion effects. 

After the loft area was completed and 
Novette was shut down, the instrumenta
tion from Novette was moved to Nova. 
The electronic instruments for the filter-
fluorescer x-ray spectrometer (FFLEX) and 
for half of the Dante soft x-ray spectrom
eter diagnostic were installed in the Nova 
switchyard area to allow short coaxial ca
ble connections from these diagnostics to 
the digitizing equipment em the south side 
of the target chamber. All other instru
mentation that is not chamber-mounted 
was installed in the loft; this allows short 
connections to all diagnostics on the north 
side of the chamber. The short connections 
maximize signal bandwidth and fidelity 
and keep noisp to a minimum. 

Data Acquisition. We installed six 
front-end processors (FEP), a number of 
computer-assisted monitoring and control 
(CAMAC) crates, and the Novanet fiber
optic, digital data network to the loft 
area during the past year. We also in
stalled an operator console consisting 

of a single Ramtek screen and touch panel, 
which are slaved to one of the consoles in 
the Nova control room (Hg. 2-34). All equip
ment in the loft is fiber-optically coupled to 
the rest of the laser system to ensure that 
signals recorded in the loft are not contami
nated by electrical noise from other sources. 
Approximately 20 fiber-optic cables carry 
digital and pulse information to and from 
the loft area. These signals range from opti
cal trigger signals, and Novanet 10 million 
bits/s digital data to the lower-rate, EIA RS-
232 standard signals that support computer 
terminals and the operator touch panels. 

Major software tasks completed in the 
past year to support the data acquisition 
system include connection of the target di
agnostic system to the power conditioning 
system and the integration software system. 
The integration software supplies all other 
Nova control systems with information 
about the state of the laser, and it sequences 
major tasks to allow a logical progression 
through a laser system shot. At various 
times prior to the shot, checks are made by 
all systems to ensure that correct operations 
have been performed in the proper se
quence. The target diagnostic system is fully 
software-interlocked to halt the shot se
quence if critical diagnostics fail to pass 
checks or if appropriate trigger signals are 
not received during the countdown to a 
target shot. 

Software was completed to support 
diagnostic-to-hardware mapping. This allows 
the system operator to deal only with the 
set of hardware that supports a selected di
agnostic. Additionally, the data analysis 
codes can easily extract just the data per
taining to a single diagnostic. The hardware 
mapping software therefore increases oper
ator efficiency and accelerates the computer 
analysis and reduction of shot results. 

Trigger System. We completed the design 
of the target diagnostics timing system and 
installed all the associated hardware and 
software. This system provides isolated elec
trical triggers to all target diagnostic instru
ments. It also provides timing fiducials that 
are summed with many diagnostic signals 
to allow cross-timing between channels to 
within 50 ps. This system receives a fraction 
of the laser pulse from the master oscillator 
room. This fraction of the MOR pulse is 
transmitted to the diagnostics loft via 
fiber optics, where the trigger system 
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converts the optical pulse to an electrical 
equivalent, compensates for amplitude vari
ations, monitors and records timing dri/ts, 
and distributes the triggers to four subsys
tems (Fig. 2-34). First the instrument trigger 
modules fire the time bases of digitizers, 
oscilloscopes, and standard recording equip
ment with a maximum jitter o / 200 ps. Then 
the second subsystem provides a separate 
streak camera trigger source that is man
dated by the 50-ps jitter requirements in 
ultrafast streak cameras. Third, the instru
ment fiducials are generated for inclusion 
with the digitizer and oscilloscope data to 
allow precise cross-timing of diagnostic 
data. Finally, a signal simulator is used to 
allow accurate timing of diagnostics prior to 
the target shot. This is done, without using 
the main laser, by precisely generating and 
riming a simulated diagnostic signal, and 
applying it to the signal cables that will be 
used on the actual target shot. 

Software was also written to support the 
simulator electronics and a portable hand
held terminal that allows the diagnostic 

technician to adjust and control the instru
mentation while moving anywhere in the 
diagnostics room. During the pre-shot setup 
sequence and during the target shot, the 
triggering and timing system monitors criti
cal pulse amplitudes and delays, and alerts 
the operator to improper conditions. At 
the same rime, this system captures the ac
tual trigger parameters necessary for later 
data analysis. 

Vacuum Controls. We have installed the 
basic set of hardware required to support 
me Nova vacuum control system: 7 L5I-
11/23 processors [1 FEP, 6 input/output pro
cessors (IOPs)] and approximately 30 local 
control panels. The vacuum control system 
is similar to our other FEP-based systems 
except that it emphasizes real-time control 
and fast response to protect high-cost 
diagnostic equipment. 

The typical diagnostic instrument and the 
main target chamber are connected to the 
vacuum control system through the IOP 
units as shown in Fig. 2-34. The IOP func
tions are to supply 24-V dc to operate the 

VAX 
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1 
! 

.^ 
Data 

acquisition 
FEP .^ 
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— CAMAC 
crates — 

\ 
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delecli.rs 

Fig.2-M. Block dia
gram with major com
ponents of the target 
diagnostics vacuum 
control, timing, and 
data acquisition 
subsystems. 
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valve solenoids, to sense the valve state 
switches used to obtain valve position, and 
to read, linearize, and scale the various vac
uum gages. The IOP also controls an array 
of compressors that are used to pump the 
chamber and the diagnostic instruments. 
High vacuum is provided by cryogenic cold 
head pumps; the vac. "im system controls 
and monitors both the cold heads and the 
gaseous helium compressors used to main
tain a sufficiently low temperature for 
proper cryogenic pumping. 

Configuration and interlock information 
is maintained in a software data base in tne 
VAX and downloaded to the main FEP and 
all lOPs prior to startup. The control panels 
are attached to the mai" FEP and are posi
tioned where convenient in the diagnostics 
loft or in the target room. These local con-
frcrf parrefe ate identical units except for a 
plastic overlay ihat customizes the panel to 
the vacuum map of the chamber or to a 
particular diagnostic. Communication be
tween the panels and the main FEP is via 
hard wire or fiber-optic connections, using 
an RS-232 serial protocol. Communication 
between the VAX, FEPs, and IOPs is via 
Novanet at 10 million bits/s. When the 
main target chamber and the individual di
agnostics are operating, status is displayed 
and operator commands can be entered 
through the local control panels. 

Author: J. P.. Severyn 

Major Contributors: D. J. Kroepfl, 
T. A. Sherman, D. A. Cloyne, and 
M. G. Lee 

Mechanical Systems 

Introduction. During 1984, we completed 
the Nova construction project. Our milestone 
commitment, a full energy shot at 3ft), was 
accomplished on December 19, 1984. To 
make this shot, we had to assemble, install, 
and activate approximately 500 major com
ponents, and integrate them into a whole fa
cility of 10 beams. Eight of the Nova beams 
were completely installed prior to the 
Nm-ette shutdown OP Angusl 31, 1984, ex
cept for the addition of one 46-cm amplifier 
and one 31.5-cm amplifier on each beam. 
The last two beams were installed after 
Novette was dismantled. Tne components 

from Novette were inspected, rebuilt if nec
essary, and installed on Nova. 

All of this equipment was processed 
through clean rooms: amplifiers and the 
more sensitive components in a class-100 
clean room,1 7 and the remaining •compo
nents such as rotators and spatial filters in a 
class-10000 clean room. Cradles and sup
port brackets were mounted on the space-
frames and accurate!;/ surveyed to accept the 
components. Beam pipes were installed last, 
during beam alignment A radial clearance 
of 25 cm in the tubes was allowed in the 
design to clear the 74-cm beam; this proved 
adequate to allow full aperture clearance. 

The recirculating nitrogen gas system 
used for cooling the laser v>'?s operated in 
an open loop mode while completed laser 
chains were being added. When all 10 laser 
chains tver& complete, the gas system was 
converted from open to closed mode and is 
now successfully operating in the recirculat
ing mode described in the Laser Program 
Annua! Report 53. 

The control system used to assure quality 
parts and timely supply was sharply tested 
throughout the year. Even though we had 
extensive experience with the Novette 
project, handling large numbers o ' critical 
parts resulted in unexpected problems. 
Examples of problems that were not appar
ent until parts were needed included deteri
oration damage, loss in storage, and poor 
quality of silver-plated reflective Surfaces. 
Responding to these problems required ex
traordinarily quick action to meet our strict 
schedule requirements. 

During the year, mechanical technician 
manpower grew, but the design team man
power decreased slightly, since design activ
ity consisted primarily of follow-through on 
the construction effort. We also supported 
late designs in other subsystems, such as 
the opposed port diagnostic described ear
lier in this section. 

Assembly of Components. The Shiva 
la**- bay was used as the class-10 000 
clean room for the assembly and interfer-
ometry testing of the Faraday rotators, 
^ockels cells, alignment cross hairs, turning 
mirrors, beam shutters, cradles, and spatial 
filters. All other components, amplifiers, 
and interstage hardware were assembled in 
the Nova cl^ss-100 clean room. A total of 
165 amplifiers were assembled. The critical 
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components were the disk amplifiers. The 
largest of these, the 46-cm amplifier, was 
the most difficult to assemble because 
the split disk is very sensitive to stress 
birefringence. Some modest changes to the 
disk mounting hardware, ccmbined with 
major changes to assembly procedures, had 
to be implemented. 

The 46-cm amplifier has .in inherent 
stress level associated with ihe split disks. 
Stress concentrations induci- local changes 
in the index of refraction. To reduce wave-
front distortion, we altered the method of 
assembling the disk halves We selected 
disk halves by matching thickness and 
wedge angle, and modified the disk holder 
and the assembly fixture These changes re
sulted in a disk with a sjrfacs figure of A/2. 
The assembly procedure was to first place 
the disk holder horizontally in the fixture, 
then afign (he disk halves above the holder, 
and finally, to raise the holder to fit around 
the disks. The disks have radial support 
points, which are tuned to optimum stress 
levels. The tips of these supports, which 
originallv were metal, have been converted 
to silicone for better frkrion and load distri
bution. The operational «.-fK•.nveness of 
these corrective actions i? not yet known. 

It takes about three days to properly as
semble a 46-cm amplifier. This is the long
est assembly time required for any of the 
six amplifier sizes used in a Nova chain. 
Since amplifier assembly was planned to 
coincide with the phased installation oi 
laser byams, il was necessary to assemble 
several different sizes of amplifiers simulta
neously. Each component had to be vali-
d?t-pd for cleanliness and optical integrity 
before integration into the system. The last 
amplifier, a 46-cm unit, was photographed 
(Fig. 2-35) on November 30, 1984, as it was 
being lifted into place for installation on 
the :;paceframe. 

Amplifiers were mechanically aligned us
ing standard optical techniques with respect 
to established bench marks and beam 
paths. The final alignment was made with 
the alignment laser. Power cables and nitro
gen cooling lines were connected, and then 
the interstage hardware was inserted. 

Twenty-eight amplifiers from the Novette 
laser were the last to be processed. All these 
amplifiers were disassembled, cleaned, re
assembled, and validated. The large reflective 

silver-plated areas are at risk in the amplifi
ers- However, examination of the disassem
bled Novette amplifiers showed that the 
silver-plated surfaces had withstood two 
years of operation and approximately 450 
shots very successfully. Very little tarnish, 
and the consequent degradation of reflectiv
ity, had occurred during this time. 

This assembly was a task of long dura
tion—it was a constant, dedicated effort to 
quality and is the first quality assurance ef
fort of such major proportions in the history 
of the laser program at LLNL and probably 
in the history of targe optical systems 
throughout the world. 

Spaceframe Stability. After four years o. 
design, analysis, construction, and measure
ment, the system spaceframe was put to 
use. Only calculations and subsequent mea
surements, made to confirm our design, led 
us to believe that the system would be sta
ble enough over the required time span to 
perform meaningful experiments. We have 

Fig. 2-35. Technicians 
removing Ihe protec
tive clean covering 
immediate ly before 
installation of the last 
•jfr-cm ampiif ie / en the 
tup beam of the soisih 
(aser frame - 23 fl 
abov? the floor. 
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r ig. 2-36. 31.5-cm Fara
day rotators and 31.5-
cm box amplifiers 
(right) and 31.:i-cm 
spatial filters on the 
south laser frame (left 
foreground;. 

observed stable conditions for alignment 
purposes of up to 12 hours, and in one 
case, over an entire weekend. In April 1984, 
we experienced an earthquake and the sys
tem performed as expected. Measurements 
indicated a 0.02-g equivalent acceleration at 
LLNL. There was one fully assembled and 
aligned beam on the frame at the time. It 
moved with the earthquake and returned 
perfectly to its original alignment. 

The total path length from the master 
oscillator room to the target is 280 m. 
Components are supported on six separate 
spaceframes in four r with indepen
dent temperature conii . systems. We ha\e 
observed no thermal drift or vibrational in
stabilities in any part of this system. We will 
continue to investigate spaceframe stability 
to finer tolerances. 

Installation of Components. We devel
oped a procedure for installing the beam-
line components and mirrors that ensured 

the proper mechanical alignment The cri
teria for mechanical alignment were speci
fied in terms of distance from the beam 
centerline: ± 1 5 mm for installation of 
component cradles, ± 0 5 mm for beamline 
components, and ± 1 or. for tuminf mir
rors. Before installing the beamlines, we 
first surveyed the relationship of the 
spaceframes to each other and to the build
ing. This information was used to position 
beamlines on the spaceframe. A fixture 
was constructed that allowed an entire ver
tical row of cradle-moun*'ng brackets to 
be installed and aligned at one rime. Once 
the mounting p'ates were in place, the 
cradles were installed and a cradle cross 
hair was aligned using a transit set at 
beamline center. 

The components on the driver side of the 
laser were installed in sequence. First, we 
installed the permanent cross hairs and the 
assemblies that off-set the beam, second the 
spatial filters, and then the remaining com
ponents. This sequential installation allowed 
us to perform the optical alignment in parallel 
with the mechanical installation. A similar 
procedure was followed during the power-
side component installation, figure 2-36 
shows the center aisle of the laser room 
looking toward the switchyard, with driver-
side components on the left and power-side 
components on the right. 

We verified the proper position of the 
center of the target chamber by referencing 
it to the master survey monument in the 
switchyard. Thi^ permitted proper place
ment of the chamber with respect to the 
10 beamlines. Figure 2-37 shows the target 
chamber from above; fig. 2-38 shows the 
switchyard, where beams are turned 90° 
from the laser into the target room. A 
helium-neon alignment laser was positioned 
on the far side of the target chamber, ard 
the beam directed back through the target 
chamber and laser path. Surrogate align
ment mirrors (5-cm diam) were used to ver
ify the turning mirror locations. Turning 
mirrors were positioned within ± 1 cm in 
the target and switchyard rooms. After in
stallation and mecnanicai alignment within 
this tolerance, the mirrors were finally posi
tioned using the system av alignment laser. 

By using a systems approach for installa
tion and alignment, we ensured that the laser 
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Fig. 2-37. Target dum
ber with upper 
beamlir.es installed. 
Turning-mirror box lo
cations, designed into 
frame construction 
were verified by shin
ing an alignment user 
through the center of 
the target chamber. 

Fig. 2-38. Turning-
mirror towers with 
diagnostics mounted 
outside (foreground) 
contain two main 
beam mirrors and one 
diagnostics minor per 
beam; note remotely 
insertable calorimeters 
(!eft, target-room wall). 
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beam will transit the entire 280-m beam path 
to the target chamber without interference. 

Author: C. A. Hurley 

Major Contributors: H. G. Patton 
and F. A. Frick 

Integrated Controls 

Integrated controls consist of the overall de
sign, hardware, and software that the four 
major Nova control subsystems—power con
ditioning, alignment, laser diagnostics, and 
target diagnostics—utilize to perform and co
ordinate their tasks. The accomplishments 
within each of these control subsystems are 
described earlier in this section in the articles 
"Power Systems Energy Storage," "Beam-
Alignment and Diagnostic Systems," "Nova 
Target Systems," and "Nova Target Diagnos
tics Control System," which includes a re
port on the increasingly important vacuum 
control components. 

During 19S4, all portions of '.he Nova 
control system that were necessary for the 
support of laser activation and completion 
nf the Nova project were finished and 
placed in service on time. The Nova control 
system has been unique in providing, on 
schedule, the capabilities required in the 
central control room and in various local 
control areas throughout the facility. The 
ambitious goal of deploying this system 
early enough to use it as an aid in the ac
tivation of the laser1* was accomplished; 
thus the control system made a m?jor con
tribution to the completion of Nova activa
tion on schedule. 

Support and enhancement activities 
continued during the year on the VAX com
puter systems, central control room, oper
ator consoles and displays, Novanet data 
communications network, system-level 
software for both the VAX and LSI-11 com
puters. Praxis control system computer 
language, software management tools, and 
the development system, which includes of
fice terminals. Computational support was 
also supplied for a wide variety of test 
fixtures required by the optical and 
mechanical subsystems. 

Significant new advancements were 
made ir> four areas in integrated controls 
this year: the integration software (which 

includes the shot scheduler), the Praxis lan
guage, software quality assurance audit, and 
software development and data handling. A 
description of the accomplishments in each 
of these areas follows. 

Integration Software. The first phase 
of the integration soltware was completed 
and became operational. The integration 
software allows the four control subsystems 
to operate in a coordinated fashion. It 
includes the shot scheduler and the data 
shared by the subsystems. In previous 
years, operators were required to coordinate 
the subsystems to operate the laser facility. 
Now, some of that coordination is per
formed by the integration software. 

The shot scheduler, which is part of the 
integration software, facilitates the schedul
ing of a complex array ol laser control sub
system tasks and ensures that they are 
done at the correct times and in 'he correct 
sequence. The scheduler software manages 
the exchange of interdependent information 
among subsystems and verifies that there 
are no task conflicts before a subsystem op
eration is allowed; it replaces a number of 
manual coordination activities during laser 
facility operations. For example, if laser 
component alignment is sequenced through 
the scheduler, the scheduler first verifies 
mat there are no conflicts with operations 
running in any of the three other subsys
tems before passing the alignment tasks to 
the alignment subsystem for performance. 

In a complex, ever-changing, experimental 
environment such as Nova, new experi
ments impose new control system require
ments. As operating experience increases, 
new task dependencies are understood. The 
scheduler is flexible enough to easily ac
commodate new control system require
ments and to update task dependency 
information for smoother operations. 

The scheduler provides a means of exe
cuting control system tasks either in a de
sired order or concuirently. Executing 
control system tasks in parallel reduces total 
task execution time, thereby increasing con
trol system throughput. Coordinating con
trol system tasks by the scheduler, instead 
of by operators, provides uniform, re
producible conditions, and reduces operator 
requirements and errors. 

Some control system tasks imple
mented by the subsystems are now being 
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coordinated by the integration software 
rather than directly by the operators. Por 
example, the power conditioning subsystem 
will not fire the laser until the target di
agnostics subsystem is ready for the target 
shot. The countdown can begin only after 
the target diagnostics equipment is ready. If 
the target diagnostics subsystem detects a 
problem during the countdown, the count
down will be suspended by the power con
ditioning subsystem and the nature of th» 
problem will be indicated io the operator. 
The operators still have the capability of 
overriding the operational interlocks in the 
control system to fire the laser. 

The integration software is ready for ad
ditional coordination of control system tasks 
as we gain experience with operation of the 
laser facility. 

Praxis Enhancements. Substantial addi
tions and enhancements were made to the 
Praxis computer language to increase soft
ware capabilities on the Nova control sys
tem. Praxis is a modem, block-structured 
ianguage,1" originally designed and written 
for Nova by Bolt, Beranek and Newman. 
The Praxis language is used almost exclu
sively within all the computers of the Nova 
control system, and its use has been a ma
jor contributing factor in the success of 
the system. 

Many of the improvements2" in Praxis 
add support for previously unimplemented 
features of the language; now statements 
that may be more effective in a particular 
segment of code can be utilized. Additional 
checks were added in the language com
piler to verify that the code being compiled 
is logical and that its execution is clearly 
stated in the source program. Some of these 
checks are performed when the code is 
compiled, and oiher checks are performed 
during execution. Some of the improve
ments allow more work to be done in !ess 
computer memory. 

The improvements made to Praxis; were 
essential for the features required of the 
vacuum control system (described in "Nova 
Target Systems," earlier in this section), and 
they are important for optimization, reliabil
ity, and additions to all other parts of the 
Nova control system. 

Software Quality Assurance Audit. In 
previous years, :. useful software quality as
surance plan had been developed.:1 The 

technical content of this plan is the primary 
guide for all software development on the 
Nova control system. Through a continu
ous, interactive review of the plan, and of 
the extent to which the software meets the 
plan, we have been able to successfully 
manage the entire scope of the software ef
fort for the Nova control system. 

An internal management review of the 
software for the Nova control system was 
conducted by the LLNL Quality Assurance 
Office during May 1984. Through inter
views with both the operational staff and 
the control system engineers, the Nova soft
ware was found to be useful and timely, 
and to meet system requirements. Particular 
note was mrde of the especially good con
formance to the technical aspects of soft
ware design control. 

New Development and Data Handling 
Capabilities. New equipment, added to the 
Nova central computers, has provided a 
means for handling large volumes of data 
flow within the control system and has im
proved the reliability and rate of develop
ment of control system software. 

1-arger and faster disk storage devices 
were added to the development computer. 
Data storage capacity was increased from 
1.2 to 4.0 gigabytes with the addition of 
six disk drives. These drives operate at 
approximately twice the data rates of the 
disks they replaced. Improved software 
maintenance was made possible by the in
creased storage capacity. As described in the 
Nova software quality assurance plan, the 
design for software development was to 
maintain all software at three levels of test
ing, allowing a program to be modified at 
one level while older versions of the pro
gram are being tested and used from the 
other levels. This new data storage equip
ment makes the long-term software devel
opment plan practical. 

A fourfold increase in main memory on 
the development VAX to 16 ni'-^abvtes has 
enabled faster development anti testing and 
more parallel activity. The computer now 
supports approximately 60 concurrently exe
cuting programs for many users in the 
Nova office building and surrounding 
development laboratories. 

DECNET, an intercomputer communica
tion system supplied by Digital Equipment 
Corporation, was added to all of the VAX 
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computers in the Nova facility. This net
work package has provided the means for 
transferring large amounts of data gathered 
from the laser facility by any of the three 
on-line control VAX computers. The data 
flows back to the development VAX for 
processing without disturbing the on-line 
control system that utilizes Novanet. 
DECNET also provides the principal means 
by which software development is moni
tored and managed throughout all of the 
VAX computers within the facility, and by 
which partially tested control system pro
grams are transferred to the computers that 
run the control system. The rate at which 
new features can be reliably incorporated 
into the control system is proportional to 
the number of times per day that programs 
can be edited, regenerated, and transferred 
to the appropriate machine for testing. In 
tests of a large software package, the turn
around for these operations is now three 
times faster. 

Author: F. W. Holloway 

Major Contributors: A.J. DeGroot, 
J. E. Krammen, M. K. Rash, J. R. Severyn, 
T. A. Sherman, and J. W. Taylor 

Nova Project Management 

Introduction. The major Nova project miit-
stone, "Nova Operable/All Project Con
struction Complete," was reached on 
December 19, 1984, with a 17 kj, 3ft> test 
shot that delivered 10 beams simultaneously 
into the Nova target chamber. 

The construction completion milestone 
was accomplished on schedule and about 
$1.5 million under the March 1, 1983, base
line construction budget. During 1984, the 
Nova project continued to operate under 
this budget except that three major modifi
cations to the plan, involving release of 
contingency funds, were authorized by 
DOE. These modifications were: 
1. Expenditure of $3 million for additional 

target diagnostics. 
2. Expenditure of $2.4 million to extend the 

construction period from September to 
December 1984 to allow for an additional 
three months of x-ray laser experiments 
utilizing the two arms cf Nova installed 
in the Novette test bed. 

3. Expenditure of $3 million for Nova ac
tivation during the period from October 
19S4 through February 1985. 
The baseline financial plan for the total 

project updated to December 1984 is illus
trated in Fig. 2-39. The comparison between 
project financial status on December 31, 
1984, and the baseline budget adopted 22 
months earlier is shown in Table 2-6. The 
Nova laser/target system hgure oi $133 878 
includes the additional expense of extend
ing the construction period three months to 
December 1984. 

Project Management Controls and 
Tracking. Nova project management con
trols continued to provide effective cost arid 
schedule tracking luring 1984. Additional 
cost and schedule aids, described below, 
were used to ensure project complelon on 
schedule and within budget. The need to 
draw against contingency funds was reas
sessed each month so that additional work 
within project scope could make ustr of 
these funds as early as possible. 

Contingency funds of $4.7 million were 
held in reserve on March 1, 1983. This was 
10.1% of the Nova project uncommitted 
balance at that time, and was considered a 
prudent level. Later, when projections indi
cated a project underrun and excess contin
gency, a detailed procurement and labor 
plan for the expenditure of an additional 
S3 million for :arget diagnostics was submit
ted by the pruj^'i office t^ DOE and was 
approved. Likewise, the use of excess con
tingency funds to extend construction three 
months to accommodate the Novette x-ray 
laser experiments was approved. In mid-
1984, after projecting additional excess con
tingency, a detailed Nova activation plan '"or 
$3 million was proposed and submitted to 
DOE. This provided for training, system 
integration, target diagnostic checkout, 
laser alignment, diagnostic checkout, ad
ministration, and a reserve for punch list 
items. In October 1984, this activation plan 
was approved. 

During 1984, the Nova systems engineers 
utilized detailed schedules for installing 
each part of each Nova chain from the 
splitter arrays to the focusing lenses. Thesi 
installation schedules were used by the 
Nova engineers in conjunction with task 
schedules and remaining procurement 
schedules to install chain items on time. 
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Total project 
December 1984 
Planned % complete 100% 
Actual % complete 100% 

03.(01/83 Baseline 171.300 -
Estimate at completion (EAQ 175.709 
Variance over (—) under (+) —4.409J 

Remaining contingency 0.291 
Total estimate at completion (TEC) 176.000 

Fig. 2-39. Nova project 
financial and comple
tion schedule. 

BCWS 
Schedule variance 
BCWS (to date) 
BCVVP (to date) 
ACWP (to date) 
Cost variance 

BCWS —Budgeted .;ost of work scheduled 
BCWP —Budgeted cost of work performed 
ACWP —Actual cost of work performed 

includes 5.902 additional; 2.992 target diagnostics and 2.930 activation. 

Table 2-fa. December 
31, 11SJ, Nova project 
financial status and 
\!.irch 1, 1983, project 
base!int.* budget (in 
thousands!. 

The critical path continued to be the deliv
ery of finished KDP crystals for the fre
quency conversion arrays. The optics group 
resolved finishing problems by using alter
nate scheduling methods. Arrangements 
were made to perform the prefinishing and 
the final diamond turning of KDP crystals 
at separate facilities, according to their level 
of expertise in this advanced technology. 

Cos t /Schedule Summary. The Nova 
project construction was completed on 
schedule and within budget. About $3 mil
lion of Nova project funds is being used 
for system activation leading to the "Nova 
Activation Complete/Start of Experimental 
Program" milestone scheduled for February 
28, 1985. This milestone is expected to 
be completed on schedule within the 
activation budget. 

Author: F. J. Holcomb 

Baseline 
3/01/83 

Financial status 
12/fU/tU 

Nova laser/targcl svstt?m SI 35 310 SI 33 87* 
Nova Inboratorv/oiftce building 35 990 35 929 
Additional target diagnostics — 2Q92 
Nova activation — 2') 10 
Contingency 4 700 291 

$176 000 SI 76 000 

Novette Laser System 
Introduction 

Thp last Novette target shot was fired and 
Novette facility operations were terminated 
at 6 p.m., August 31, 1984, exactly three 
years and one day after Argus, the laser 
that preceded Novette in the same building, 
was shut down. Unlike Argus, which was 
dismantled rapidly to make way for 



Fig. 2-40. History of 
Novctte high-energy 
laser shots. 
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Hg.2-41. Distribution 
of high-energy laser 
shots by type of activ
ity over the Novette 
project lifetime. 

Table 2-7. \ m e t t e 
project milestones 

j J A S O N 
1982—1984 

M J 

2nd x-rav laser 
27.4% 

1982 to Aug. 31, WS4 

Beginning ul Wucttc laser operation 
Highest Novel u- output power 

\ chain 12.6 IW \to. 5.S 1"\Y 1M 
2 chains 24.8 TW \io. 1 i.O TW 2t<> 

1 irst x-rav laser target 
hiM 1-ns target 
I holiest NovetU' output energy 

2 chains 17.? k] lw 8.45 k| 2 « 
-in; shot series 
\i>v.i array tesi scries 
I hgKM 1 chain 2iu output energy 4.6 k) 
I h^hi'vi I J iain Ito output energy, 10.0 k! 
i l)t;he--i 1 chain 3cr> output energy, 2.S kl 
I i;i;hi>si 1 chain Mo output power. 2.7 TW 
1hgh.M I chain 4w output: 1.6 kj, 1.6 TW 
Vioiul \ ra\ l .wr target series 
h i hot 

1.111. 1. 1982 
Jan. 24 1981 

Feb 1. 98.1 
M.i\ 19 1983 
Oct 14 198.1 

Lin. Apr., 1984 
R-b -MJV . 1984 
Apr 11 1984 
Apr 24 1984 
Apr 24 1984 
Apr 24 1984 
Apr 26 1984 
M.1\ -Au^,. 19S4 
Aug .11 1984 

Novette the two Novette amplifier chains 
were carefully removed and reinstalled as 
the final two arms of Nova. Preceding shut
down and disassembly, the vear was almost 
entirely devoted to the target studies, 
reported in Sec. 5, "leaser Experiments 
and Advanced Diagnostics." During the 
20 months that Novette was used as a tar
get irradiation facilitv. 674 high-power shots 
wen? made: fhfs is an average of 34 shots 
per month, of which 66% were target shots 
(Fig. 2-40). The occasional large decreases in 
target shots per month, marked the begin
ning of each target campaign when an en
tirely new target was introduced. Dailv shot 
rates climbed as high as six shots into the 
target chamber in one day, close to the 
maximum of eight per day, set by amplifier 
cooling time. The distribution of Novette 
high energy shots over the 20-month 
project lifetime is shown in Fig. 2-41, and 
a short history of Novette is summarized 
in Table 2-7. 

Novette operation and performance dur
ing 1984 are described in the following two 
articles. The first article emphasizes the 4cu 
experiments in which a unique, tandem 
KDP array converted the frequency of one 

2-40 
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of Novette's beams from l(o to Am and over 
1.6 kj of 4(0 ultraviolet light was delivered 
to targets in < 1 ns. The focusing arrange
ments for the highly successful x-ray laser 
study done at the Novette facility are de
scribed in the second article. Novette was 
generally acclaimed as the most successful 
target irradiation laser facility yet con
structed at LLNL. an accolade that bodes 
well for the Nova facility just coming into 
operation now. 

Author: K. R. Manes 

Novette Operations 
avd Performance 

From January lo the end of August 1984, 
the major Novette activities were frequency 
conversion tests and 4OJ target irradiation 
experiments. Our efforts to produce 3-ns 
pulses correctly shaped for high gain and 
minimal hot electron production in these 
targets established the principles for the 
later use of this shaping technique on 
Nova, and gave us sufficient information to 
complete the 4(0 series with 1-ns pulses. 

VVher the conversion of the Novette 
facility lo- x-ray laser experiments was 
completed at the end of May, staffing levels 
in Novette operations dropped as the needs 
of (he Nova installation work increased. 
Even with fewer personnel, the last three 
months of operation saw us reach the high
est rate of successful target shots in the 
whole Novette project period. In addition 
to the frequency-conversion testing and 
target experiments, several subsidiary 
activities were undertaken or continued 
through the end of August. These included 
demonstrating that the copropagating back-
lighter configuration could be aligned 
through the laser system with existing 

alignment sensors and that 1-ns pulse 
propagation at higher output fluences 
(0.7 J/cirr) did not result in either 
pinhole closure or mingling of energy 
from the copropagating pulses. In August, 
w e performed several polarization tests on 
Novette for comparison with similar Nova 
shots and found no significant performance 
differences between the two systems. 
The Novette target area was also used 
an a training and prototyping test bed 
for the target diagnostic used with the 
22 x microscope. 

Frequency Conversion. Frequency con
version tests were conducted on both 
chains of Novette but with quite different 
goals. On the north chain, w e tested the 
first Nova crystal array for conversion effi
ciency, output beam quality, and durability 
at both 2.J and 3w under actual operating 
conditions. On the south chain, we did 
wavelength-scaling target experiments at 
4w. We measured the 3oi or 4w UV energy 
by propagating an annular beam through 
an aperture at target chamber center, using 
the physical separation of the \to, lit), and 
UV focal spots arising from the dispersion 
of the target illumination lenses to block I to 
and 2w energy while transmitting UV. This 
technique was designed for N o v a , " but was 
tested first on Novette (Fig. 2-42). 

Both the north and south chain frequency 
conversion experiments required the instal
lation of fused silica optics in the target 
chamber because BK-7 solarizes rapidly 
when exposed to high UV fluences. The 
frequency conversion tests of the Nova 
crystal array vvere the first to incorporate all 
the modifications made to the original 
Novette 74-cm, 3 x 3 array configuration: 
the quadrature-2to-cascade-3&> configura
tion, the sol-gel-coated KDP crystals, and 
the deep-web crystal support structure. In 
general, conversion efficiency peaked nt.ar 

Target-illumination 

KDP 
crystal:-

Diagnostic^ 
beam block 

. 1 - T i n 

.ipv 
pi 

tun.' L'V 
.alnriiTH'k' 

Fig. 2-42. Calibration 
configuration for mea 
suring L'V energy in 
Nova frequency con
version tests con
ducted on Novette. 

i'.ir^L't chamber 
i v n U T 
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Hft.2-n. LUTvpio i 
pri'.inip!:!'ii*r input sig
nal and (b) temporal 
shape ol NuvL'tlo out
put puNe; and MAI A-
i'ROP simulations of 
(c) [(if piviimpli(it>r 
input and (d> 2c; out
put temporal pru'ile 
for taSi?r output of 
r.Skl, Iw. 

2 GW/cnr, similar to the single-crystal 
Novette results reported earlier.23 The sol-
gel coatings on the fused silica optics in the 
west target chamber had visible discol
oration ster the coatings had been exposed 
to 1 kj of 3(0 light. 

Target Irradiation Experiments. To 
perform the short series of 4ft) wavelength-
scaling target shots, we added a second 
layer of appropriately cut KDP crystals 
to the south chain 5 x 5 array in January. 
It was also necessary to add a completely 
new set of crystal-njning and target-
energy diagnostics. 

Pulses of lw lignt of sufficient power to 
cause measurable conversion must be deliv
ered to the array input to tune crystal as
semblies. Tuning the 4&> array needed 

higher power than the target local illumi
nator could deliver, so we installed a new 
beamline from the MOR along the iop of 
the south laser spaceframe to the output 
spatial filter. 

For shot-time energy measurement, we 
adopted the baseline Nova technique of 
placing a reflector in the center of the 
beam; we used a fused silica prism to sepa
rate the wavelengths of the reflected beam, 
measuring not only the 4o> energy but also 
the residual 2(0 energy. As on Nova, the 
shadow of the reflector in the center of the 
beam, dispersed by the fused silica target 
optics, also protected the targets from expo
sure to lw and 2CD light. The 4ft) target en-
erg)' diagnostic was calibrated by using a 
calorimeter with a Fvrex absorber to 

(a) 50 mV (b) 
1 1 

J 
1.7 ns -J 

FWHM 1 

-0.5 ns——l/f— 

' 1 1 

\ 
i i 

' 1 1 

\ 

(7.8 kj, \o> 
lasei ouiput) 

2 4 
Time (ns) 

6 0 
MALAPROP simulation Time (ns) 
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measure the transmission through the 
chamber-center aperrure. 

The initial 4w experiments used a 3-ns 
rectangular pulse of 8 to 10 kj of \co energy. 
At this fluence level, significant gain satura
tion in the laser chain (Fig. 2-43) required 
that a ramped pulse shape be delivered 
from the MOR. We generated the desired 
pulse shape with a variable impedance 
transmission line (VITL) and a silicon 
switch to drive a Pockels cell (see "Pulse 
Generation and Shaping" earlier ir this 
section). These experiments were used 
to prove the principle of this pulse shap
ing method, now being perfected for use 
on Nova. 

In the prototype form, it was too difficult 
to achieve the correct output pulse shape 
within the time constraints of the 4ft) 

experimental series. Calculated input inten
sity for 8- and 10-kJ square output pulses 
are displayed in Fig. 2-44. One of our best 
efforts, shown in Fig. 2-45, resulted in a 
3.4-ns 2ft) output pulse. The 4a> peak inten
sities corresponding to these square output 
pulses were 200 to 500% of average. Even 

rig. 2-44. Calculated 
intensity inputs for 
square output pulses 
of 8 and 10 kj. 

(a) 100 mV 
Fig. 2-45. (a) Shaped 
preamplifier input sig
nal and fb) resulting 
7kJ 2CJ output pulse; 
and MALAPROP 
simulations of (cl in
put and (d) output at 
\f> and 2v>. 

2 4 
Time (ns) 

MALAPROP simulation 
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with these intense peaks, the number of hot 
electrons generated in these target experi
ments was extremely low, so w e were able 
to use 1-ns Gaussian pulses from the MOR 
for the remaining shots. 

4ft> Experimental Resul ts . The opera
tionally significant results of the Am 
experiments include: 
• Quasi-Gaussian pulses of 1-ns width 

at half power with energies exceeding 
1600J were delivered to the target 
chamber center. 

• Ten to twenty percent of the total beam 
energy was missing, confirmed by energy 
balance measurements that were contin
ued for several weeks after the completion 
of the target experiments. We ascribe this 
loss to the crystal surface roughness 
thai resulted in wide-angle scattering of 
4(0 light. 

• Tuning-angle corrections, generated by 
scanning the crystal array at different am
bient temperatures, allowed us to correct 
for laser bay temperature variations prior 
to each shot. 

• The fused silica target chamber optics 
were visibly damaged after two 3-ns shots 
at 80(1 J and two 1-ns shots at 1 kj. At the 
end of the A(J experiments, damage to the 
target optics included discoloration of the 
sol-gel coating and tracking ("angel hair") 
of the bulk material. 

• The Pvrex calorimeter was visibly solar
ized, but the calibration was not affected. 
X-Ray Laser Series. The last four months 

ol the operation of Novette were dedicated 
to the vn.iv laser experimental series. 2 4 

I :ven prior to the end of frequency conver
sion experiments in early April, work was 
in progress to prepare for this final series. 

Much of the equipment related to the de
livery of properly mixed gases to some of 
the x-ray laser targets was installed and 
vacuum-tested. At the same time, a new 
optical beamline that triggers fast silicon 
switches used in diagnostics was installed 
between the preamplifier and the target 
chamber. We installed three spectrographs 
gated by the new optical trigger line and 
one streak spectrograph on the target cham
ber, and we removed most of the plasma 
diagnostic equipment used for wavelength 
scaling and compression experiments. In 
addition, because the x-ray series was 
scheduled to require only short laser pulses 
{300 ps or less), we removed one 46-cm disk 
amplifier from each of the two chains to 

reduce AB (the phase shift resulting from 
intensity-dependent changes in index of re
fraction) in the 46-cm stage. Far reproduc
ibility of laser alignment, w e installed a 
ground glass plate on a separate manipula
tor. This eliminated the need for an align
ment aid on each target and simplified 
target construction. 

Test Bed for Nova. The use of Hvo Nova 
chains on Novette for a year m a d e the in
stallation of Nova significantly easier. 
We corrected a number of design flaws, and 
addressed several of the more serious prob
lems in time to correct them for the 
Nova installation. 

During the preparation of components for 
Novette installation, it became evident that 
the infant mortality of flashlamps in the 
46-cm amplifiers was excessive. Initially, we 
were not able to deliver units in which all 
16 lamp circuiis were actually functional. 
Lifetime on line was relatively short com
pared to lamps in other amplifiers. We 
found that new designs for the flashlamps, 
the box amplifiers, and the power con
ditioning circuits had resulted in a conver
gence of the natural resonances of each, 
which tended to increase the mechanical 
stresses on the lamps, leading to premature 
failure. Early detection of this problem 
allowed us to prevent the same difficulty 
on Nova. 

Another major problem inherent in the 
Nova baseline was damage to the crystal 
diray index-matching fluid used with our 
first arrays. Incident \to energies of more 
than 1 kj caused the explosion of tiny alu
minum particles suspended in the fluid, 
breaking the fluid down and leaving free 
carbon that continued the damage process 
on later shots. Elimination of these alumi
num particles proved very difficult, so we 
searched for other means of reducing the 
reflections at the crystal surfaces. We devel
oped a sol-gel coating to replace the index-
matching fluid; this coating was applied to 
the surfaces of the KDP crystals used on all 
Nova chains. As a temporary expedient on 
Novette, however, we used bare KDP cry?, 
tals enclosed in the original window assem
blies but without the index-matching fluid. 
This allowed us to progress toward high-
energy target shots. 

As output energies were raised above 
7 kj, we began to notice bulk damage in 
the input lenses to the final two spatial fil
ters in each chain. Since all our optics were 
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high-purity borosilicate glass from several 
manufacturers, damage-tested here many 
times, this was unexpected. We were con
cerned not only about degradation of beam 
quality, but also about the safety of person
nel; these optics were the vacuum windows 
for the spatial filters, and the bulk damage 
could grow to the point where the lenses 
were dangerously weakened. Fused silica 
was tested as a replacement material and is 
now part of the Nova baseline configuration. 

A calibration problem at the mid-chain 
(30-cm) sensor and at the output sensor was 
finally tracked to the response of several 
partially transmJssive mirror coatings to the 
relative humidity of the ambient air. The 
2% transmissive, 30-cm mirror in front of 
the mid-chain sensor was Mormally bathed 
in the dry nitrogen used to cool the disk 
amplifiers. The calibration measurements 
were taken at the mid-chain sensor by in
serting a calorimeter into the main beam, 
thus exposing the mirror to laboratory air. 
The change in humidity gave repeatable 
calibrations, and the amplifier gains calcu
lated from these measurements were consis
tently 25% low. More subtle variations of 
mirror reflectivity occurred at the output 
sensor, which was exposed to normal room 
humidity that varied between 30 and 60%. 
We replaced our original 2u> sensoi with a 
calorimeter located where it was less subject 
to these fluctuations. 

The Novette facility was also a develop
ment test bed for the Nova system soft
ware. Communication problems within 
the computer system were eliminated, pro
cess priorities were optimized, and basic 

techniques foi facility control were devel
oped. For instance, an early code for auto
matic alignment of the laser chains was 
tried on Novette with only minimal success 
because it did not control enough of the 
hardware. Software control over the inten
sity of the »IJgnment laser, together with 
improvements in Image processing, made 
autoalignment a routine operating feature of 
the Nova facility. 

Laser Performance. Novette output sen
sors provided us with 3 x images of the 
lay and 2(0 beams at planes equivalent to 
the volume surrounding the target chamber 
center. The ito beams were sampled at the 
first turning mirrors, while the converted 
2(o light was recorded after reflection 
from the uncoaled, inner surface of the sec
ond element of each of Novette's doublet 
lenses. We were thus provided \vith excel
lent images of the I a beams. Because each 
2(U beam was reflected from a large, thin 
lens whose figure was questionable and 
then traversed the crystal array, whose ele
ments introduced random phase changes, 
representations of the 2io beams were 
more suspect. 

Typical liu and 2ro focal spot images 
(from a J-ns target shot) display a 2<o focus 
that is visibly larger than its lft> counterpart 
(Fig. 2-46). The \(0 focus has a weak hori
zontal bar produced by the vertical bplit in 
the near-field beam. The 2(o far-field photo
graph shows the X-like diffraction pattern 
of the crystal arrays. 

Reduction of the film images to intensity 
vs position (Fig. 2-47) enabled us to deter
mine the effective spot sizes. These imager 

I i&. 2-4f>. Iypic.il If; 
and 2i'> fnrai-spul im-
j£i's made during a 
]-ns high-crUTgy laser 
shot t>n Nmot te . 

loi8.3 kj/lns 2m 8.3 kj/lns 
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Fig. 2-47. Shot inten
sity profiles (south 
beam) reduced from 
images in the preced
ing figure and used to 
determine spot sizes. 

I:ig. 2-18. Power-
induced broadeninc of 
Novette focal spots. 
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are strongly modulated at the diffraction 
limit (see struct*ire 5 to 10 /im in size in this 
figure) with roughly Gaussian envelopes 
resting on weak pedestals several hundred 
microns in diameter. 

Radii measured from beam centroid, 
within which 25%, 50%, and 80% of the 
energy \vas delivered, have been calculated 
for more than 70 images. Figure 2-48 con
tains plots of these radii measured on 1-ns 
south beam shots taken during October, 
November, and December, 1983. An in-
house statistical optics code,2:> NORA, pre
dicts that the 1ft) focal spot grows rapidly as 

we approach the onset of nonlinear u.dex 
effects at 9TW. The 2a focal spot size is 
larger because of the additional AB between 
the output of the spatial filters and the 
target, and because of the additional passive 
aberration of the sensor optical path 
noted above. 

Targets were often located about 1 mm 
from focus on Novette. Figure 2-49 shows 
the appearance of the north beam 1 mm 
from focus during a relatively low-power 
shot. The 3 x 3 array pattern is well re
solved, suggesting that there is little 
distortion in the diagnostic system. A 

2-46 



Novette Laser System 
Fig. 2-49. Sliot inten
sity profile (north 
beam) l »cn 1 mm 
from focus. 

200 
Beam size ifizn) 

MAI.APROP computer code calculation of a 
Novette beam at a h i^ lvr power, but near 
the same plane (Fig. 2-50j, reminds us that 
the highly structured beam we measured is 
to be expected. 

Several other measurements confirmed 
the size of the beam foci. X-ray micrographs 
of disk target*, showed emitting regions that 
were used to determine best focus; these 
also indicated the diameter of the 2(0 focal 
spot. Low : v.ver rod shots were used to 
b u m metallic foils, and accurate measure
ments of these burn radii (Fig. 2-51) agreed 
with the x-rav micrographic determina.ion. 
Finally, tests of a prototype target-plane 
imager, which consisted of a coherent fiber
optic bundle mounted at chamber center, 
gave similar radii. 

Author : J. S. H i ldum 

Major Cont i ibutor : K. R. Manes 

Target Focusing Configuration 
for X-Ray laser Experiments 

X-ray laser experiments imposed a new 
demand on the Novette focusing optics. 
These optics had to provide highly uniform, 
double-sided illumination on a target reg-on 
1.0 cm long >y 100 to 200 ^ m wide. This 
line focus requirement had to be achieved 
without degrading the diagnostic reflection 
from the last surface of *he focus lens and 
without potential ghost focus problems. 

Gecmelrical 
optics 
average power 
1.4 x 10» W/cnv 

Fig. 2-50. MALAPROP 
calculation of intensity 
profile of Novette 
beam 0.9 mm from 
focux 

100 
Focal spot radius {fim) 

200 

£ 2 0 0 -

Fig.2-5i Novette 2ot 
Iow-po«„*r bun) radii. 

-4000 0 
Z-axis distance (jum) 
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fig. 2-52. frrcuaing 
configuration for 
Novi'ttf x-r.iy tars'.*' 
oxpcrinients. 

Top view 

Auxiliary optics outside the target chamber 
or tilts of the focus lens could not be 
used because of their effects on the 
diagnostic reflection. 

The only optical configuration that pre
serves the diagnostic reflection is shown in 
Fig. 2-52. A negative focal length cylinder 
lens is placed between the focus lens and 
the debris shield, with the concave surface 
facing toward the focus lens. Any ghost re
flections from the cylinder lens or debris 
shield 3 re degraded by astigmatism, making 
them less hazardous. In practice, the unifor
mity of illumination is probably about the 
same for a positive or a negative .ylinder 
lei:s. The minimum Novette focjsed spot 
was approximately 50 to 75 /im in diameter, 
and the fabrication errors in the 80-cm-diam 
precision cylinder lens produced a line 
focus 25 fim wide. A negative cylinder lens 
design was chosen, however, to optimize 
the illumination uniformity in the case of 
line widths of several hundred microns. 

For an optical beam diameter O and a fo
cusing lens of focal length F,, a cylinder 
lens of focal length F, produces a line 
length I given by 

'-£ (2) 

In order to get uniform illumination over a 
l.Omi line, L was set to 1.4 cm. Tnerefore, 
for D = 74 cm and F, - 300 cm, F, is about 
160 m. The departure of the cylinder from 
a plane surface is only about 0.1 cm. As 
mentioned earlier, the passive optical ab
errations of this cylinder lens are negligible 

in comparison to the effects of beam diver
gence and optical fabrication errors. 

Author: L. G. Seppala 

Nova Two-Beam 
Target Chamber 
Introduction 

We plan to add a two-beam target chamber 
to the Nova laser fusion facility to increase 
our experimental flexibility and productivity. 
With construction completed in December 
1984, the 10-beam Nova laser system and 
its target chamber are in great demand be
cause of the increasing number of experi
ments that are important to the ICF, 
weapons, and x-ray laser programs. 

We investigated the limitations on the ef
fective target experiment rate for Nova and 
determined that target-related factors are 
more important than laser-related factors. 
We noted that target experiment campaigns 
frequently require different target diagnostic 
instrumentation and beam-focusing ar
rangements. Reconfiguring the diagnostics 
on the Nova target chamber can he a 
lengthy process, during which no useful tar
get experiments can be performed. We have 
demonstrated that we can Fire the full Nova 
laser at a much greater rate than targets can 
be installed in the chamber, aligned, fired, 
and diagnosed. 

Adding a second target chamber to Nova 
will enable us to perlorm experiments in 
one chamber while another is being recon
figured. This will allow us to use Nova's 
excess capacity to perform experiments 
simultaneously when both chambers are in 
operation, effectively doubling our target 
experiment capacity and flexibility. 

The addition of a full 10-beam chamber 
to Nova has been proposed. However, the 
success of the now-dismantled Novette sys
tem showed that a two-beam chamber can 
be beneficial when used to perform certain 
important experiments in the ICT and x-rav 
laser programs. This chamber will also have 
the capability to test diagnostics before in
stallation on the 10-beam chamber. 

We plan to move the two-beam chamber 
(Shiva target chamber) from Novette to the 
Shiva laser bay and install beam-propagation 
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Nova Two-Beam Target Chamber 

elements, controls, laser, and target di
agnostics support. Two of Nova's 10 beams 
will be selectively diverted into this cham
ber, while near-simultaneous use of the 
larger chamber for 10-beam or 8-beam 
experiments continues. 

To accommodate x-ray laser experiments, 
the two-beam chamber will initially empha
size deliver)' of 2 to 5 TW of 053-,um light 
in 200- to 400-ps pulses. Target focusing op
tics will provide a line focus with a variable 
length line up to 3 cm long and approxi
mately 200/im wide. 

Author: G. J. Suski 

System Performance 

Overview. We will divert 1.05-//m (Irti) 
light from two Nova beams in the optical 
switchyard and propagate it into the two-
beam target chamber area (shown in the 
following article, "Mechanical Plan Lay
out"). There the beams will be frequency 
converted and focused for target experi
ments. Both 1.05-/1 m energy and beam 
quality at the frequency conversion arrays 
are expected to approach that of the 
10-beam chamber arrays. However, some 
potentially degrading effects caused by 
the additional propagation distance to the 
two-beam chamber are under study. The 
longest beam path of the 2-beam chamber 
exceeds the longest of the 10-beam chamber 
by 120 ft. 

The additional propagation distance may 
affect beam quality through the nonlinear 
processes occurring in the long air path. 
Processes currently under study are (1) 
nonlinear growth of intensity modulation 
caused by the n-, of air, (2) stimulated 
Raman scattering, which generates small 
shifts in the fundamental wavelength of the 
beam that subsequently affect frequency 
conversion efficiency, and (3) an intensity-
dependent rotation of the polarization el
lipse of the partially depolarized Nova 
output beams. Alternatives are available to 
alleviate these effects if any should seri
ously limit the beam energy delivered to 
the two-beam chamber. 

The 1.05-//m light will be converted by 
using two 3 x 3 arrays of KDP crystals 
mechanically similar to the Nova arrays, 
but with crystal thicknesses chosen to opti
mize 2o) conversion efficiency. (The Nova 

10-beam chamber arrays were optimized for 
3ft) performance.) 

Performance Specifications. Taiget ir
radiation experiments at 1.05j£m(?.ra), 
053 /4m (2ft)), and 0.35 /im (3ft)) will be 
possible by using one of the two beams 
for x-ray backlighting. The 1ft) experiments 
will require the addition of final-stage 1ft) 
retropulse isolators in the beamlines. The 
final beam aperture will be the 74-cm out
put aperture of the Nova chain. Spherical 
focusing optics will be identical to those 
of the 10-beam target chamber. Counter-
rotating fused-silica cylinder lenses will be 
used to provide a variable-length line focus 
(0 to 3 cm long) with a nominal 200-/* m 
line width. The cylinder lenses will be 
mounted between the frequency conversion 
arrays and the f/4 spherical focus lenses. 

The two frequency conversion arrays will 
each use two 3 x 3 arrays of 27-cm-wide 
KDP crystals. The first will be 30 mm thick 
and the second 18 mm. These will be Type-
II quadrature arrays optimized for 2ft) per
formance. The arrays can be reversed for 
3(0 operation. In this mode, the 10-mm-
thick crystals wi' serve as mixers to gener
ate 3ft) light with approximately 10% lower 
performance than the Nova arrays. 

The pulse length will be the same as in 
the 10-beam Nova system. Gaussian pulses 
will range from 0.1 to 5 ns and shaped 
pulses from 1 to 5 ns A 30- tc 100-ps short 
pulse capability is also expected. 

We predict that the maximum power on 
target per beam will be approximately 5 TW 
at 0.53 /mi, 2 to 3 TV at 0.32 //m (slightly 
less than Nova 10-beam chamber array per
formance), and 8 to 9 TW at lft> with chain 
isolators. Estimates of the maximum ex
pected energy on target per buam at pulse 
lengths of 0.2, 0.5, and } ns are given in 
Table 2-8. For short pulses (200 ps>, 2<u and 
3ft) performance per beam will be 1200 and 

Energv 
at 200 ps 

01 

Energy 
at 500 p= 

(1) 

Energy 
.11 1 n» 

01 

Table 2-8. Expected 
maximum energy on 
large! per beam. 

Nova 
10- x 10-mm 2 « 951) 2200 :oo 

3«i 600 1500 .1000 
Tivo-beam • - . 

10- x 18-mm 2(t) 1200 3000 520(1 
18- x 10-mm 3m 550 1300 2MB 

Novptie 
18 mm 2«t 850 2100 4200. 

3n> — ~ — 
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Table 2-9. Technical 
baseline: Not a two-
beam targe! chamber. 

Nova Two-Beam Target Chamber 

Irradiating wavelengths 

Final beam aperture 
Focusing optics 

Frequency conversion 
crystals 

Pulse length 

Maximum power 
on larget per beam 
(short pulse) 
X-ray backlighting 

Target area switching 
time 
Target shots begin 

035, 053, 1.05 / im with addi
tion of isolators 
7-Jcm 
f/4 fused-silica lenses, counter-
rotating cylinder lenses to 
provide line focus 0 to 
3 cm long 
2w: 3 x 3 Type-II quadrature 
array, 10 and 18 m m thick 
3a>: 3 x 3 array, 18-mm-thick 
doubler, 10-mm-thick mixer 
0.1- to 5-/15 Gaussian; 1- lo 
5-ns shaped pulses; 30- to 
100-ps 
liu: 8 lo 9TW with isolators 
2 t u : 2 t o 5 T \ V 
3 w : 2 t o 3 T W 
Easily implemented using 
beam 6 as the jcklighter 

6 h 
September, 1985 

Fig. 2-53. Calculated 
2(u conversion effi
ciency for 10- • 
18-mm quadrature 
frequency conversion 
array. 

Fig. 2-54. Projected 3w 
performance of the 
Nova 10- • 10-mm 
arrays. 

' i — ' — i — ' — r 
lOOjtrad-
200/irad-
3C0 jirad-

lu GW/cm2 

0.8 

tJ 0.4 

j 0.2 -

- i ' i • 

AS = 0JL 

-
•"•"~TO)/xrad 

-
200 iiiad 

-
300 ^irad ' 

- f / y ^ Nova 
/ S experimental 
/ data 

-

Jy M 
8.5 to 9 kj 

-

1 . 1 i 1 i 

/ w (GVV/cm2) 

550 ], respectively. Corresponding 1-ns 
performance levels are projected at 5.2 
and 2.6 kj. This compares to the projected 
long-pulse performance for the Nova 
10- x 10-mm arrays of 4.2 and 3kj. 

Table 2-9 summarizes the major criteria 
for the two-beam chamber extension. When 
this beam chamber becomes operational, 
we can expect an average of one experi
ment on each chamber per two-shift day of 
operation. We anticipate that this rate will 
improve to as much as one shot per cham
ber per shift, if we have the scientific staff 
to support such a schedule. Actual switch
over time between chambers should be less 
than one-half hour. Delays due to thermal 
settling of the amplifier glass and final tar
get alignment account for the difference be
tween switchover time and shot rate. 

Conversion Efficiency. The first target 
experiments in the two-beam chamber will 
emphasize x-ray laser studies. The design of 
the KDP frequency conversion arrays was 
chosen to optimize 2<o conversion efficiency 
while maintaining compatibility with .he 
crystals used on Novette (18 mm thick) and 
Nova (10 mm thick). 

The results from Novette and Nova indi
cate lower frequency-conversion efficiency 
than predicted at high intensities. We are be
ginning to understand the causes of the de
graded performances, and further experiments 
are planned to obtain confirmation. However, 
in estimating the performan J of the array 
design planned for the two-beam chamber, 
we used data scaled according to the mea
sured Nova and Novette results. Therefore, 
we believe that the performance projections 
for the current baseline are realistic. 

Conversion efficiency as shown in Fig. 2-53 
is approximately 65% over the range of 1.5 to 
3.0 GW/cm2 (5 to 10 TW) of lw light. Even
tual improvements toward the theoretical lim
its of 70 to 80% may be possible as the 
quality of the Nova 2t>; beam is improved. 

For 3ft) operation, the arrays will be re
versed to allow use of the 10-mm crystals as 
the mixer or second array element. Results 
from Nova 10- x 10-mm arrays indicate sig
nificant roll-off from the theoretical predic
tion at about 1.5 GW/cm2. Consistent with 
these results, we project the 3fi> performance 
of the two 10- x 10-mm arrays to be greater 
than 50% at 1.5 GW/cm2. This implies that 
the energy per beam on target will be 
slightly less than projected for the Nova 10-
x 10-mm arrays shown in Fig. 2-54. 
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A universal deep-web "egg-crate" design 
is used to support all our crystal arrays. 
Since the support assemblies are mechani
cally identical with respect to mounting and 
positioning, several options in addition to 
the baseline array can be accommodated. 
Specifically, the baseline 10- >: 18-mm ar
rays may be interchanged with the 10-
x 10-mm arrays for the 10-beam chamber, 

which are optimized for 3<o. The 5 x 5 ar
ray of 10-rnm thick, i5-em-wide crystals, 
which was operating in cascade on Novette 
to generate Am light, will be retained and 
used to generate ~~ I kj of 4w light in a 
1-ns pulse. 

Final Focusing Configuration. Figure 2-55 
shows the nine major elements in the opti
cal train, as the beams approach the target 
chamber. The elements are: 
i»An optional full-aperture lru calorimeter, 

which is removed for target experiments. 
• The KDP frequency conversion array. 
• An optional beam dump to absorb un

wanted ](o light (during 2<o experiments). 
• An insertable centering mirror used dur

ing beam alignment. 
• The cylindrical lens doublet described in 

the next section. 
• A 74-cm calorimeter used to measure 2(0 

or 3(0 energy after the arrays. 
• A beam-diagnostic assembly that mea

sures 2(0 and 3w incident energy and 
temporal profile. 

o A spherical / /4 fused-silica focus lens 
that forms the vacuum barrier for this tar
get chamber. 

• A 44-cm calorimeter that can be placed in
side the target chamber for calibrating the 
2(0/3(0 diagnostic sensor package. 
Final Focusing Optics. The variable line 

focus for x-ray laser experiments is pro
vided by two counter-rotating negative cy
lindrical lenses in each beam path. The 

74-cm calorimeter 

Fig. 2-55. Optical and 
diagnostic assemblies 
for beam propagation 
into the target 
chamber. 

Fig 2-56. Effect of cyl
inder lens choice on 

r minimum line width. 

v^- Nova lens and positive 
AT cylinder pair 

Nova focus lens only 
(corrected for coma) 

Spherical aberration corrected 
midivJv between 2o> and 3u> 

Fig. 2-57. Cojnter-
rotating negative cyl
inder lenses will 
provide variable-
length line focus. 

KDP array Counter- rotating 
cylinder lenses 

Nova Center 
focus lens of 

target 
chamber 
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Fi s . l -W. V - w N m a 
2-bi\im tar^i'l i'h.imbi>i 
room, hwi'chvjnf ivitn 
mirror iiivik.'ioul 
lowers, thi- N'isv.i 
lO-bcam target room, 
and Ihe laser bay. 

negative cylindrical lens pair was designed 
to provide minimum spherical aberration 
while keeping a common design for both 
cylindrical elements as shown in Fig. 2-56. 
The lens material is fused silica to prevent 
3(0 solarization. Maximum line length at the 
target occurs when the lenses are coal:gned, 
and minimum line length is achieved when 
each is counter-rotated about 45°, as 
shown in Fig. 2-57. Accuracy of rotation is 
sufficient to maintain a line focus tilt of 
less than 30 fim. The width of the line 
focus is expected to be approximately 
200 ̂ m with the aberrations in the laser 
system dominating. 

Authors: G. J. Susk? and D. R. Speck 

Major Contributors: L. G. Sep pa (a, 
M. A. Summers, and W. W. Warren 

Mechan ica l P l an 

Introduction. Conceptual planning for a 
Nova target chamber with two beams in
cluded consideration of the available loca
tions. Three sites were studied: the Shiva 
target room, adjacent to the west wall of 

the Nova switchyard; the Shiva laser bay, 
west of and adjacent to the Shiva target 
room; and the Novette laser bay in Building 
381, southwest of Nova. The value of the 
third location was that the target chamber, 
support, and auxiliary equipment would not 
have to be moved. The long, awkward 
beam transport path was judged to be a 
major disadvantage. 

We decided to locate the new, two-beam 
target chamber in the Shiva laser bay, pri
marily to keep the adjoining space, the 
Shiva target room, free for existing and fu
ture uses. (See Fig. 2-58.) Currently, the tar
get room is in use as an optical coating 
laboratory. Projections indicate a need to 
keep this room open for possible installa
tion of a second 10-beam target chamber. 

Once the decision to locate the target 
chamber in the Shiva laser bay was made, 
it wjs necessary to rind the correct arrange
ment of beams and mirrors *o minimize the 
path length difference between beams six 
and se-'en. The distance from the west 
Nova laser bay wail to the center of the 
two-beam target chamber is 105.6 m on 
beam seven and 91 m on beam si*. (See 
Fig. 2-58.) We also needed to minimize 

W& SKiya laser J>ay ahd 
Nq\>a 2-byuu larger" 

chamber room 

optical coating 
laboratory ! • 
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Nova Two-Beam Target Chamber 

Nova bea?n lines 

Hlevation Beam tube support extensions 

the path length difference between the new 
2-bearr. target chamber and the existing 
Nova 10-beam target chamber to avoid op
erational and diagnostic differences between 
target chambers. 

It was necessary to use existing Novette 
hardware for the new installation to meet 
our rigid schedule. A spaceframe to support 
all the target system equipment was needed 
and could possibly have been a long-lead 
item. This delay was avoided by moving 
the Novette frame to the new location. We 
oriented the frame with respect to the two 
incoming beams so that the beam path dif
ferences were small and easy to equalize 
and so that the target elevation was com
patible with that of the incoming beams. 
(See Elevation, Fig. 2-59.) These conditions 
were met with a few modifications of the 
Novette target frame. 

Spaceframe. The target chamber 
spaceframe was mechanically sawed into 
seven segments. These were sized to be 
compatible with crane handling and door
way openings for the move from the 

Novette building to the Shiva laser bay. 
Sawing was used to make clean, square 
joints for rewelding and to minimize par
ticulate generation. Both the Novette room 
and the Shiva room are clean rooms and 
had to be kept clean for future use. We re
moved the Shiva spaceframe with conven
tional burning, using exhaust hood 
procedures to protect the room. Our initial 
plan for removal of the Shiva spaceframe 
was to saw it also, but burning was much 
faster, and it was appropriate because this 
frame was not to be reused 

The Novetie target spaceframe modified 
slightly by reducing platform spare, was in
stalled and welded in the former Shiva laser 
bay as shown in Fig. 2-59. Sixty percenc of 
this room is taken up bv the No'-a h-vo-
beam target chamber facility. The remaining 
space will he used as a class-10 000 clean 
room for the maintenance of Nova hardware 
and to house the Zygo interferometer. 

Mirror Supports. Three additional mirror 
support towers hold the mirrors that trans
port the beam from the Nova switchyard to 

Fig. 2-59. Plan view 
and elevation of ihe 
Nova two-beam target 
<iy»tem, wilh da?s -
10 000 clean room for 
Nova component 
maintenance (far left). 
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Fig. 2-bO. Nova switch
yard showing existing 
suppcrl lowers and 
mirriir support lowers 
added for the two-
beam system. 

l-ig. 2-hl. Nov.] two-
beam target I'rame ori
entation and final 
turning mirrors. 

M~1^S 
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the new target chamber. Two of these are 
located in the Nova switchyard (Fig. 2-60) 
and the third is in the two-beam target 
chamber room. The tower for beam seven 
»«; iocated in the north bank of five Nova 
beams at an elevation that allows the beam 
to travel straight through the room previ
ously used to house the Shiva target cham
ber. It goes to a mirror on the two-beam 
target chamber frame and from there di
rectly into the new target chamber with no 
elevation change. (See Fig. 2-61.) The mirror 
support tower for beam six is located near 
tin? south bank of five Nova beams at an 
elevation 5.0 ft higher than that of beam 
seven. We equalize the path lengths of 
beams six and seven bv making adjust
ments to beam six. An intermediate mirror, 
on the third tower in this system, is 
located in the Nova two-beam target cham
ber room. {See Fig. 2-61.) This mirror has 
an adjustable base to set fine adjustments 
for path equalization. It is mounted 
5.0 ft higher than the target chamber and 
aims the mirror downward to the final 
turning mirror. 

Two mirrors in the switchyard turn the 
beam east 90° from its northward path. 
One mirror on each beam moves in and 
out of the Nova beam path to switch the 
beam between the two target chambers. 
These Mirrors are mounted on accurate 

rails and are driven with a motor and 
ball screw. (See Fig. 2-62.) They are 
designed with a positive stop location for 
repeatable alignment and they travel a p 
proximately 60 in. in 3 min. This al lows 
easy switching between the two target 
chambers. The mirror adjustment mecha
nism for path length equalization is identi
cal to this except *hat the travel path is 
only 12 in. long. 

The two mirror tower supports in the 
switchyard are designed with bolted con
nections; thus, they can be easily trans
ported through the laser bay without 
disturbing operations and they can be 
erected cleanly without welding. Since 
bolted construction is also adaptable to par
tial erection, these two tower supports can 
be installed with minimal interruption of 
operations. These structures are designed 
with the same stability criteria as other sup
ports in the system. An attempt was made 
in the design to allow for clear personnel 
access and traffic flow. 

Since the target room has no construction 
restrictions like those in the switchyard, the 
single mirror support tower there is designed 
with less expensive, welded construction. 

Mirrors . Seven additional mirrors are 
needed for th? two-beam target system. Six 
are 94 cm in diameter and one is 106 cm in 
diameter (Nova standard sizes) and they 

Mi r :u r in nnMl iun 
In switch beam In 

2-beam Linnet 
chamber 

f ig. 2-h2. ItiSorMblo 
mirnir that snitches 
the beam from the 
Nov.1 lO-beam target 
chamber to the 2-bea 
target chamber. 

I n . l i l , . 
\ u v a I l l -beam target 
chamber 
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will be mounted in Nova bezels. Their inci
dent angles are within the necessary 
tolerances, so the optical coatings can be 
the same as they are on Nova. 

Beam Tubes. Approximately 400 ft of 
36-in.-diam beam tube must be added to 
shroud the beam from the switchout mir
rors to the target chamber. (See Fig. 2-59.1 
The beam tubes are designed to be vacuum 
tight in case it becomes necessary to evacu
ate them, to introduce other gases, or to use 
the tube as a relay spatial filter. The largest 
span is approximately 60 ft, measured 
across the Shiva target chamber room. At 
the lowest point, the beam tube is 7.0 ft 
above the floor in the Nova optical coating 

laboratory. Intermediate supports from the 
beam tube to this floor or to the basement 
floor are rot acceptable: they would pre
clude starting construction of a 10-beam 
target svsteii in this room while operating 
the 2-! earn system. This 60-ft span will 
be effectively shortened by 10 ft with 5-ft 
suppc rt extensions from the east and west 
walls to minimise deflection. This will raise 
the fundamental frequency of the beam 
tube and make it -.-table enough to use it 
as a spatial filter, ccllimatfng the beam 
through a pinhole, i c we should choose 
to do so. 

Author C A. Hurley 
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Target designers develop scientific theories 
pertaining to thermonuclear microexplosions 
and develop computer codes that will 

simulate laser-target interaction. A variety of 
targets are designed for experiments involving 
radiation by large lasers such as Novette and Nova; 
developing these intricate targets usually requires 
sophisticated numerical simulations. While the 
primary focjs is on designing targets for laser 
fusion, much attention has also been given to the 
x-ray laser target. The large photo at left is an 
XRASER code simulation showing contours of x-ray 
lasar gain within the butterfly-shaped lasing cavity 
at the center of the target. Each letter refers to a 
value and two parameters are important in opti
mizing the design: the value in the center of the 
cavity and the variation in the value a.* n moves 
away from the center. The top inset photo shows a 
portion of a ray direction plot for spectral-line 
transfer simulations. The photo below shows a 
mesh plot used for two-dimensional line-transfer 
calculations, which are done to predict x-ray 
laser gain. 
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Target Design 
Introduction j . D. und! 
The Target Design Program combines the efforts of the Plasma, Cede Devel
opment, and Design Groups in three basic areas: 
• Developing theories of beam-plasma interaction, implosions, and thermonu

clear microexplosions. 
• Building plasma and liiiplosion-burn computer codes. 
e Using these theoretical and computational tools to design targets and simu

late experiment 
Effort in laser-target theory and analysis during 1984 was split about equally 

between the very successful experiments on Novette and the upcoming experi
ments for Nova." We made major progress on Novette toward obtaining a 
quantitative understanding of laser-plasma coupling for submicron laser light. 
A particularly successful series of experiments, designed in collaboration with 
personnel of the Laser Experiments and Advanced ^Diagnostics Program, dem
onstrated the suppression of Raman scattering by collisional damping. For 
these experiments we correctly predicted target density profiles, average 
plasma temperatures, and collisional thresholds for Raman scattering. Our con
clusion from all the submicron-wavelengfh coupling experiments is that laser 
light with a wavelength between 0.25 and 0.5//m will provide the plasma con
ditions required for high-gain inertial confinement fusion (ICF) targets. More 
precise definition of the required wavelength must await experiments on Nova 
with high-gaii'.-target plasmas. 

We played a major n ' N in the invention and de,ign of the exploding-foil 
target that led to the world's first laboratory demonstration (on Novette) of 
soft x-rav lasing. Besides this neon-like selenium collisional excitation scheme 
for demonstrating x ray lasing action, we also made significant progress in 
modeling photoresonant and recombination schemes. 

Design woik for Nova concentrated on targets for the shidv of irradiation 
symmetry, implosion stability, and the physics of long-scalelength plasmas, all 
important issues lor high-gain ICF targets. 

In 1984 we implemented several numerical tools, important for our analysis 
and design of these increasingly complex and sophisticated targets. A 3-D ray-
tracing package and a fully Eulerian version of LAPNEX are now being widely 
used in our work. The Eulerian LASNEX permits us to calculate targets in 
which large shear flows occur. An analytic Thumas-Fermi-basc-d equation of 
state model has been implemented and is being checked out. We have begun 
work on a Monte Carlo atomic physics model that could lead to an inexpen
sive way of greatly increasing the precision of line-emission calcul ''ions for 
high-Z plasmas. 

We have continued our low-level effort on fusion driven bv charged-particle 
beams, and have demonstrated that it \? possible, in principle, to increase the 
power of a heavy-ion bean, by one to two orders of magnitude by longitudi
nal compression without developing excessive longitudinal beam temperatures. 
Such beam-power increases are crucial if heavv-ion beams are to achieve the 
required intensity on target. 

3-1 
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The following articles report details of our progress on laser targets, ion-

beam targets, plasma physics, atomic physics, and code development. Our 
work on the design and interpretation of experiments : s reported in Sec. 5, 
"Laser Experiments and Advanced Diagnostics." 

Laser Targets 
Introduction 

The laser target design group was engaged 
in three main tasks in 1984: (1) analyzing 
Novette implosion and hohlraum-scaling 
data, (2) planning for the first experiments 
on Nova, and (3) designing laboratory x-ray 
laser targets and experiments. 

The Novette implosion and hohlraum-
tcaling data are mostly classified and are 
therefore not discussed in detail here. We 
tichit-ved average fmai/'nitial pusher pr ra
tio-, of about 50, some 3 times higher than 
the value achieved in the best Shiva shots. 
These pr values imply a fuel compression 
to 100 times liquid density, although this 
figure and other aspects of the experiments 
are subject lo further interpretation because 
of detailed questions of target symmetry 
aid stability. 

Our main long-term goal for Nova is 
to produce a so-called hydrodynarnica 11 y 
equivalent target (HET)—that is, t. target 
whose h\ drodynamic behavior (implosion 
velocity, convergence ratio, symmetry and 
stability requirements, etc.) is very much 
like that of a high-gain target, but one that 
is scaled down in size to match the energy 
available from Nova and is too small to 
achieve enough hot-spot pr to ignite the 
cold, near-Fermi-degenerate fuel around it. 
Our goal for Nova's first year is to do ex
periments that will teach us how tc ;.ci':eve 
the symmetry and stability conditions re
quired by an HET. 

We have been developing theoretical 
tools to improve our modeling of the sta
bility problem: these are described in ihe 
articles "RIPPLE—A Spherical-Harmonic 
Postprocessor for 1-D LASNEX Simula
tions," "2-D LASNEX Performance on an 
Analytically Solvable Rippled-Shock Prob
lem," and "Richtmyer-Meshkov Instabilities 
in ICF Capsules." 

The laser target design group also began 
a new endeavor in 1984, the design of lab
oratory x-ray lasers (XRLs). Our expertise 

in modeling targets driven by high-power 
lasers combined with efforts in inventing 
new target designs and improving others 
culminated in the spectacular success 
achieved at Novette in the summer of 1984 
with the world's first demonstration of soft 
x-ray lasing in the laboratory. 

In "Design of an rxploding-Foil X-Ray 
Laser Target," we describe the design of the 
exploding-foil target that led to th;? success
ful selenium collisional excitation scheme 
used in the Novette XRL experiments. In 
"Design of a Photoresonantiy Pumped Flu
orine X-Ray Laser," we describe modifica
tions made to the gas-cavity target for 
another scheme, in which hvdrogen-like 
fluorine is photoresonantly pumped by a 
laser-driven, bery!lium-Kke manganese 
flashlamp. While evidence for lasing in 
those experiments is somewhat ambiguous, 
we learned much from the effort. A third 
scheme, a recombination XRL (n = 4 to 
it = 3 in hydrogen-like magnesium) driven 
by rapid cooling due to target expansion, 
also showed signs of success. The data from 
that experiment are still being analyzed, so 
we postpone discussion of it until next year. 

Author: M. D. Rosen 

RIPPLE—A Spherical-Harmonic 
Postprocessor for 3-D LASNEX 
Simulations 

The first-order hydrodynamics code RIPPLE 
provides a lower-cost alternative to 2-D 
LASNEX for problems involving small devi
ations from spherical symmetry. RIPPLE, 
developed as a postprocessor for 1-D 
LASNEX, solves the linearized hydrody-
namic equations using the LASNEX results 
as zero-order solutions. Linearity is not a 
severe limitation, since a target designer 
is frequently only interested in estimating 
the severity of instabilities and in deter
mining the spatial wavelengths that exhibit 
greatest instability. 

Rayleigh-Taylor instability of shell struc
tures in ICF targets is a primary limiu-r of tar
get performance. In certain ranges of target 
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parameters, notably for thin shells that have 
large aspect ratios A = r/Ar, instable growth 
amplifies asymmetric perturbations (such as 
shell fabrication imperfections) enough that 
the shell becomes highly distorted. When 
this happens performance can be signifi
cantly degraded from that predicted by 
symmetric, one-dimensional design calcula
tions. Performance is therefore limited to 
what can be obtained with target param
eters that do not lead to large instability 
growth. Since one-dimensional calculations 
often predict that target performance in
creases strongly with decreasing shell thick
ness (i.e., with increasing A), it is important 
to be able to predict accurately under what 
conditions instability will cause excessive 
shell distortion. 

IKelu 1 <ider-of-magr.itude estimates of 
instabiliu growth have been obtained 1 by 
assuming that unstable modes have radially 
localized structures and that the equation of 
state (EOS) is incompressible. More accurate 
formulations, such as that in RIPPLE, must 
account for a number of additional consid
erations. For one, instability growth is suffi
ciently sensitive to target parameters, and 
calculations of growth are sufficiently sensi
tive to physical and numerical approxima
tions, that instability calculations should be 
carried out with the same accuracy and 
using the same approxii: ..;ions as the one-
dimensional design calculations. In par
ticular, in perturbation calculations it is 
necessary to have nonlocal interaction o( 
perturbation mode structure when commu
nication between adjacent shell surfaces or 
between multiple sin.IK is important. Fur
ther, it is necessary to treat the EOS and the 
artificial viscosity in a way that is consistent 
with the one-dimensional calculations. 

RIPPLE solves a linearized system of hy-
drodvnamic equations, using 1-D LASNEX 
results as zero-order solutions. The firs'-
orciur solutions given bv RIPFLE are three-
dimensional, angle-dependent departures 
horn the zero-order solutions. (The alterna
tive to linearization would be full, nonlin
ear, two- or three-dimensional calculations. 
While such calculations should be capable 
of predicting the degrading effects of large-
amplitude distortions, efforts to treat even 
small departures from sphericity with large, 
multidimensional design codes have ofter 
been frustrated by the finite size of the 
zones in the azimuthal direction.) RIPPLE's 

linearized calculations predict the small-
amplitude behavior, from which one can 
determine the time at which nonlinearities 
become important. Linearization offers rela
tive computational economy, the ability to 
linearly superpose the results of calculations 
of the effects of different initial and /or 
input perturbations, and the ability to calcu
late in a postprocessing mode. The remain
der of this article describes the structure of 
RIPPLE and presents an example of its use-

Linearized Hydrodynamic Equations. 
The procedure followed to obtain consistent 
first-ord-'r equations of motion (or first-
order perturbation quantities is to expand 
all angle-dependent quantities in spherical 
harmonics V"'(i2). First-order quantities are 
then defined at appropriate radial positions 
on the one-dimensional, Uigrangian 
LASNEX grid. Spatial differencing is dom-
so that the first-order equations are exactu 
time derivatives of departures of variables 
from their zero-order values on a fictitious 
multidimensional Lagrangian grid with • an-
ishing angular (nonradia!) / o n e intervals/ 
The resulting scheme is full) Lagrangian. 
We find this approach more robust and 
more accura'e than mixed Eulerian-
Lagrangian fi. *-"rder treatments of 
ICF implosions, 

If c,(/)V|"(ii) ' s the /th component of the 
perturbed displacement or ihe grid surface 
at unperturbed position r, angular position 
Q, and time /, then the equations of morinn 
for first-order quantities for anv / are as t<»] 
lows (all first-order quantities except i h t ve 
subscript 1; zero subscripts indicate zero 
order quantities): 

til 4 / r r ; I 21. 

* K . i P„ • i': . , P, •;• . (i) 

Ji. 

j i V - P , ! , , , = -1(1 - l)r !_=. n P „ . , p:, , 

[ P . , < l ' ' : i * r i'- - 2 P - i 
6 ' 

+ P,)2r - r,r , - r- , | l | , (3) 
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(H) 

Here /i. />. P. 7", M. Q. and 5 are density, 
momentum, pressure, temperature, zone 
mass, heat added, and specific er ' ropv, re
spectively. These are equations foi the per
turbed values of (1) radial momentum, {?.) 
radial position, (3) angular components of 
momentum. (4) angular position. (S) den
sity. (6) specific entropv (in effect, energv). 
and (7). (S) EOS. ' ' 

Particular care was taken to make the dif 
terence equations that determine the first-
order Lirtifirial \iscositv contributions to P 
and iiQ\/tit consistent with the zero-order 
equations in I.ASNEX. The terms in Eq. (3) 
containing various sums and products ot 
' ,. t , and r . , have the particular fonn 
shown to be consistent with the geometry 
of zero-order, multidimensional quadri
lateral | agrangian zoning in the limit of 
\anishing angular zone dimensions Consis
tency also requires that values o\ the ther
modynamic derivatives that occur in Eqs. (7) 
and IS) be passed from I.^SNEX along with 
all other zero-order quantities required 
by RIPri.L. 

At each 1 ASNFA time step, all quantities 
needed by RIPPLE are stored in files that 
are read later. The first-order hydrodvnamic 
equations are sometimes stiffer than the 
zero-order equations because oi short-
wavelength angutor motion. This increased 
stiffness enters through the factor / ( / - ] ) 
in Eq. (3). Therefore, to maintain numerical 
stability it is sometimes necessary to use 
smaller time slens in RIPTL r. than in 
LASNEX r ad to i - folate zero-order 

quantities between the values calculated 
at each LASNEX time step. 

Example Use of RIPPLE. The sample 
problem discussed below considers a single 
pusher shell of unit initial density and aspect 
ratio A = 4, containing low-density gas. 
Figure 3-1 shows the t ime development of 
perturbations of the inside surface of the 
shell. The successive rows of Fig. 3-1 repre
sent a succession of times during the run. 
The first frame in each row shows the zero-
order density profile at that time, and suc
cessive frames show the radial component of 
the perturbed displacement, c„ for spherical-
harmonic / values of 0, 10, 20, and -iO. 
Manv first-order quantities are calculated in 
RIPPLE, but we show | , because it is a 
readily interpreted measure of distortion. 

The initial perturbation used here for 
ail / is specified bv giving | , an approxi
mately Gaussian form [as seen in row (a) of 
Fig. 3-1 J, with maximum displacement at 
the inside surface of the pusher shell and 
with width snvitl enough that the outside 
surface is undisturbed, and bv taking 
(V..;},) = (V The perturbed masses .VI, are 
then calculated so .hat lh'' initial perturbed 
density is zero When this initialization pro
cedure is followed and the different mate
rial regions are homogeneous, only the 
initial \ allies ot J; at materia! interlaces 
have plusica! significance. 

Note '.hat the maxima ot all the initial i , . 
which occur at the inside pusher sirface, 
have the \a iue unity. The linearity of the 
calculationa! method makes this va ue arl -
trary. and with this choice z. represents (at 
any time) the factor bv which any surface 
in the target has been distorted relative to 
the amplitude of the initial perturbations of 
the inside surface of the pusher. 

Row (a) represents a time shortly after 
the beginning of illumination. The outside 
surface has just begun to ablate, bu: the 
perturbed part of the shell has not begun 
to move. 

In row (b), the first shock has pro
gressed almost to the inside surface of 
the pusher (note that the vertical scale 
on which p,, is plotted has changed). 
The initial perturbation has not vet had a 
physical effect. 

A short time later, in row (c), the 
shock has broken out of the inside surface, 
and a negative (i.e., phase-reversed) spike 
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in J;, has appeared just inside the inside 
sort-ice of the pusher, tor all values of /. 
This phase reversal occurs because the 
jump-oil speed et the pusher into the 
knver-densitv fuel exceeds the shock speed 
in the pusher. At the lower / values, the 
perturbation is little different from its svm-
metriea) d = 0) form; but at / = 40 and 
above, there is a. small difference in the 
magnitude of the phase-reversed spike, 
which is evidence of the Richtmyer-
Meshkov eflec'. 

In row (d), the imploding pusher shell 
has moved about halfway to the origin. At 
lower .' the perturbation is approximately 
just the phase-reversed negative spike gen
erated when the first shock broke out of the 
inside surface, which has been convected 
inward with the imploding shell. However, 

at larger I there is a broader, negative fea
ture outside (his spike, which is the outside 
surface Tavlor-unstable mode that is d r iwn 
bv ablation pressure. As this mode grow-
during inward aceelerat-.m, and because ti 
couples to the inside surface of the shell, it 
adds to the distortion of the inside surface. 
This contributes to the amplitude from 
which instability of the inside surface be
gins to develop when deceleration o\ the 
shell begins. 

In row (e) the shell is still moving in
ward, but significant deceleration has al
ready occurred. One can distinguish three 
regions or relatively large spatial densitv 
gradients, corresponding to the different re
gions of hot fuel, cold fuel, and pusher. 
These regions drive Tavlor growth. At 
/ = 10 and / = 20, the growth o( ~„ which 

f*~:g. 3-1. Zero-order 
density profiles, and 
first-order radial dis
placement profiles for 
/ 0, 10, 20, and 40. 
Lach row represents a 
single t ime in an im
plosion. N'nfe vertical-
scale changes. 
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is driven by these density steps, takes the 
form of separate £ r peaks. At f = 40 and 
above, there is relatively little inside-surface 
instability, because of relatively weak cou
pling between the inside surface and ihc-
unstable behavior of the outside surface. At 
this time the outside-surface mode is seen 
at all /, but the inside-surface modes are 
most important because they contribute 
directly to fuel-pusher mixing. 

Row (f) is at approximately peak 
compression; the pusher has been com
pressed by a factor of about 10. The outer 
density peak is the remnant of the cold 
pusher shell; the inner peak is an outward-
propagating shock. At / = 10 and / = 20, 
the multiple-peak structure of | , inside the 
pusher has grown- a bit from row (e). At 
I = 40, there has been more growth of z„ 
inside the pusher from row (e), but the 
amplitude still is not as large as at 1 - 10 
o r / = 20. At / = 80 (not shown), =, is still 
small everywhere. 

Application of such calculations to a spe
cific target would involve analysis of initial 
perturbations of the inside and outside sur
faces into a sum of spherical-harmonic / 
and m components These components 
would then be multiplied by their ampli
fications during the calculation (the am
plitudes oi the I., as shown here), and 
re-summed at about the time of peak com
pression to predict the form and magnitude 
of target distortion. 

Quant i ta t ive Interpretation. Suppose 
that for the target in the sample calculation 
the dominant initial perturbations were near 
/ - 20. on the ins'de surface, and had the 
effect of introducing an ' - 20 component 
oi 4, whose magnitude was about 10 
times the inside-surface radius. Row (f) 
indicates that the maximum of the highest 
peak of ^, is almost 30 for / = 20. Thus the 
physical value of the radial distortion would 
be approximately 0.03 times the initial ra
dius, or 0.3 times the radius at peak com
pression. This largest peak occurs not at the 
inside surface of the pusher bui near the 
transition from the central, hot-fuel region 
to the outer, cooler-fuel region. The relative 
radial distortion of 0.3 could be disruptive; 
multidimensional, nonlinear calculations 
would be needed to assess the effects in de
tail for / = 20. The major negative effects in 

this case would be mixing of hot and cold 
fuel. By contrast, if the magnitude of the 
initial perturbation were 10 4 times the 
inside-surface radius, these calculations 
would predict no significant degradation 
bv hydrodynamic instability. 

In many situations, the knowledge that 
the worst spatial wavelength for instability 
growth lies near (say) / = 20, and that this 
mode exhibits growth by a factor of (say) 
30 during the course of the implosion, will 
be enough for a target designer, a.id a full, 
nonlinear 2-D LASNEX calculation may not 
be required. Since a single RIPPLE calcula
tion (with a half-dozen / values) costs far 
less than a single 2-D LASNEX calculation 
(with only a single /), it is clear that RIPPLE 
mav become an important design tool. 

Authors: R. L. Morse (Univ. of Arizona), 
D. S. Dearborn, and D. H. Munro 

2-D LASNEX Performance 
on an Analytically Solvable 
Rippled-Shock Problem 

How do small deviations from p"rfect sym
metry evolve under the influence of the vi
olent hydrodvnamic processes associated 
with an 1CF implosion? Early Ravleigh-
Taytor experiments oi Nova will attempt to 
monitor toe evolution ot si eh perturbation^ 
In the absence of such experiments. I.LN! 
target designers are forced to trust the n 
suits of 2-D LASNEX calculations to asses 
the effects of deviations from symmetry. 
There are very few inalviically solvable h\ 
drodynamics problems that can be used to 
check LASNEX simulations of fluid motioi 
in slightly perturbed cases; one *-uch test 
problem is reported here. 

A first-order perturbation solution ot 
problem of a plane shock wave propaga 
through an infinite, homogeneous medium 
can be obtained analytically. This s<. ' ion 
seems to b^ absent from the literature, al
though it is a simple extension of the solu 
tion used in analyzing the stability of a 
plane shock front." 1 Suppose the front 
propagates into a medium that has a v e -
slight density fluctuation, in the form ot .i 
plane wave with a wave vector parallel t 
the shock front (no density gradients in 
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direction of shock propagation). After the 
shock has propagated some distance, a 
steady state is reached in which the shock 
front is rippled like a piece of corrugated 
sheet metal, protruding slightly into the 
lower-density regions and lagging slightly 
in the higher-density regions. !n the steady 
state, the flow behind the shock consists of 
an evanescent sound wave, a shear wave, 
and an entropy fluctuation (a density fluc
tuation with no pressure fluctuation). The 
sound n a v e relaxes within a few transverse 
wavelengths, while the shear and entropy 
waves persist indefinitely behind the shock 
front and play a crucial role in the so-called 
Richtmyer-Meshkov instability^" 

The pevrurbation analysis is carried out in 
the res! frame of the unperturbed shock 
front. For a given transverse wave number 
and perturbation frequency, there are four 
first-order modes in the homogeneous flow-
on each side of the the shock front. Four 
modes arise on eaih side beta use four con
servation equations must be satisfied—for 
mass, two components of momentum, and 
energy. The four modes are <\n upstream-
Jind a downstream-propagating sound 
wave, .1 shear wave, and <vt entropy wave. 
(In three dimensions, with an additional 
momentum-consoi vation equation, there is 
a sen 'd shear wave, which will never cou
ple to the other four modes.) At the shock 
front itself (here are four first-order jump 
conditions (also corresponding to the four 
conservation laws), which depend on the 
first-order amplitude of the ri->plo on the 
shock front. 

The jump conditions place linear con
straints on the nine first-order quantities— 
(he amplitudes of the four modes on each 
side of the shock front and the amplitude 
of the ripple on the front itself. The result
ing five - 'ependent first-order quantities 
are del ned by the five types of first-
order p< jrbation that can be input to the 
• '<K"k front—an arbitrary combination of 
(;,.• four first-order modes upstream of 
the front, and an arbitrary upstream-
propagating sound wave from the down
stream side of the front. Once these five 
perturbation amplitudes are given, the 
jump conditions determine the other four 
first-order amplitudes—those of the 
downsh-- 'in-propagating sound wave, the 

shear wave, the entropy wave downstream 
of the front, and the shock-front ripple. The 
test case described here is a special case or 
this general perturbation situation, cor
responding to a zero-frequency entropy 
wave input upstream of the shock front, 
with none of the other four possible first-
order input modes. 

A variety of LASNEX runs were made to 
unde'-stand the characteristics of the nu
merical methods employed in the H VDRO 
subroutine when solving this type of prob
lem. The basic LASNEX problem consisted 
of a lO'-cm/s piston pushed into a cold, 
200-pm-thick slab of y - 3/3 perfect gas. 
When the resulting strong shock had propa
gated 110/mi through the slab, it moved 
from a perfectly homogeneous region into a 
region with AW extreme!V small, sinusoidal, 
transverse density fluctuation. The sud ien 
encounter with the perturbed section pro
duced a transient response that could not 
be calculated with the simple perturbation 
theory outlined abov j . This unwanted tran
sient response was tolerated in order to 
avoid an even Jess desirable interaction of 
the perturbation with the piston, which is 
in sonic communication with the shock 
front The test problems ended before first 
order acoustic waves generated bv the sud 
den onset of the perturbation could be 
reflected from the piston into tlu i ^ i o n of 
interest. The transverse zoning covered one 
half of a transverse wavelength, with sym
metric boundary conditions to assure i 
periodic solution. Transverse wavelengths of 
10 and 25/rfm, 13 and 26 transverse /ones . 
200 and 400 longitudinal /ones, and normal 
and 10-times-normal artificial viscosity were 
run separately and in various combinations. 

The first-order pari of the l.ASNFX solu
tion was separated from the ze-o-order part 
(a one-dimensional shock front) bv per
forming a discrete Fourier transform on a m 
desired field quantity (density, velocity, etc.) 
in the transverse direction. The first-order 
transverse velocity amplitude was the first 
Fourier sine component, while all other 
first-order amplitudes of interest were first 
Fourier cosine components. The initial per
turbation was entirely in the first transverse 
Fourier co.nponent; one measure of the lin
earity of the calculation was that the cou
pling to higher Fourier components wa? 
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negligible. These first Fourier components 
of the LASNEX solution were compared di
rectly with the results of the analytic solu
tion to assess LASNEX performance. 
LASNEX reproduced the analytic results 
qualitatively, exhibiting a branching of the 
perturbation into an evanescent sound 
mode and persistent shear and entropy 
modes after shock passage. The quantitative 
differences between LASNEX and theory 
provide considerable insight into the limita
tions of the numerical methods used in 
I ASNEX for solving this type of problem. 

The most no l i cab le discrepancy between 
I \SNL:.\ and theory is the presence of a 
high-amplitude oscillation (evident in 
!ig. ?>-2) at the spatial Nyquist frequency for 
(he I A S . \ T \ mesh. This high-frequency 
noise in the fii-.t-order component of the 

solution is related to the ringing behind any 
shock front caused by the use of a qua
dratic artificial viscosity. Because a quadratic 
viscosity cannot damp small disturbances, 
the density behind a shock front will oscil
late with a spatial period near twice the 
zone thickness (i.e., in the Nyquist mode) 
and with a temporal period corresponding 
to the sound transit time across this dis
tance. With the LASNEX default artificial 
viscosity, these density oscillations have an 
amplitude between Q.5°a and 1% of the 
post-shock density. The planes of constant 
phase of the ringing are ordinarily parallel 
to the shock front. 

However, when there are first-orde?" dif
ferences in the sound speed in the trans
verse direction behind ihe shock, a pi u s e 
difference will accumulate between different 
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transverse locations. The result is a slow 
leakage of the ringing amplitude from the 
zeroth to the first t ran c verse Fourier compo
nent. Since the fractional amplitude of the 
oscillations is about 1%, roughly 20 
(100/27T) cycles of the oscillation are re
quired for the leakage into first order to be
come comparable with the other first-order 
amplitudes in the problem. The leakage 
model is in reasonable agreement with 
F;ig. 3-2, which shows a roughlv constat.t 
rate oi growth in the first-order ringing at 
each point behind the shock front. (The 
three •-•v.p'-.hots in the figure correspond to 
about 40, fit), and SO cycles oi the ringing 
since the shock encountered the perturbed 
section.) When twice as many longitudinal 
/om were used, the amplitude of the first-
order ringing doubled since the ringing fre
quency doubled while the amplitude in 

zero order remained the same. Running 
with 10 times the normal artificial viscosity 
dramatically decreased the zero-order ring
ing amplitude, with a corresponding reduc
tion in the first-order amplitude. 

The second discrepancy between 
LASNEX and theory is quantitative: even if 
the high-freqr ncy noise were filtered out 
of Fig. 3-2, the first-order density computed 
by I.ASNKX would differ by at least 50% 
from the analytical result. The discrepancy 
is easier to see in Fig. 3-3, where the first-
order ent; ->y is plotted (the high-frequency 
ringing is an acoustic mode, so it is absent 
from a plot of entropy). The sudden on^et 
of the perturbation in the LASNEX problem 
gives rise to the damped exponential tran
sients in the figure, which are not calculated 
in the theorv. Even after die transient ha* 
damped, the 200-zone LASNEX calculation 

-2.5 r-

r. Theoretical 
result 

13 x 400-zone LASNEX calculation 

13 x 200-zone LASNEX calculation 

100 
Longitudinal zone index 

Fig. 3-3. l i rs l -onler er 
tropy (the shock has 
reached / o n e 101. 

3-9 



Laser Targets 

shows a 50% error in first-order entropy, 
while the 400-zone calculation shows a 25% 
error. The fact that the error is halved when 
the zoning is doubled strongly suggests that 
the culprit is the coarseness of the zoning. 
However, the large magnitude of the error 
is somewhat surprising, considering that 
bo'rh problems had 13 transverse zones, or 
26 zones per transverse wavelength. 

The transverse wavelength of the per
turbation for the runs of Fig 3-3 was 10 urn. 
in the 200-zone problem, each zone had a 
longitudinal dimension of 1 p m . For the de
fault LASNEX artificial viscosity, this im
plies a shock front thickness of I.Cfim, 
which corresponds exactly to one radian of 
the transverse periodicity. Since it is clear 
that the analytic theory would require 
modification by terms of order the ratio of 
shock thickness to transverse wavelength to 
account for shock fronts of finite thickness. 
the rather large discrepancy in the I.ASNEX 
calculations is easy to underhand. The run 
made with 10 times the norma} artificial vis
cosity had a shock front 3 times thicker, 
and the discrepancy in first-order entropy 
between I.ASNEX and theory wjs cor
respondingly about 3 times as great. Fur
thermore, the run with 25-^m transverse 
wavelength and 200 longitudinal zones 
showed about a 20 "n discrepancy with 
theory, as opposed to the 50% discrepancy 
shown for the lO-.^m run whose results are 
shown in , :ig. 3-3. 

However, when the longitudinal /.one di
mension fell below the transverse /one di
mension, the discrepancy between I.ASNEX 
and theory was not adduced by further re
duction in the longitudinal /one dimension. 
Similarly, when the transverse zone di
mension was less than the longitudinal, 
I.ASNFX accuracy wa4- not increased bv 
liner transverse zoning. Hence, for this test 
problem, initially square /uiu-s maximized 
I.ASNIA at.curacy at minimal computa
tional cost. Thy fractional error in the first-
order entropy (the firor ui the persistent 
entropy mode) was found to be —0.8 •• 
max (kSz, kSr), where k is the transverse 
wave number, Ar is the longitudinal zone 
dimension, .ind Sr is the transverse zone d -
mansion. The fractional error in the ampli
tude of the first-order shear wave behind 
the shock front was about 4/5 as large as 
that in the first-order entropy wave. 

These results are directly applicable to 
realistic calculations of the Richtmyer-
Meshkov instability. In some realistic cal
culations, the heat transport behind the 
shock is large enough to d a m p the spurious 
high-frequency ringing. It is also possible to 
damp the ringing with a linear firtificial vis
cosity, although extreme care must be taken 
that this does not also damp first-order per
turbations of interest. For more complex 
situations, the results of the tests reported 
here can serve only as a guide for estimat
ing the accuracy of 2-D LASNEX calcula
tions of small-amplitude perturbation growth. 

Author: D. H. Munro 

Design of an Exploding-Foil X-Ray 
Laser Target 

In 1984 the Target Design Program's exper
tise in the modeling of the interaction of 
high-power lasers with plasmas contributed 
to an ongoing effort to produce the world's 
first laboratory x-ray laser. Our theoretical* 
and experimt- ,al" efforts led to success this 
past summer. Thi> article supplements the 
preshot theoretical approach and postshot 
analysis of Ret". S. 

The lasing scheme we attempted is the 
coilisional excitation of neon-like selenium. 
The / = 0 2p"3p levels (see Fig. 3-4) are 
populated directly bv collisions from the 
ground state, ,VM.\ the / =• 2 2p\3p levels are 
populated b\ cascades from higher levels. 
Dipole radiative decay from the 3p levels 
to the ground state is forbidden, while the 
2p'3s levek radialivelv decay very rapidly 
leading to a 3p-"k population Inversion 
and possibly gain. 

The target wv proposed is a thin foil 
[ --750 -\) of selenium (7 - 34) deposited 
on a minima! amount (l^OO A) of Formvar 
(C u H, v O-,) for structural integrity. The 
\'<wette 2m beams irradiate the film from 
both sides in a I • 0.02 cm line focus, with 
an intensity of 3 • 10' * \V/cm : in a 4r0-ps 
(FWF1M) Gaussian pulse. The foil explodes 
as the laser burns through it, creating a 
roughly cylindrical plasma (200-^rr. diam) 
of nearly unifown electron density. The 
smooth density profile allows the x-ray 
laser beam to proceed straight down the 
long line locus direction and stay in the 
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2 p 5 3 d 

Collisona] excitation rates 
and radiative decay rates 
(parentheses) are for 
n„ = 5 y 1 0 2 0 c m " 3 , 
T' = 1 keV 

Lasing transitions 

Fig. 3-4. Simplified 
energy level diagram 
f(;1( j2h notation! for 
neon-fike selenium. 
Only 8 of the hun
dreds of levels in
cluded in Ihe cal
culations are shown. 

= 183 A 
209 A 
206" 

high-gain region. The electron temperature 
of 1 keV (due to laser heating) and the elec
tron density of mid-10 : " cm ' ionizes a 
substantial fraction of the selenium to the 
neon-like state. The fraction is high enough 
to lead to substantia! gain (as discussed be
low), but low enough that the optical depth 
along the 200-j/m transverse dimension is 
low enough to avoid the trapping of 1s-2p 
raci^tion, which would repopulale the 3s 
lover level and destroy the gain. 

The two main design tools were the 2-D 
hydrodynamics code LASNE-Y,"' ivhich 
simulates the laser-foil interaction, and the 
2-D x-rav laser code XRASER," which uses 
the hydrodynamics output from LASNEX 
(densities, temperatures, velocities, etc.) 
along with detailed atomic physics data to 

calculate atomic level populations and gain. 
The design goal of producing a plasma 

with an electron density gradient *u->ie-
length L of at least 100 f.im was motivated 
by simple considerations. Consider a 
plasma with the linear density profile 

",. = >.',,[ 1 - \\i/L)\ (9) 

and obeying the usual dispersion relation 

or = (o~t + frV . (10) 

An x ray initially propagating in the .v direc
tion in plasma of density >/,, has, by Snell's 
law, a constant kt, given via ECJS. (9) and 
(10) by 

3-U 
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A-, = (to/c) (1 - rf)1' 

where 

d = (O^/co2 . 

01) 

(12) 

For nCi = 10 2 1 cm 3 and a 50-eV x ray, we 
find d = 1/2500. The group-velocity 
equation 

V^ -k /w (13) 

leads us via Eq. (11) to the following expres
sion for the x-ray trajectory: 

.v = ct{\ - d)1'2 . 

Since kv = (A~ - k2)1 2, Eq. (13), which 
leads to 

(14) 

I i«. i--. (.1) Density 
profile and w a y re
fraction bet ore the 
d m inj; LiMt't pulse has 
burned through the 
toil, (b) Density profile 
,ind \-r.iy refraction ol 
the pe.ik of the l.ist»r 
pulse, luil has burned 
through and refr.iction 
pioblem has been 

dy/dl = rk/;o , (15) 

along with Eqs. (9), (10), and (11), yields 

u -- c2t2d/4l. ; (16) 

or, using Eq. (14), with d <-< 1, to 

y = x2d/4L . (17) 

5 1 x 10 2 0 

-»—Electron density 

Thus, the trajectory of an x ray starting in 
the ^-direction at x = 0, y = 0 and refracted 
down the density gradient is a parabola. For 
a typical 10-mrad spectrograph acceptance 
angle (a value comparable to the expected 
geometric divergence of the x-ray laser 
tube), an x = 1 cm line focus implies 
Umax = 0-0! c m - Equation (17) then implies 
L m m = 0.01 cm. In general. 

(.v/l a rOI 'v 'Hl- ' i -m ') (100 urn.) 

(diivrgeniv/lft mr.iii) {XRl. photon t>nergv/.i(> v\'): 

(18) 

For an exponential profile, n = 
»„ exp ( - y/L), Eq. (13) leads to 

dyfdt = cdi/2[\ - exp ( - i//L)Jf - , (19) 

which yields 

^ ' • M l ( 2 0 ) 
t = - i n l - t a n h - v , L 

for the ray trajectory. for the same condi
tions as before, Eq. (20) implies Lmiri = 
0.009 cm, essentially the same as for a linear 
density profile. 

A 1-D LASNEX simulation of an explod
ing foil, coupled with the XRASER postpro
cessor SPECTRE, which numerically solves 
for photon ray trajectories, graphically 
shows the refraction problem. Figure 3-5(a) 
shows the foil density profile and the re
sulting ray refraction before the driving 
laser pulse has burned through the foil. The 
sleep density gradient causes severe refrac
tion. After burn-through [Fig. 3-5(b)], the 
density profile, flat over about 0.01 cm, 
cures the refraction problem. 

Experiments were performed at KMS 
Fusion to test the l.ASNFX modeling of the 
exploding-foi! target and to demonstrate 
that a flat density profile is indeed pro
duced. In Ret. 8 we discussed the good 
agreement between the density pron'e from 
a 1-D LASNEX simulation and the axial 
density profile inferred Irom a holographic 
interftrogram made at KMS. In Fig. 3-6 we 
show similar agreement from two omer 
shots, taken with short probing User pulses 
relatively early in the main driving pulse. 
This figure shows the ability of LASNEX to 
track the evolution of the exploding foil. 

3-32 
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Figure 3-7 shows a 2-D I.ASNEX profile 
that is in excellent agreement with the 
2-D data. 

In Ref. 8 we also demonstrated good 
agreement between the modeling and vari
ous data with regard to the electron tem
perature (7,. — 1 keV) and the ionization 
balance (20 to 40% of the selenium is in the 

nerivHke state). Given the correct densities, 
temperatures, and ionization balance, we 
can calculate and verify the most important 
quantities: the gains of" the various transi
tions. Figure 3-8 shows gain isocontours 
near the peak of the driving laser pulse. 
Only the selenium part of the selenium/ 
formvar foil is displayed—hence the 

Fig. 3-6. Density pro
files in selenium/ 
Formvar targets at var
ious probing times. 
Agreement of LASNEX 
prediction with data 

Fig. 3-7. 2-D LASNEX 
density profiles (solid 
lines! agree well wilh 
observations at !ptobe 

450 ps. 
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apparently asymmetric plasma. Figure 3-8(a) 
^hows the gain at 183 A, which was pre
dicted to have a maximum value of about 
10 cm '. Figures 3-S(b) and 3-8(c) show 
gains for the transitions at 209 and 206 A 
of about 3 to 4 cm '. 

The observation 1 ' of gain of 5 ± 1 cm ' 
for both the / - 2 to / = 1 lines lends con
siderable credence to the entire complex 
modeling chain, since the observed value 
is within 50% of predictions. 

The modeling also successfully pre
dicted the time history of the lasing signal. 
Figure 3-9 shows the theoretical signal 
(normalized to match the measured gain), 
which agrees well with the observed signal. 
The signal rists with the fraction oi neon
like selenium, which increases as the tem
perature rises .is does the electron excitation 
into higher levels, eventually cascading into 
the / - 2 upper laser slate. The signal falls 

as the foil decompresses, because of lower 
gain as the foil density decreases and 
because of decreased excitation as the 
foil cools. 

Despite many speculations," the / = 0 to 
/ = 1 line, whose gain was at least an order 
of magnitude lower than the predicted 
10 cm ', is stiil a mystery. We are similarly 
puzzled by the absence of gain for fluorine-
like 3p-3s transitions and for other neon
like (3-3, 2s-hole) transitions for which gain 
was predicted. 

Thus, while our modeling achieved con
siderable success in predicting observed 
densities, temperatures, ionization states, 
and even gain on the observed, lasing tran
sitions, we need much deeper understand
ing of the experimental results to give us 
full confidence in designing laboratorv x-rav 
lasers with shorter wavelength. 

Authors: M. D. Rosen and P. L Hagelstein 

Major Contributors: G, Charatis, G. E. 
Busch, C L Shepard, P. D. Rockelt, and 
R. L. Johnson (KMS Fusion) 

Design of a Photoresonantly 
Pumped Fluorine X-Ray Laser 

Introduction, hi this article wt> describe 
recent design work on photoresonantlv 
pumped x-ray laser (XRI.) targets, done pri
marily in connection with the 1984 Nove'te 
XRL experiments. We also summarize pre
liminary results from those experiments, 
and discuss the ana!vsi c of experiments 
with scaied-down targets, inter •> j to 
test Me basis for the photoresonnnt 
pumping scheme. 
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Initial design studies for XRLs powered 
by large optical lasers, such as those used 
by the LLNL ICF program, were ca.rried 
out by Hagelstein. 1 2 , 1- 1 Recent experimental 
work centered on the Shiva and Novette 
lasers, as described by Matthews and 
Kauffman. 1 4 A recent general review of 
the field is given by Hagelstein. ^ 

Ove rv i ew of the Scheme- Photores-
onance schemes are based on wavelength 
coincidence between two atomic transitions. 
Radiation emitted by a thermal process in 
one line can excite a lasing transition arising 
from the upper state of the second line. 
In the present case an L-shel! line of 
beryllium-like manganese (23 + ) excites the 
Ly/3 line (n - 1 to n --- 3) of hydrogen-like 
fluorine (8 + ). Of several previously sug
gested coincidences, 1 ' ! " this scheme is the 
or.lv survivor of high-resolution spectros-
copv 1 - done a! KMS Fusion in early 1984. 
The wavelength mismatch between the 
manganese and fluorine transitions was 
found to be less than 1.5 mA, within the ex
pected Doppler width of the pumping line 
and close enough for resonance excitation. 

To use the line coincidence efficiently, it is 
desirable to create the manganese radiation 
in a hot (T — 300 eV) region in which colli-
sional excitation is rapid, but to locate the 
fluorine in a separate, cold (T •— 20 eV) re
gion so that collisions do not destroy the 
population inversion. For this reason, we 
use a sandwich design for the target, with 
two laser-irradiated manganese foils 
("flashlamps") on the outside and a gas 
cavity containing the fluorine on the inside. 

Lasing is sought in the two 3d-2p transi
tions of hydrogen-like fluorine at 61 A 
(153 eV). This is the shortest wavelength of 
the three schemes recently pursued at 
LLNL 1 K ! " (see alsu the articles "Collisional 
Excitation Laser Scheme" and "Exploding 
Foil Recombination Laser,' in Sec. 5). The 
transitions and energy levels involved are 
shown in Fig. 3-10. Kinetics data, from the 
baseline simulation at 40Cps (see discussio.i 
below and Table 3-1), are also shown. Fol
lowing the resonance pumping, population 
is transferred to the 3d state by electron col
lisions, which are quite rapid owing to the 
small inelasticity ( < I eV). The population 

o Continuums 1103 '//////////sy^ 

I03-J 
Collisional transfer 

3s (16) 

2s (25) 

h 
Is (104) 

3d (57) 

4 
Possible 
trapping 

J 
NoU: Lcvt'l populations (in parentheses) are in 10 c m ' 3 . Broad arrows indicate 
primary processes; narrower, heavy arrows indicate minor processts. Net flow rates 
are indicated next to these arrows. Some one-way flow rates are also shown, with 
short arrows indicating flow direction. All flew mtus are expressed as percentages of 
the ls-3p pump rate, 1.1 x lO2** c m - 3 s i . 

Fig. 3-10. Hydrogen
like fluorine energy 
lev.'Js and laser 
srheme. Major transi
tions are indirafed by 
wide JITOWS. Level 
populations and net 
floiv rates are also 
given (see text for 
units and further 
details). 
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Table 3-1. Optimal lar-
gef parameters and 
simulat ion results. 

inversion hinges on the fact that the 3d-2p 
radiative decay rate is significantly less than 
2p-ls rate, thereby allowing the lower laser 
level to empty quickly. 

The physical design for the target, shown 
in cross section in Fig. 3-11, evolved from 
earlier XRL experiments on Novette. The 
fabrication technique is described in the ar
ticle "X-Ray Laser Design and Fabrication," 
in Sec. 4. The operation is as follows: the 
manganese foils are irradiated by short 
(200ps), intense (~2 x 1014 W a n 2) pulses 
from the two Novette be.:ms. This creates, 
on each foil, a hot corona (7"t. — 2 keV) and 
an advancing conduction front, in which 
x rays are produced. This x-radiatior. 

P.i ran Valiw 

Laser pulse width (HVUMl 
Time of pulse peak in simulation 
Laser energy 
Laser focus dimensions 
Laser intensity on target 
Manganese flashlamp '.hkkness 
5i}N_) membrane thickne-s 
Hashlamp-divily gap 
Cavity width 
Knife edge gap 
Knife-edge angle 
l-'luorine density 
Pump line strength 
Conditions in fluorine ivity at 40(1 | 

Hieelron density 
l :leetron temperature 
Ion tiT-.pi.Tature 
I {hvdrogen-like fluorine) 
I thvdrogeu-rke fluorine in 3d) 
Velocity of imploding walls 
Clip1 in 3d-2p transition 

200 ps (Gaussian profile) 
300 ps 
600 J (for each of 2 beams) 
100 ftm x 1 cm 
2 x I 0 1 4 H - i m : 

1300 A 
1500 A 
50 //m 
100 ftm 
65 //m 
55° 
5.5 * ID 1 8 cm 3 

0.003 priotui.s/mode 

20 eV 
25 eV 
0.15 

1.5 > 
1-6 cm ' 

includes lines and coniinuum from a range 
of manganese ionization stages; in particu
lar, it includes the desired pumping line. 
The fluorine is initially gaseous (in inert 
form, as ClrA or SF,,) to yield the proper 
electron density at lasing time, and is held 
in a cavity that is hydrodynamics! ly Isolated 
from the flashlamps. The x rays from the 
flashlamps flood the target, since the mem
branes and the gas are fairly optically thin 
(r < 0.1). Thev heat the fluorine, s'rip some 
of it to the hydrogen-like stage (primarily 
by K- and L-shell photoionization), and 
pump the » = 3 level of the resulting ions. 
The silicon knife edges extending into the 
gas cavity are intended to absorb some of 
the fluorine Lya photons, thereby decreas
ing the trapping caused by repopulation of 
the lower laser level by this radiation. Dur
ing laser irradiation, the initially solid parts 
of the target expand hydrodynamicnlly as a 
result of heating by laser-energy deposition, 
conduction, and x-ray absorption. The ex
pansion of the cavity walls could be detri
mental if the lasing region is disturbed 
before the fluorine is sufficierllv stripped or 
before the pump reaches its maximum 
strength. To delay expansion, we inserted a 
gap between the cavity and the flashlamp. 
The motions of the gas-cavity walls and 
membranes are slower than that of the 
flashlamp and are therefore of less concern. 
A trade-off in this design was a decrease 
in x-ray intensity in the fluorine cavity, 
resulting from the greater distance to 
the flashlamp. 

Fig. 3-11. Major com
ponents of the photo-
resonance XRl. la-get. 
The lasing path (per
pendicular lo the fig
ure) is 1 cm long. 
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D2sign Issues and Numerical Simula
tions of Target Performance. Our goal was 
to maximize the predicted XRL gain coef
ficient, given the capabilities of the Novette 
laser and the materials and techniques used 
in target fabrication. We also attempted to 
ensure that the design was not overly sensi
tive either to known source* oi variation, 
such as fabrication tolerances and beam 
spaial uniformity, or to uncertainties in the 
basic physics, such as the details of the 
fluid motions. 

We reiied on rime-dependent simulations 
using the LASNEX and XRASER computer 
codes to model the target performance. Our 
interest centered on predictions for the gain 
in the lasing transitions, (he hydrodynamic 
behavior of the target, and the output spec
trum between 65 and 120 A, which was seen 
by the primary diagnostics looking down 
the lasing channel {see the article "Resonant 
Photoexcitation Laser Experiments,'' in 
Sec. 5, for a description of the experimental 
setup). The simulations were mainly plane-
parallel and one-dimensional. In addition, 
we found it useful to perform a large num
ber of o.ie-zone ("zero-dimensional," or 0-D) 
level-kinetics calculations to model the cen
tral region of the target, since such calcula
tions require much less computer time. Some 
work on 2-D simulations was also done. 

The first step in the modeling procedure 
is a complete simulation of the target be
havior with uASNEX,20 including laser ab
sorption, radiation emission and absorption, 
and hydrodynamics. Since LASN'EX has 
only approximate (screened-hvdrogenic, 
average-atom) atomic models, it cannot 
treat the level kinetics and energy balance 
of the lasing medium ^curate.'/. Therefore. 
we go through a second simulation step 
with XRASER,1: which uses detailed models 
for individual ionization stages and calcu
lates the line transfer required to account 
for trapping effects. XRASER uses a 
discrete-ordinate (S„) method, including 
partial redistribution and bulk Doppler 
shifts for the line transfer. In the XRASER 
pass we treat only the fluorine region, and 
use the continuum radiation field and hy-
drodvnamic quantities (mass density, ve'oc-
ity, and ion temperature) calculated by 
LASNEX and stored for jach spatial zone 
at pre-chosen time intervals. 

We used an analytic formula to account 
for the 2-D geometrical dilution in the 
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ionizing radiation as it propagates from the 
flashlamp into the gas cavity. This correc
tion is applied to the radiation field used by 
XRASER, but is not used in the LASNEX 
simulation. * e treat the pumpinp line 
strength as a parameter, whose vai-*e is 
taken from the 1983 (Ref. 21) and 1V84 
Novette experiments. Measured va'iues of 
this line strength range between 1.7 x 10 3 

and 1.1 x 10 " 2 photons/mode for a single 
flashiamp, at the irradiated side. We expect 
about half of this radiation to penetrate 
through the flashlamp to the side facing the 
gas cavity. We include the following pro
cesses and their inverses in the kinetics: 
photoionization (assuming Auger ejection 
when allowed), bound-bound radiative ex
citation, and collisional ionization and 
excitation. Details of the rate coefficients 
and numerical techniques used in XRASER 
are being prepared for publication 
by Hagelstein. 

Table 3-1 summarizes the optimal target 
parameters and the key predicted quantities. 
The main physical considerations in the op
timization are briefly discussed here. To 
maximize the fraction of hvdrogen-like flu
orine, we used long (200 ps) laser pulses 
and hign intensities. The flashlamp thick
ness was chosen to maximize the amount 
of ionizing radiation reaching the lasing 
cavity by balancing early burn-through, 
with thin foils, against x-rav reabsorption, 
for thicker foils. Use of a long pulse neces
sitated a large gap between the flashlamp 
and the gas seals, and a wide laser cavity; 
both measures help ensure that the lasing 
medium is not catastrophicallv crushed 
before the time of peak gain. Figure 3-12 
Jiows the hydrodynamic behavior as emu
lated in a 1-D LASNEX simulation along a 
horizontal cut through the center of the tar
get, oriented as in Fig. 3-11. Approximately 
half of the iniiial cavity volume remains 
undisturbed at 400 vs, when we expect 
the peal: product o pump intensity and 
hydrogen-like fr.ict.on. Further simulations 
showed that the design is hvdrodynami-
cally safe (in the sense that there is still a 
satisfactory undisturbed cavity volume) 
with the 50% variation in laser intensity 
possible along the line focus. We also 
found, from l-D simulations on a diagonal 
cut, that expansion of the silicon knife edge 
during target irradiation should not signifi
cantly disturb the central region of the 
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Fig. 3-12. Hydrody
namics of XRL target 
as simulated by 
LASNEX. Selected 
mesh lines are plolled 
vs lime. Above is tlie 
laser pulse shape. 
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Time (ps) 

cavity. Preliminary results of 2-D simula-
lions confirm this expectation. 

finally, we optimized the fluorine density 
in the cavity to balance the increase in gain 
resulting from increased hydrogen-like fluo
rine density, and better collisional transfer, 
against the decrease in gain as trapping h"-
conies critical in destroying the inversion 
ratio. figure 3-13 shows the calculated gain 
vs nuorine density, with and without trap
ping. Without trapping, the nonlinearity is 
due mainly to collision.il effects. At low den
sities, collisions are insufficient to transfer 
the population from 3p to 3d, while too high 
a density leads to colli sional depopulation 
of the ii = 3 levels. The effect of trapping 

in the 1-D simulations is dramatic. The ef
fect increases with density as the optical 
depth in Lva increases, and ultimate!)' sets 
the upper limit on the density. The 1-D 
simulations are expected to give an upper 
limit on the trapping effect, initial 2-D cal
culations indicate that the gain lies about 
halfway between ihe 0-D and 1-D results. 

Pillbox Experiments. To test some of the 
basic processes ol the XRI. scheme, we de
signed scaled-dov.n, 0.1-cm-long targets 
having a single fla^hlamp These targets 
have rectangular cross sections, and we re
fer to them as pillboxes. The transparent 
side window of the gas cavity was viewed 
by a streak crystal spectrometer that 
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covered the main ground-state lines of 
helium-like and hydrogen-like fluorine. The 
experiments were performed in May 1984 
at KMS Fusion (again see the articles "Col-
lisional Excitation Las?r Scheme" and 
"Exploding Foil Recombination Laser," in 
Sec. 5). Targets were shot using both man
ganese and nickel flashlamps to look for a 
differential effect that could be ascribed to 
resonance pumping. 

lor short (160-ps) laser pulses, the emis
sion from both hydrogen-like and helium
like fluorine was woak; tor the 200-ps 
shots, strong emission lines from helium
like fluorine and weaker emission from the 
hydrogen-like stage were seen. Both ob
servations suggest that the ionization state 
of the gas was lower than predicted bv ihe 
1-D modeling. We interpret this as arising 
from the dilution of the flashlamp radiation 
as it propagated through 'he gas cavitv. 
This is essentially a 2-D effect, which we 
included in subsequent modeling. The 200-
ps inangair.'se-flashlamp shots show fairlv 
strong emission in fluorine Lya and l.v/i, 
and emission in several helium-like lines. 
Che nickel-flashlamp shots, on the other 
hand, show no emission in Lv/i, but mod-
irate emission in l.ya and strong emission 
in tne helium-like lines The difference in 
the i yi< fl"v bet»- son the manganese and 
ni'-U i shots suggests that (as expected) 
resonance pumping occurs with the 
manganese flashlamp but not with the 
nickel flashlamp. 

We modeled in detail two shots in which 
particularly good data were obtained. I-br 
the manganese shot, the observed Lv/i /Hea 
ratio could be matched bv a simulation 
with a pumping (inv strength of 2 x IQ ' 
photons/mode at the llashlamp. The nickel 
data are consistent vvith a simulation with 
no pump. In both cases the other calculated 
line ratios are within a factor of 3 of the ob
served values. Although some alternative 
excitation mechanism for the l.v/i line mav 
exist, p'-ionance pumping bv manganese 
seems the most likely. 

Se\eral interesting points can be made 
umcerning the other observed lines. In the 
simulations, the main excitation mechanism 
tor the I lea line is by K-shell photoioniza-
tion ot lithium-like fluorine. There also 
seems to be significant excitation of Lya in 
the nickel target by K-shell ionization of the 
triplet (f 2 levels ol" helium-like fluorine. 
A feature appears in the data on the 

£ 4 

3 d M - 2 p M 

Without trapping 

3 d 5 2 - 2 p 3 -

With trapping 

L«g[ iV F (c 

long-wavelength side of the Mea line, wh.ih 
we attribute to Ka fluorescence oi lithium 
like fluorine following photoionization o\' 
the bervltium-like stage. Thus, besi .vs see 
rng evidence far ixxe resonance vtf • ;*rrrg at 
hvdrogen-like fluorine bv manganese, 
which is the basis for our laser scheme, u e 
also saw a series of photoioni/ation-excited 
lines that are characteristic o\ a low-densitv 
radiation-dominated plasma. 

Preliminary Results from 1984 Novette 
Experiments . During the 1984 \ o v e t t e XR1 
experiments. 10 photoresonance targets 
were shot (again see "Collisional Excitation 
Laser Scheme" and "Exploding roil Recom
bination Laser," in Sec. ?). Only four of 
these shots produced good data from both 
of the primary diagnostics looking dowr 
the lasing channel. Two shots show evi
dence (in the streak spectrometer) f.ir an 
earlv line at 81 A. In one case the line is 
particularly strong, perhaps indicating 

i-ip. i -n . Predicted 
g.n:» (if tho rju(irini>-
b<ised \ R I t,irgi>t vb 
initial fluorine density. 
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amplification. An absolute sensitivity cali
bration, in progress in early 1985, will shed 
further light on this question. Several com
plications in the interpretation of these data 
arise from the unreliability of occurrence of 
this line, and from possible contamination 
by a second-order helium-like carbon line 
at 80.6 A, unresolvably close to 81 A. Sev
eral targets were shot using SF h in the las-
ing cavity, rather than C?A, in an attempt to 
eliminate carbon contamination. In the shot 
with good data, no early line was seen; but 
a null shot, using CF 4 with a chromium 
fiashlamp. did not show an early line ei
ther. There is no clear conclusion from this 
studv as to whether the e.srly line seen on 
the two of the Mn-CI\, shots was from the 
fluorine laser transition or from carbon. The 
gated diagnostic generally saw lines from 
carbon in second order even on the 5F„ 
shots. Thus there appears to have been 
some other, as-vet unidentified source 
of carbon contamination in the target. It 
is not clear whv the two spectrometers 
have seemingly discrepant spectra from 
these targets. 

Conclusions. We have designed a 
phoforesonantlv pum; ed XRL for which we 
predict gains of approximately 3 cm ' at 
81 A. Such a scheme should work with a 
laser such as Novette. Improvements in the 
design are anticipated, particularly in in
creasing the flashlamp brightness and mini 
mi/.ing trapping. Wv observed evidence for 
resonance pumping of fluorine by manga
nese in scaled-down, "pillbox" experiments 
at KMS. There is evidence from the 1984 
Novetie experiments for detection of the 
lasing line, with positive gain. However, 
due to difficulty of fabricating and fielding 
these targets, the preshot predictions o( 
low er gain compared to the other schemes, 
and the more encouraging results then 
being obtained with the exploding-foil, 
collisional-exciiation scheme, on!/ a few 
shots were actually made, and the data 
were not reproducible from shot to shot. 
Therefore, we cannot draw a definitive con
clusion as to the success of (his scheme in 
making an XRL 

Although this scheme is more com
plicated than the successful collisionab 
excitation scheme, it deserves further work: 
it would lase at much shorter wavelength. 

and it is based on different physical 
processes that may scale better to still 
shorter wavelengths. 

Authors: R. A. London, P. L. Hageistein, 
and M . D . Rosen 

Major Contributors: P . L. Matthews, 
J. F. Trebes, and B. J. MacGowan 

P.ichtmyer-Meshkov Instabilities 
in ICF Capsules 

Introduction. The Richtmyer-Meshkov 
(RM) instability occurs in systems subjected 
to shocks. As a shock wave crosses the in
terface between two fluids, small perturba
tions at the interface begin to grow and, 
eventually, lead to mixing of the two fluids; 
or, if one of the fluids is a shell of finite 
thickness, perturbation growth results in the 
breakup of ihe shell. These effects are simi
lar to those caused by the Rayleigh-Taylor 
(RT) instability, which occurs in systems 
undergoing constant acceleration. Since ICI-
eapsules undergo both shocks and constant 
accelerations, designers must take both RT 
and RM instabilities into account. 

Earlier, we developed" : " an analytic 
theory of RT instabilities in an arbitrary 
number \ oi Mr.rsfied fluids. This article 
summarize;- "tir work in 1984, during which 
u r extended our theory to include RM in
stabilities and to provide a uniform analytic 
treatment of both types of instabilities.-" 

General Evolution Equations. For the 
RT instability we derived' 4 "" the equation 

n(v) -- V V l\'(/.mv '(/.» 

- n (01 cosh , y r . - ^ /)(()) sinh r / n , (21) 

which describes the evolution with time r 
ot a perturbation of amplitude i] at inter
lace i. The summation over \ indicates that 
all eigenmodes (of which there are .V - 1) 
contribute in the evolution, while the sum
mation over / indicates that initial condi
tions at all .Y - 1 interfaces contribute to 
>],(r). This results in what we have called 
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feed-through: surfaces with zero initial per
turbation will eventually become perturbed 
L'_ virtue of nonzero initial perturbations on 
other surfaces. 

The corresponding equations in the case 
of the RM instability are obtained by treat
ing a shock as an instantaneous accelera
tion, i.e., tf = Ai ; S(i - r j , where At' is the 
jump in velocity induced bv a shock arriv
ing at r = r„. In this case the perturbations 
evolve according to : " 

/;..(r) r/.(!l) - t).{ti)T 

all modes ar.d all interfaces contribute to 
the evolution of perturbations at anv 
given interface. 

The Classical Case (N = 2). In this case 
of two infinitely thick fluids there is only 
one interface, at which perturbations evolve 
according to 

r/(r) = r/(0) , i)(0)r * A p f c ( - — ) 
VP; + P i ' 

•/HO) + 0(0) r. rjOw rj f3) 

Ai> v v r :iv(/,oiv \i.i) 

- /;(«) ' ' M n K r r . , t f . r r j . (22) 

The notation is the same a^ in Eq. (21), wilh 
iru- addition of 1": - yv^. As n Eq. (21), 

Here k = 2K/'A, whe..- <. is the wavelength 
of perturbations, and p , and p : reter to the 
densities of the two fluids; the shock move's 
from pi to p-. at time r . 

from Eq. (23), it is clear that jf the shock 
proceeds from a low-densitv fluid to a 
high-density fluid (p, -^ p : ) , perturbations 
will grow linearis- with time. In the opposite 

I ig. .1-14. 1'ossible his
tories of the RM insta
bility ampli tude for 
\ 2. Only cases 
lal-<il art- allowed if 
the shock proceeds 
from high to low den
sity. Only cases (il-(o) 
are allowed in Ihe 
reverse case. 
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Fig. 3-15. '."he simplest 
case for M 3: a fluid 
laye* oi demUy )> and 
thickness / with two 
free surfaces. Initially 
one surface is per
turbed and the other 
is smooth. 

Fig. 3-16. Density pro
file for N =• 5, with 
densi t ies (0, 1, 2, 4, 0) 
and thicknesses (», 
t/s, tn, m, »)• 

case, "where p, > p 2 , the last term in 
Eq. (23) becomes negative, indicating that 
perturbations at the interface undergo a 
phase reversal. If the system continues 
to coast, the perturbations continue to 
grow, but with a phase opposite to their 
preshock phase. 

Equation (23) is a generalization of 
Richtmyer's result,27 in that it accommo
dates arbitrary initial conditions and can 
therefore treat two-shock systems. We have 
analyzed all possible evolutions of perturba
tions in two-shock systems, with the results 
shown in Fig. 3-14. There are 15 possible 
cases: the first 9, Figs. 3-14(a) to 3-14(i), are 
allowed if p, > p 2 ; the last 7, Figs. 3-14(i) 
to3-14(o), are allowed if p, < p2. The most 
interesting cases are those in Figs. 3-14(c), 
3-14(g), and 3-14(n): in these cases the per
turbation amplitude rj is frozen out (does 
not grow) after the passage of the second 
shock. To achieve this freeze-out, the sec
ond shock must arrive at a specific time 
(see Ref. 26). 

Single Shell with Two Free Surfaces. 
The simplest example of feed-through ap
pears in the system shown in Fig. 3-15: a 
shell of thickness / and density p has per
turbations of some initial amplitude r}0 on 
one free surface, while the other free sur
face has IJ0 = 0. If a shock proceeds from 
the perfurbtd surface toward the smooth 
surface, the perturbations at each interface 
evolve according to 

"smooth 

-\l-e-V 
(25) 

j l Its 

_ _o_p-H w _o 

Inside 

Equation (25) shows how perturbations 
develop at a surface that initially had no 
perturbations. The feed-through is more 
effective if Jtf « 1, i.e., at longer wave
lengths or, equivalentiy, in thinner shells. 
Feed-through occurs in both the RT and 
RM instabilities. 

An Example Involving Shocks and a 
Constant Acceleration. ICF capsules have 
shells with continuous density gradients, 
which we can approximate by using large 
W. An example with N = 5 will ilk trate 
our technique for handling both shocks 
and accelerations. 

The density profile, shown in Fig. 3-16, is 
p = (0, 1, 2, 4, Q); the units are arbitrary. 
We set X = 3t. If the shell moves acceding 
to the velocity history shown in Fig. 3-17(a), 
the perturbations on the outer and inner 
surfaces evolve as shown in Fig. 3-17{b). 

Figure 3-17(a) shows the shell at rest until 
z - 1, when a shock imparts a velocity 
Av = 1. The units are immaterial; negative 
velocities indicate motion from outside to 
inside. From r = 1 to r - 2, me shell 
coasts. From r = 2 to r = 4. «t accelerates 
inwards; then it coasts again until r = 5, 
when a strong shock, directed from inside 
to outside, brings it to rest. During this ume 
the shell travels a distance equal to 12 
times its trrrkness. 

Figure 3-17(b) shows perturbations on 
the outside growing steadily until the final 
shock, when they reverse their phase al
most instantaneously but continue to grow. 
Perturbations on the inner surface undergo 
phase reversal after the first shock. This is 
as expected, since at that surface ;he shock 
proceeds from p = 4 to p *= 0. As the outer 
perturbations grow large they take control 
of the inner perturbations, and both ^u 
faces ultimately develop perturbations 100 
to 1000 times the initial amplitudes. 

A number of OLber examples, treating dif
ferent velocity histories and d;fferent 
assumptions about surface finish, are given 
in Ref. 26. 

Summary. We have developed a theory 
to calculate how perturbations evolve in 
systems undergoing shocks or accelerations. 
The theory can handle arbitrary density 
profiles and arbitrary velocity histories. A 
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number of effects, particularly ablation and 
compression, are missing from this theory. 
By adding the ability to handle shocks, and 
the resulting RM instability, we have come 
closer to simulating actual ICP targets. 

Author: K. O. Mikaelian 

Charged-Particle Fusion 
Introduction 

In 1984 we looked at certain crucial ele
ments of charged-par tide-dnven fusion. 
Some of our results could also be useful 
for laser drivers. In particular, we have 
• Outlined an alternative strategy for 

achieving illumination symmetry in 
directly driven targets. •<** 

• Begun studies on target concepts that 
could give useful target gain at input 
energies as low as —1 MI. 

• Made progress toward^ an in-principle 
solution of the problem of beam com
pression in heavy ion fusion. 
Many charged-particle fusion schemes 

permit near-spherical target illumination by 
inck ent particle beams, but exhibit residual 
asyn iietries centered around an axis deter
mined by the particular driver or reactor 
scenario. In such illumination geometries, it 
should be possible to win,' the angles of 
beamlet incidence on spherical targets and, 
under some circumstances, the beam cur
rents (or energy fluxes) themselves, to 
eliminate all long-wavelength (low-index 
spherical harmonir) asymmetries down to 
specific volues. Some, but not all, shorter-
wavelength asymmetries can also be elimi
nated by this met hud, which is described in 
the following article, "Reduction of Illumi
nation Asymmetries in Directly Driven Ion 
Beam and Laser Targets"; this is also the 
case for spherically symmetric ("Platonic 
solid") beamlet placement. Elimination of 
all short wavelength asymmetries to a level 
low enough to permit spherical target im
plosion would now depend on effects such 
as transverse beam profile, dispersions in 
particle (photon) incident angles, particle 
energy (laser frequency), and thermal ef
fects of target plasmas. One advantage of 
our strategy is that bv concentrating on the 
variation of beamlet placement and beam 

r 

(a, ' ' . . - . . 

i i 

-

2 4 6 
r (arbitrary units) 

currents (fluxes) for suppression of long 
wavelength asymmetries, we could eliminate 
more such asymmetries than with Platonic-
solid placement. And this could be done 
without using up some of the free pararr. 
eters in the other smoothing physical effects 
mentioned above, thus retaining freedom to 
use those effects exclusively for the reduc
tion of shorter-wavelength asymmetries. 

Even where the driver scenario does 
not lead to a preferred axis in the illumi
nation scheme, our results might still be 
useful if we adopt a similar strategy for 
using only beam placement and beam-
curre.it variation to eliminate the long-
wavelength asymmetries. 

For heavy ion fusion, final longitudinal 
compression of the particle beam bunch be
fore the beam is focused onto the target is 
envisaged as one means to increase peak 
power by an order of magnitude or more. 

Fig. 3-17. (a) Velocity 
history of a shell 
whose d:>^ty profile 
is shown in Fig. 3-16. 
Negative velocities are 
directed from outside 
to inside, (b) Evolution 
of perturbations at the 
shell surfaces. At both 
surfaces, perturbation 
has initial amplitude 
mO) and wavelength 
X = 3/. 
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Initial studies of this process raised concern 
regarding the distortion of longitudinal 
phase space by the radial dependence of 
the induced longitudinal electric field. Our 
more detailed studies, described in the arti
cle "Studies of Beam Compression Includ-
ing Transverse Effects for a Proposed 
Heavy-lcn Fusion Test Facility," include 
comparisons of one-dimensional and two-
dimensional models and show that the ef
fect is not as great as once predicted. 

Progress towards an in-principle solution 
to the beam compression problem should 
be continued if we are to obtain the lowest-
cost final system. 

Author: J. W-K. Mark 

Reduction of Deposition 
Asymmetries in Directly Driven 
Ion-Beam and Laser Targets 

We have developed a procedure for reduc
ing energy-deposition asymmetry in spheri
cal targets driven directly by ion or laser 
beams. This work is part of a strategy for 
achieving illumination symmetry in such 
targets, which we propose as an alternative 
to those in the literature.28"3-1 This strategy 
allows an axially symmetric placement of 
Ivamlets, which would be convenient for 
some driver or reactor scenarios. It also al
lows the use of beam currents or energy 
fluxes 10 help reduce deposition asymmetry. 

A motivation for our work is that many 
charged -particle fusion schemes allow a 
near-spherical target illumination, but leave 
residual asymmetries centered around an 
axis that is determined by the driver or re
actor scenario. Tor example, this occurs in 
the PBFA pulstd-power facilities at Sandia, 
Albuquerque (and in related facilities), and 
in heavy ion reactor concepts such as the 
German H1BALL. In both these cases, 
driver and reactor considerations discourage 
(be use of beam ports directly above or be
low the fusion chamber. In some reactor 
chambers, such as those with verticalU 
flowing liquid metals, it might simplify the 
design to have fewer vertical planes occu
pied by beam ports. Our strategy provides 
just such flexibility-

Even if no preferred axis arises in a 
particular illumination scheme, beam 

placement and beam current can be used to 
eliminate long-wavelength (low spherical-
harmonic) asymmetries in the deposition 
profile. Typically, our strategy eliminates 
more long-wavelength asymmetry per 
beamJet (in the form of coefficients ot 
spherical harmonics) than does symmetric 
(Platonic-solids) beamlet placement. 

Low-spherical-harmonic asymmetries are 
eliminated, up to values of / and \m\ that 
depend on the number of bearnlets and the 
number of different beamlet strengths used. 
Many harmonics of higher / and |m| are 
also eliminated, depending on what particu
lar symmetries arise from the choices of 
beamlet orientations and strengths. The 
convergence ratio of the target determines 
how much smoothing of higher-order terms 
is required. Our procedure shows what 
penalties must be paid, in terms of higher 
harmonics not removed, if the driver or re
actor system makes it desirable to eliminate 
certain symmetries in placement of beamlets. 

In general (even with symmetric beam 
placement), higher harmonics can be re
moved using physical effects such as trans
verse beam profiles,Z<UI dispersion in 
beamlet angles, particle (or photon) energy, 
thermal effects of target plasmas, or focal 
shift relative to the target center* *L'-; for 
laser drivers, additional techniques include 
refraction smoothing v and smoothing due 
io decoupling of absorption and ablation 
layers. Because our strategy can eliminate 
more long-wavelength (low-harmonic) 
asymmetry than can symmetric beam place
ment, we can use the free parameters in the 
other physical effects exclusively against 
shorter-wavelength asymmetries. 

Here are two examples o* the smoothing 
of lower harmonics. We could eliminate all 
harmonics with 1 r~ I rS 5 and |WJ| ^ 5 by 
appropriate choice of beamlet angles with 
18 beamlets of identical strength. With 32 
beamlets, of two different strengths (in the 
ratio ~15/8), we could eliminate all har
monics with I < ( < 7 and \m\ < 7. Conve
nient arrangements for several io i-beam 
uid laser driven illumination schemes are 
described later in this article. 

Our procedure consists of expanding the 
deposition profile of each beamlet in spheri
cal harmonics and choosing the beamlet 
orientations l9„, <Pn) and amplitudes e„ so 
that harmonics of specific (/, m) vanish in 
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Beamlet n 

(r, 0t $) 
on target surface 

Fig. 3-18. Geometry 
used in deriving the 
results given in this 
article. The angle y„ is 
measured between the 
axis of beamlet » and 
an arbitrary point on 
the target (r, 0, 0). 

the net deposition profile. We assume that 
all beamlets are directed at the center of the 
target. The same shape is assumed for each 
beamlet: only the beamle: strengths vaiy, so 
that we let (9ir <p„) represent the orientation 
of the central axis of beamlet ;i. Wilh the 
geometry of Fig. 3-18, 'r, 8, <p) designates an 
arbitrary point on the target surface and y„ 
represents the angle between the directions 
(9,„ </>,,) and {8, (p). Assuming that the depc 
sirion profile En{r, 0. </», t) of beamlet n de
pends only on (r, y,, t), we expand E„ as 

£„(r, 6, 4>, 0 = \ y £,(r, 0 P,(cos y„) , (26) 

where the Pt(x) are Legendre polynomials. 
In accordance with our assumptions, the 
£,(r, /) are common to all the beamlets, 
while the yn and eP| may vary. To sum over 
beamlets we use a particular definition (see, 

e.g., Ref. 34) of spherical Kirmonics and the 
expansion of Pi(y„) in the spherical harmon
ics ^,,,(0,,, 0„) and Y!m{6, <p): we mus obtain 
the net deposition profile 

* / 
E(r. 8, &*) = £ E'<r- >> Z Dtm YUe' *} ' 

(27a) 

where 

4 * 
2/ ^ X A W 

2/ + 1 (I - m)! 
!27b) 

Retaining some symmetry in the beamlet 
distribution would by itself cause many 
of the coefficients A;.,, or Dlrll to vanish. 

3-25 



Table 3-2. Symmelrics 
for which particular 
Alvs coeffir ;cnls van
ish live assume t„ 

Charged-Particle Fusion 
Symmetry Canditipii: for every H, there exists an »' 

such that the relations below are valid 
Result- A[m = 0 unless quantity 

below is an integer 

About origin 0„- = n - 9„ 
#,,- = * + 4>n 

1/2 

About z = 0 plane <V - * - *n (? r w)/2 

Of rotation about 

About z = 0 plane 
with rotation*1 

(/ * n,)/2 - im/Xz\Xi 

a Here .Vj and IVT are integers. 

Table 3-2 summarizes the results of symme
try about the o.igin, about the 2 = 0 plane, 
rotational symmetry about the z-axis (over 
specific angles that are rational submultiples 
of IK), and a combination of these symme
tries. [In considering the results in Table 3-2, 
it should be kept in mind that the results 
for rotational symmetries—the last two en
tries in the table—arise from consideration 
of the interaction of ail beamlets, not just 
two beamlets. This latter result represents 
a particular case of the result obtained in 
Eqs. (29) through (31), below.} 

In what follows we illustrate some appli
cations of these symmetries and additional 
helpful effects of choosing the 6,: surh that 
the cos 6„ are at the Legendre-Gauss nu
merical < (i/.ndrature points. 

To eliminate specific harmonics of low 
(,', HI)- w e assume that 6 takes on the vaiues 
0 ( , k -= 1.2 X,„ and thaf for each 9. we 
have b e a m i e r at angles <p = <plk •+ 0 l i ; , / 
= 1,2, .... /(. The total number of beamlets 
is then .V,, = J.},. Using properties of spher
ical harmonics, 1 4 and doing some re-
summing, we reduce Eq. (27) to 

L{i: 0. (p,t) = AwLu(r. t) 

t \ A,j::(r,l)Pi(LXK6) 

4 2 V V K«'|.4,,..(-""-"i L,(r,t) P" (ccs tf) . 

(28) 

Here P"'(eos 0) is an associated Legendre 
function, and 

x ^ f:B..rl exp[ - ; 'm^ , t |P" , , | cos fyi , (29a) 

F..( = \ e x p | - i}ti(}>,L (29b) 

We assume that the („ depend onlv on A' 
and not on /, so that f( replaces (,.. 

In Eq. (28), we have chosen the ((9,, 0,,) 
and the t so that the A,,,, vanish for 1 < / 
< 2K„ and 1 < m < /„. This is why the first 
sum (the m = 0 case) in Eq. (28) starts with 
/ = 2K() rather than with / = 0, and whv 
the second sum stans at in =• /,, rather than 
HI - 1. That is. we have taken 

0: 2/n / / . . t ./:. (30) 

(3M 
B„ = 0. if HI;/,', i * integer 

- /., if'iw//. i = integer 

Then if /,, = min(/.). the A .,. vanish for 
1 :£ m - /„. If al' the /. were equal, this 
same result would follow triors - cinctlv 
from rotational svmmetrv, as can be seen 
from Table 3-2. Our derivation of Eq. (31) is 
similar to that of Schmitt. ' 1 

Our choice for the 6. is obtained from 
the following considerations. For w - 0, we 
have B.. = /. and 

, V :v. Pi cos ( (-*2) 

where it\ = (J,. This sum vanishes for 
I < / iS (2r\„ - 1) if we choose the x 
= cos B. and u\ to be the positions and 
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weights of a Legend re-Gauss numerical 
quadrature formula of order K _. [This quad
rature is exact for polynomials of order I 
< 2K,, 1; this is implied by Eq. 25.4.29 of 
Ret. 35 and by the orthogonality relations of 
t!ie l.egendre functions (p. 774 of Ref. 35).J 

We should consider both even and odd 
\ .ilues o\ K[t, since Kith are convenient for 
driver concepts that allow hoamlets to im
pinge Irom all lak-uil dire, lions around the 
reactor chamber. In the simplest case of in
terest, for which K,, 2 and /, = / : 7i 4. 
deposition harmonics with 1 < / < 3 
a n d | w | : 3 will vanish provided that fl, 
- 54.74° and Q: - 125.26°. Since re, = <<\ 
for A.'M - 2, the beam lets can all have the 
same e„; this is useful for the PBFA or 
HIBAI.L (if accelerator) geometries. 

Figure 3-19(a) illustrates the beamlet 
placement for Ku ~ 2, /, = /, = 10 (the 
HlBAI.L-!ike case). Note that having / , , 
> 2Kt, - 4 does not help remove even-
integer / 5: 4, but in - 0 deposition asym
metries of the form P,.(cos 9). This is true 
despite the fact that many higher harmonics 
with m = 0 can be eliminated (we could 
take /[ / ; to be an even integer and 
choose the 0 ( 1, so that the first three sym
metries of Table 3-2 hold: A,,,t would then 
vanish unless /. in are even and m is an in
teger multiple of / , ) . Thus this illumination 
generates more asymmetry in the 0 direc
tion than in the <fi direction. Of course, if 0, 
and 0: were not at the Legendre-Gauss 
quadrature points, it could not even be 
guaranteed that the / = 2 harmonics would 
be minimized in this case. 

On the basis of target-deposition symme
try alone (the point of view taken here), it 

is preferable to have /„ > 2K,, but to have 
the two not too different from one another. 
Doing this as an alternative to the case /.if 
Fig. 319(a), we could obtain somewb:.i K :-
ter depositioi. symmetry, i.e., the elimina
tion of harmonics for 1 i [ s 5, all odd /. 
and |r*/j < 5, with onlv 18 bearrlr ts . Such 
an illumination scheme could be achieved 
with K0 = 3; B] ^ 39.23°. 92 = 90.00°, and 
6\ - 140.77°; /, - /• = 5, / : - 8; symmetry 
ab^ut the origin; and (t -- (: = < ;. The 
Legend re-Gauss weight*- in this case are 
in the exact ratio >r : / ' r i " ; i ' - / , '» ' ; = K/5 
- 1.6. With the same basic conditions (18 

be-jmkts, K0 = 3, and the same va'ues ot 
0), we could eliminate all harmonics for 
1 < / < 5, \m\ ^ 5. all odd / and m. and 
m.'ty = integer with /, = / , - - = / , = 6 and 
< :/e, ^ eJt^ ~ **/5 = !-6- This i s illustrated 
in Fig. 3-19(b). Clearly cither such combina
tions are possible. 

1 or some driver scenarios, it might be 
convenient io arrange the beamlets into 
several wide bunches, directed at the target 
from two sides. Take the case K„ = 4 and /,, 
= 8, w h k h eliminate 1; deposition harmonics 
with 1 < / < 7 and \m\ <. 7, a c well as 
those shown for the first three symmetries 
in Table 3-2. The beamlets are arranged in 
four cone-like bunches with cone angles 
0, ^ 30.56°, 9, - 70.12°. 8t - 109.88°. an. ' 
0j ^ 149.44°. t h e Legendre-Gauss weights 
satisfy n' | = wA, w2 = irv and reVic, 
- 1.8748. With /, "-- f, = 8 and / : = / , 
= 15 (for a total of 46 beamlets), we note 
the apparent coincidence that / , / /] = 1 8750 
= iCi/u'i: thus for thi-- case the (J. - zv: 

("re the Lcgendre-Gau..s weights without 
our even having to choose different c ; . 

fig. 5-iv. Throe 
beam let-place men! 
schemes based on the 
strategy outlined in 
this aiticle: (a) K0 2, 
/ , l2 10 - 2k0 

(similar lo Ihe HIHAl.l 
reactor scenario); (b) 
tewe beam lets than 
in (a), but greater de
position synji«e*ry; (cl 
two open buncht-s of 
beamiets from two 
sides; ih.s gives btill 
great.*r symmetry bc-
caust ol greater num
ber of beamlels (12). 
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Fig. 3-20. The (=, z>J 
phase space of the 1-D 
pariicie-code simula
tion tsee text) at {a) / 
= 0 (initial velocity 

i i J t W W = i) .7/ is , lc j / 
= 1.5/is (final con-
pressed state). 

Alternatively, one could also accomplish 
the same result with only 32 beamlets by 
choosing /, = J2 - /j = JA = 8 and e2/^i 
= w>2/«', ^ 15/8; Fig. 3-19(c) illustrates this 
latter case. This compariscn shows again 
the advantage (e.g., 32 versus 46 beamlets) 
for judicious use of different beamlet cur
rents wherever convenient for the driver. 

Further studies are needed to confirm 
that higher-order asymmetries can be kept 
to tolerable levels by the use of the various 
physical effects mentioned earlier in 
this'article. 

Author: J. W-K. Mark 

Studies of Beam Compression 
Including Transverse Effects 
for a Proposed Heavy-Ion Fusion 
Test Facility 

For applications as an ICF reactor driver, a 
heavy-ion beam pulse must be longitudi
nally compressed by one to two or.'ers of 
magnitude to achieve the peak power re
quired to ignite a target.3'' This process, 
among others, will be tested37"41 in a facility 
known as the "High-Temperature Experi
ment" in heavy-ion fusion. Beam compres
sion is a critical element of an accelerator 
for heavy-ion fusion; it occurs primarily af
ter the main phase of acceleration and be
fore final focus onto target. 

Here we examine the compression of a 
drifting heavy-ion pulse with the aid of 

particle simulations. Space-charge forces 
play a vital role in halting the compression 
before the finsJ-focus lens system is 
reached. Compression must take place with 
minimal growth of both transverse emit-
tance and longitudinal momentum spread. 
Of particular concern here is the possibility 
of distortion of longitudinal phase space be
cause of the radial dependence of the longi
tudinal self electric field. 

We describe initial theoretical results far 
an in-principle solution to this problem. 
Further refinements are necessary before 
the least costly solution can be chosen. 

Compression. An accelerated beam pulse 
has finite extent in space and time (in what 
follows, we take the z-coordinate as lying 
along the direction of beam propagation). 
Beam compression is initiated by firing the 
accelerating modules so that the tail end of 
the beam moves faster than the head. Espe
cially \vhen the variation of velocity is a fin-
ear function of distance (measured from the 
center of the pulse), this differential velocity 
c^n be viewed as a velocity "tilt" in longitu
dinal (2, v.) phase space [see Fig. 3-20(a)]. At 
the jnd of beam compression, the tilt is re
moved and the compression is halted (and 
even reversed) by the buildup of longitudi
nal space-charge repulsion in the beam 
bunch (in the absence of space charge, the 
free-streaming velocity differentials would 
instead be the determining factor for mini
mum beam length). Of course, we would 
have to impose external fields on the com
pressed beam to keep it compressed for any 

(b) (c) 

1 
Mm), 

2 0 
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length of time. In practice, the beam bunch 
will be sent through the final focus lens 
system onto the target before expansion oc
curs. This entire process must be carefully 
controlled to produce the desired small spot 
on the fusion pellet. During compression, 
the transverse dimensions of the pulse must 
be controlled by alternating-gradient quad-
rupole focusing. 

Apart from the decrease in pulse length, 
it is also necessary to observe the require
ments on the final beam pulse necessary to 
focus it onto a target at a particular focal 
distance. For example, chromatic aberrations 
(which arise because difierent momenta 
have different focal lengths) caused by the 
final lens system impose a limit, which 
for rough illustrative purposes can be 
summarized as 

where A(2, f) is line charge density; g is a 
constant in the limit in which the longitudi
nal length scales of beam shape and distur
bances are long compared with actual beam 
radius a or beam pipe radius b. n this 
regime g has the value 

* = 4 ^ ( l 0 S 

b2 

(36) 

In this idealized limit, the beam pulse obeys 
the equations 

at T 3z 

dv. Bv Ze dk 
- — X^z 

(37a) 

(37b) 

!•„ > 2 
/AP: 

(33) 

Here /' „ ^ 0.2 cm is the envelope radius 
of the desired focal spot, ('^J,,.^ =: 10 cm 
is the envelope radius at the final focus 
lens, and A;i.//i. is the half width in the dis
persion of c momenta (accumulated from all 
sources) at final focus. These typical num
bers imply that £p/p. < 0.01. 

A second condition is that the transverse 
omittance f must be sufficiently small. To 
limit the effect of spherical aberrations in 
the final lens, the half-angle of the focal 
cone must satisfy 

where v.(z, t) is beam internal velocity and 
Zf and m are beam-ion charge and mass. 

An exact solution with , t beam parabolic 
in A is given by 

X(z, t) 
1(0 

• D -

L-it' 

d p.(z, I) = V + (z - T> - In 1.(1) 

K"2(t - („) = - C p 

+ tanh '1(1 - £)'z 

(1 I)' ; 

(38a) 

(38b) 

(38c) 

0.,,,, S 0.02 rad (34) 

This translates into the condition ( £ 4 
x 10 -1 cm-rad, wh.ch provides another 
constraint on the resultant beam after final 
compression. [The emittance f measures the 
phase area (divided bv it) occupied by the 
beam in a typical transverse phase space 
(x,dx/dz).] ' 

Simplified Analytic Treatment of Com
pression. A simplified analytic solution 
obtains if we adopt the model of a one-
dimensional beam that has no longitudinal 
momentum spread Ap. at any z before 
beam compression. The space-charge self 
field of the beam bunch is approximated by 
the electric field 

ax (35) 

where z and v are constants, and where L(t) 
is determined by Eq. (38c) in terms of the 
initial (I = (,,) length L,, and final length L,. 
The constant K is given by 

W-i 
i;if). 1 6 ^ A ( A , (38d) 

and Q = 2LlY\{]/3 is the total beam crurge. 
This simplified solution provides a useful 

guide to an in-principle solution to ' le 
beam compression process proviJen that it 
survives under the realistic, multiu.men-
sional environment of actual pulse?. For ex
ample, Apz is not initially zero, and the 
constant factor g is replaced by a rcdius-
dependent term in actual beams, so that 
particles at different radii r are acted on 
by different longitudinal self-forces and 
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Fig. 3-21. Spatial line 
densities /.(;, /; of par-
licles in the I-D simu
lation of Fig. V2D at 
U)/ (), (I'll 1.5 /is. 

Fig. 3-22. The |z, i>_> 
phase space of Ihe 2-15 
parliclc-code simula
tion (see text) at (a) / 
- 0 (initial velocity 

tilt), {b)t = 0.7 /is, (cW 
^ 1.4/is (final com-

presseJ state). 

experience different evolution, resulting in 
further growth of Ap.. 

1-D Particle-Code SimulaHon. An esti
mate that g varies over r by ±20% results 
in the evolution of phase space (z, vz) and 
line density X(z, f) shown in Figs. 3-20 and 
3-21. These results were obtained using our 
one-dimensional particle-simulation code 
BLISS, which uses the field of Eq. (35). Al
though actual transverse particle motions 
average over actual spread of g with radius, 
this one-dimensional model assigns each 
particle a ^-factor appropriate only to its 
initial position. 

As expected, the initial momentum tilt of 
Fig. 3-20(a) is stopped in Fig. 3-20(c), I ut t̂ 
the expense of some momentum spread 
ApJp.. The simulated problem corresponds 
to the situation typical of the High-
Temperature Experiment, in which a 
1.875-juC, 125-MeV beam of singly ionized 
sodium will be compressed from a length of 

10 m to a final ler.^h (according to our ana
lytic model) of 1 m. Since the model shows 
that space-charge effects are important only 
in the last 2 m of compression, our simula
tion concentrates on this phase. 

2-D Pdiucie-Code Simulation. We used 
a 2.5-dimensional LLNL version of the 
particle code MASK42 to repeat the one-
dimensional simulation, \vith realistic varia
tion of g with r automatically included in 
the force calculations. The final momentum 
spread in this simulation (Figs. 3-22 and 
3-23) is roughly one-fourth as great as in 
the one-dimensional simulation, with its 
artificially spread g-factor. 

The two-dimensional simulation again 
uses a 1.875-/IC, 125-MeV beam of Na' 
ions. The beam radius has the value a 
= 1 cm, and the perfectly conducting pipe 
has radius t = 2 cm. The boundary condi
tions at z — ±=c are approximated accu
rately by doubling the periodicitv length 
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" ( a ) - ( b ) - ( c ) 

of the simulation region in z, because the 
Green's function falls off exponentially. The 
transverse quadrupole fotusing forces are 
approximated by the axially symmetric 
radial electric field 

-5.266 x 1CT 7 V/m 
b 

(39) 

A total of 46 751 particles arc used on a 
20 x 512 grid, representing a region 2 cm 
x 2 m in the r and z directions, respectively. 
The initial line density A(r, 0) is made 
nearly parabolic by the superposition uf 20 
constant-charge-density and constant-radius 
(r = a) components. Each such component 
is loaded with a Maxwellian velocity dis
tribution with 

(*f 20 
ft i - 1 20 (40) 

where 6' characterizes the required v\ at 
z = 0 for the parabolic distribution. Note 
that (2( - l)/20 - I, so that loading 
according to Eq. (40) gives the correct i<\ . 

In Figs. 3-22 and 3-23, 10% of the parti
cles are plotted. As the beam is compressed, 
an efficient use oi the simulation grid is 
made by allowing the beam to expand in r 
while the space-cha.ge self-fields increase 
to a dominant level, so that the beam ra-
diuf almost reaches the pipe radius. This 
exaggerates the deleterious effects of radial 
variation in £ compared with the realistic 
accelerator situation, in which the trans
verse focusing forces muse vary in time 
(actually the beam travels into regions of 
increased focusing) in a way that ailows the 
beam to maintai-i specific clearances from 
the pipe. Another conservative factor is that 

1 2 0 
z(m) 

we initiated the simulation with a near 
equilibrium rather than a true equilibrium, 
so that extra dispersions arise. Even with all 
these extra conservative factors, the final 
ApJp: is smaller than estimated in the one-
dimensional model. 

Summary. Transverse beam spread need 
not be an impediment to the longitudinal 
beam compression needed in heavy-ion 
fusion to increase peak power by one to 
two orders of magnitude. Additional work 
is necessary to develop the lowest-cost 
engineering solution. In particular, the para
bolic beam line density Mz, 0) introduced 
above (because of the existence of an an
alytical model for this form of A) uses fo
cusing forces inefficiently; a nearly flat 
A(s, 0) is preferable. Also needed are addi
tional studies of multidimensional effects 
introduced by bean, misalignments and by 
the accumulation of realistic jitters in accel
eration forces. Effects of initiai beam tem
perature in the longitudinal direction must 
also be introduced. 

Authors: J. Bisognano (LBL), E. P. Lee 
(LBL), and J. W-K. Mark 

Plasma Physics 
Introduction 

The Plasma Physics Group had a very pro
ductive year. Extensive collaboration with 
the ICF experimental program resulted in 
significant advance: in the understanding of 
laser-plasma coupling. These advances in
clude the characterization of Raman scatter
ing in long -seal el ength plasmas and the 

Fig. 3-23. The spatial 
positions in ir, z) co
ordinates of 10% of the 
particles in the 2-D 
simulation of Fig. 3-22, 
at corresponding 
times. Note the differ
ent horizontal and 
vertical length bcales. 
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demonstration of its correlation with hot-
electron generation and its suppression by 
collisional damping. Most importantly, a 
very favorable scaling of the laser-plasma 
coupling with wavelength has been shown 
to extend to longer-scalelength under-
dense plasmas. 

We also made significant advances in the 
theory and simulation of the coupling phys
ics. We improved our understanding of 
many important processes, including the 
Raman instability at a local density maxi
mum, Raman sidescattering, ponderomotive 
and thermal filamentation, electron-ion 
collisions in partially ionized plasmas, and 
an unexpectedly strong heating by high-
intensity light. A Monte Carlo atomic phys
ics model was developed and applied to 
improve the calculation of line emission in 
high-Z plasmas. An implicit 2-D electro
magnetic particle code was implemented 
to expand our ability to simulate low-
freouency kinetic phenomena in plasmas. 

The development of reliable scalings ne
cessitates a strong interaction between cal
culations and well-diagnosed experiments. 
Hence a large fraction of our effort was 
again devoted to the design and interpreta
tion of coupling experiments. Detailed re
sults of this collaboration with the Laser 
Experiments and Advanced Diagnostics 
program are reported tinder "Novette Ex
periments" in Sec. 5. An example will suf
fice to illustrate the progress. By use of 
I.ASNEX calculations to determine the 
plasma conditions, and plasma simulations 
to compute the Raman scattering, a series of 
experiments were designed to demonstrate 
the suppression of Raman scattering by col
lisional damping. The experimental results 
confirmed the predictions. In addition, the 
plasma density profile computed with 
LASNEX agreed well with the profile in
ferred from spatially resolved measure
ments of the bremsstrahlung, and the 
electron temperature in the underdense 
plasma predicted by LASNEX agreed well 
with the temperature inferred from the 
long-wavelength cutoff of the Raman sig
nal In short, we are obtaining an improved 
knowledge of the plasma conditions in 
laser-irradiated targets, and we are learning 
how to control the important coupling 
mechanisms more reliably. 

Although some very important scalings 
have been successfully predicted, improved 
models are needed to optimize target de
signs. Hence we continue to develop 
theoretical and computational models of" 
coupling physics, our work in this area is 
about equally divided between theory, com
puter simulation, and code development. 
Details of this work are presented in the 
following articles. 

Author: W. L. Kruer 

Ponderomotive and Thermal 
Filamentation of Laser Light 

As targets are irradiated with longer, more 
energetic pulses of laser light, longer-
scalelength plasmas are produced. Filamen
tation is a potentially important process in 
such plasmas. In this instability, perturba
tions in the intensity profile of an incident 
light beam grow in amplitude, causing the 
beam to break up into intense filaments. 
The instability arises when a local increase 
in the light intensity creates a depression 
in plasma density either directly, via the 
ponderomotive force, or indirectly, via 
enhanced collisional absorption and sub
sequent plasma expansion. The density 
depression refracts the light into the lower-
density region, enhancing the intensity per
turbations. The instability is termed either 
ponderomotive43 or thermal44 ""' filamenta
tion, depending on which mechanism 
generates the density depression. The anal
ogous process involving the entire beam is 
called self-focusing. 

Filamentari .1 can significantly affect 
laser-plasma coupling. Intensity enhance
ments can introduce or modify other insta
bilities, change the location of the energy 
deposition, and possibly aggravate deleteri
ous collective effects such as hot-electron 
generation. Spatial structure in the irradia
tion pattern can enhance magnetic field 
generation,4' modify energy transport, and 
even degrade the symmetry and stability of 
implosions if the scalelength of the struc
ture is sufficiently long, Filamentation can 
also complicate the interpretation of cou
pling and transport experiments, since the 
intensity in the underdense plasma is no 
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longer a controlled variable and may be 
particularly sensitive to details of the 
beam profile. 

Theoretical Descripticr A simple treat
ment suffices to illustrate the essential fea
tures of filamentation. Consider a plane 
light wave with intensity J propagating in 
the 2 direction in a plasma with uniform 
density n0. We first calculate, in the quasi-
static limit, the density perturbation 6nv in
duced by a perturbation in th? intensity 
profile / = /0(1 + a cos Ay). In the case of 
ponderomorive filamentation, 

», = «o exp / 
2»»,r 

(41) 

where ne is the electron density, Hcr is the 
critical density, 9,, is the electron tempera
ture, and c is the speed of light. This equa
tion is easily obtained by balancing the 
variation in electron pressure with the vari
ation in the light wave pressure. Hence 
Eq. (41) gives 

SlL •v/,1 cos kif 
(42) 

where we have assumed that /„ r< 2w„.0t.c. 
In the case of thermal filamentation,. we 

balance the electron heai flow with the ab
sorbed intensity: 

retained. With these variations in 9e and n^ 
we also have 

Ky = KJ(I + jficoskyj , 

K = K0ll - — pcosky) , 

(45) 

(4b) 

where KQ and K0 represent the thermal 
conductivity and absorption coefficient 
evaluated at 8Q and %, the electron tem
perature and density in the absence of an 
intensity perturbation. 

Substituting Eqs. (45) and (46) into 
Eq. (43) gives, to lowest order. 

(•»©• - Kj 

and to next order 

/? = 
Kd()a 

(47) 

(48) 

Equation {AT) determines 0„. Equations (44) 
and (48) yield 

&!.. h."nJ()a cos kif 
(49) 

-Kl (43) 

where V1 is the classical electron thermal 
conductivity and K is the spatial decay rate 
due to collisional absorption. The perturba
tion in intensity drives a perturbation in 
electron temperature, which leads to a vari
ation in electron density. In particular, we 
postulate that 

/ = /0(1 + a cos ky) , 

Bv = 0O(1 + p cos ky) , 

nv = H()(1 - /J cos ky) , 

(44) 

Here we have assumed that k2K^9t) » 6*"„/,„ 
i.e., that the scalelength for temperature 
variation in the direction of propagation of 
the light wave is much longer than the 
wavelength of the intensity modulation 
in the transverse direction. 

Comparison of Eqs. '42) and (49) 
shows that 

Sn, (SnA 2»crv{,(." 
(50) 

where the subscripts t and p denote ther
mal and pondeiomotive, respectively. For a 
high-Z plasma. 

where we have invoked pressure balance 
transverse to the beam, i.e., the quasi-static 
limit. Only first-order corrections aie 

7 kh'i 
(51) 
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where v e i is the collision frequency appro
priate to the high-frequency resistivity and 
ve is the electron thermal velocity. Hence 
thermal filamentation dominates for wave
lengths A » 10A e i, where A e i = vJvQl. To 
include the implicit Z-dependence of the 
thermal conductivity, the right-hand side of 
Eq. (51) is multiplied by a factor of about 
(1 + 3.3/Z). 

The growth of these zero-frequency in
tensity modulations and their self-consistent 
density fluctuations can easily t^ obtained 
from the dispersion relat ion 4 8 familiar from 
discussions of Brillouin scattering: 

, , k2vU 
D(co - OJ„, k - k,i) 

D((o + co0, k + kj,) 
• (52j 

Here D{(0, k) = r'"" - k2r - w~ ( J t\ is the 
sound speed, a). i {.->,,,,) is the ion (electron) 
plasma frequency, ft)(1 and k,, are the fie-
quency and wave number of the incident 
light wave, and P ( , S is the oscillator}' velocity 
of an electron in the incident light wave. 
The derivation assumes that there are no 
variations along the direction of the electric 
field vector of the light wave. To obtain 
ponderomorive filamentation, we look for 
zero-frequency fluctuations with a wave 
vector orthogonal to the direction of propa
gation k„. In particular, we set (0 •-• 0 and 
take k = k r + ik,, where k r -k„ = 0 and 
where k, is parallel to k^. Equation (52) then 
gives the dispersion relation 

exponentiate once: i.e., we set 2k{L = 1, 
where L is the plasma length. Then 

2 X 10 1 5 »cr -
L,A. 

(55) 

where 6 k e V is the electron temperature in 
keV, L̂ , (A^) is plasma length (wavelength) 
in microns, and H 0 <K n^. There is likewise a 
collisional threshold given by the condition 
2tyai* — 1' where / a b s is the collisional ab-
sorpdon length. Taking In A = 7, we estimate 

3 * 101-

A?, &'l «„ 
(56) 

As shown in Eq. (50), the dispersion 
relation for thermal filamentation can be 
obtained from Eq. (53) by multiplying the 
intensity term by approximately (7/̂ -Aj:,) '. 
Then 

where we have again assumed that 
Z » 1. The growth is now maximized 
for long wavelength: 

' \3.6i i',. A,.,/ 

(57) 

(58) 

7.5*„c- r,. /..., 

(53) 

Growth is maximized (in the sense that 
dk/dk, = 0) when 

, _ 1 V < V 
2 !».. 

1 M ^ 
8\vJ k„c-

(54) 

where we have also assumed that Z9L, » 0, 
Since laser beams often have sizable in

tensity structure, we conservatively define 
an intensity threshold by requiring that E 2 

We note that the maximum spatial gain co
efficient for thermal filamentation exceeds 
that for ponderomotive filamentation when 
i ; , /f i) l v > i\,Jc. Hence the thermal mecha
nism ŝ especially competitive in the denser, 
more collisional plasmas produced by short-
wavelength laser lighi. 

We define a threshold intensity tor ther
mal filamentation, again using the condition 
2k I = 1. Taking In A ^ 7, we estimate 

/ r - 2 x 10 ! " — CvA; 
(59) 

We estimate a collisional threshold using 
the condition 2A'jAtlK = 1, which vie'ds 

file:///3.6i
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/ T = 6 x 101 ; "o 91 
(60) 

Discussion. To illustrate the numbers, 
consider conditions typical of recent experi
ments 4 9 in which gold disks were irradiated 
with 1-ns pulses of 0.53-//m laser light. We 
take I ~ 2 x 1015 W/cm2, L„ =* 150 at 
»</«„ =0.1, 0 f c c V = 2, and Z = 50. The 
minimum growth length (/K = 1/Jq) for pon-
deromotive filamentation is then about 
60//m for a filament with a wavelength of 
about 10 /im. There are several growth 
lengths for ponderomotive filamentation; its 
threshold intensity (according to our defini
tion of threshold) for these conditions is 
about 5 x 1014 W/cm2. Thermal filamenta-
tion is near its threshold. The minimum 
growth length for thermal filamentation at 
ii = 0.1 <flT is about 300 /jm for a filament 
with a wavelength much longer than 
about 20 //m, 

Filamentation can take place in longer-
scalelength plasmas at lower intensities. 
For example, with I =* lO^at^, = 0.1«„, 
0.53-//m laser light, 0 k„ v = 2, and Z = SI, 
the threshold intensity is about lO14 W/cnr 
for either ponderomotive or thermal 
fi la mentation. 

In making these estimates, we have 
treated the n'lamcnU;tion instability as con-
vective. Under 3ome circumstances the in
stability can become absolute*'—for 
example, with feedback via reflection from 
the critical surface. Improved linear theories 
will also allow for plasma inhomogeneity, 
plasma flow,"1' radiation cooling,"0 and the 
stabilizing influence of angular spread in 
the beam."1-' The quasi-static assumption is 
sometimes a poor approximation. The time 
required for the density to adjust to changes 
in the intensity or temperature can be quite 
significant in a large filament. Finally, im
proved calculations of thermal filamentation 
require a better understanding of electron 
heat transport, which wc have assumed to 
be classical. 

Ponderomotive filamentation is closely 
related to Brillouin scattering, except that in 
Brillouin scattering the density fluctuation is 
associated with a resonant mode, an ion 
acoustic wave. Hence the Brillouin instabil
ity has a larger gain coefficient (or growth 
rate) than ponderomotive filamentation, 
provided that the ion waves are weakly 
damped. Some calculations"14 indicate that 

Brillouin sidescattering can prevent filamen-
iation. In practice, however, filaments may 
grow from a much higher noise level than 
the scattering d c r since laser beams often 
have sizable structuy? to start with. Further
more, filamentation is not particularly sensi
tive to plasma inhomogeneity, whereas 
Brillouin scattering is. 

Although filamentation is difficult to 
quantify, evidence for filamentation is rap
idly accumulating in laser-plasma experi
ments. Some of the evidence is indirect, 
taking the form of inferences from struc-
ture"" 5 ' in x-ray pictures of the heated 
plasma or in images of the back-reflected 
light, or of inferences from the angular dis-
tribution"E,8 of half-harmonic light or from 
frequency shifts59 in the reflected light. 
Recently, filamentary structures have been 
observed directly by optical shadow-
graphy,611 by imaging of second-harmonic 
emission,6' and by Thomson scattering62 

from electron plasma waves generated in 
the filament walls. Some experiments™ with 
short-wavelength light also iricicate that im
plosions are degraded when signs of fila-
mentation are present. 

Summary. Filamentation of laser light is 
a potentially significant process in targets 
with large regions of underdense plasma. 
Some laser-plasma experiments show clear 
signs of this process. The competition and 
interplay of filamentation with other cou
pling processes is a rich topic for experi
ment and theory. 

Author: W. L. Kruer 

Raman Scattering at Plasma 
Density Maxima 

Intense laser light incident on plasma is 
susceptible to numerous parametric instabil
ities.63 One such instability is stimulated 
Raman scattering (SRS), in which the inci
dent light is converted into light of lower 
frequence while simultaneously exciting 
Langmuir waves. In this article we discuss 
SRS in plasmas that contain local density 
maxima, and show that particularly low 
thresholds apply for sidescattering in 
that case. 

The matching conditions, which require 
that the sum of the scattered-light and 
Langmuir-wave frequencies equal the laser 
frequency confine SRS to regions where the 
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plasma density is at or below one quarter of 
the critical density for the laser light. In an 
infinite, homogeneous plasma, the SRS 
growth rate is given by 

v(| = (k 2V4)(a> p /Wi) 1 / 2e 0-e l . (61) 

Here v0 is the oscillatory velocity of an elec
tron in the pumping electric field £ 0 (v0 

= CEQ/VKOQ), e„ and e, are the polarization 
vectors of the pump and scattered light 
waves, k 2 is the wave vector of the Lang-
muir wave, and col is the frequency of 
the scattered light wave. In such a plasma 
the threshold for SRS is given by y0 

> {v]v2)y2, where v, and vs are, respec
tively, the damping rates of scattered light 
and plasma waves arising from collisional 
and/or Landau damping. This threshold is 
readily exceeded in situations of interest to 
laser fusion, except in the highly collisional 
plasmas that can arise when high-Z targets 
are irradiated with light of UV or shorter 
wavelengths (see the article "Summary 
of Absorption by Gold-Disk Targets," in 
Sec. 5). 

With this exception, SRS is limited not by 
damping but by plasma inhomogeneitv in 
typical disk-irradiation experiments, such as 
those rece.itly performed on Novette. In an 
inhomogeneous plasma, SRS is generated in 
a resonant region where the matching con
ditions are satisfied locally, and its growth is 
then limited bv connection of the unstable 
waves out of this region, whose size is pro
portional to the local density-gradient 
scalelength V = \d [ln(n)]A/.v; '. 
RosenbluthM has shown that light or 
plasma waves from thermal or other noise 
sources incident on the resonant region are 
amplified by a factor exp(2;rG) in intensity; 
here G = y2/K'v[v2, where z\ (v2) is the 
component of the group velocity of the 
scattered-light (plasma) wave in the gradi
ent direction, and K' is a mismatch factor 
whose value depends on the size of the res
onant region. Furthermore, absolute insta
bilities are found in which reflection of the 
scattered light wave from its critical surface 
plays an essential role.*17 

The value of the scalelength L' defined 
above diverges where the density profile is 
locally flat, and the above theory no longer 
applies. The resonant region remains finite, 
but its extent now depends on the curva
ture scalelength L = [(2u) ' tfu/dx2} l'2. 

Such density maxima, or flat spots, neces
sarily occur in experiments in which thin 
foils become underdense to the laser light 
because of expansion. Density inhomogene-
ities superimposed on the expanding corona 
of a solid forget can be expected to give rise 
to local density fiat spots when the back
ground scalelength is sufficiently long. 

Using a simple fluid description of the 
plat,, na, we can describe SRS by the follow
ing pair of coupled wave equations for the 
scattered wave jitter velocity vy = eA/mc 
and the electron density perturbation 8m 

[rV- + or - or\{x)\ v, = - v{) a%(8n/n) , 

(62) 

[3v;V2 + (co0 - iof - a$(x)](8n/n) 

= ~^(v t "rv,) . (63) 

Here to is the frequency of the scattered 
ligh' wave, v 0 is the jitter velocity of the 
pump, and i\ = {TJm)V2 is the election 
thermal velocity. We write the plasma den
sity in the vicinity of its maximum as 

ct̂ (v) - ft):„,U - x :/L :i , (64) 

and we assume that the pump is ;ncident in 
the x direction. SRS will be generated in the 
vicinity of the matching point given by 

K\X) = |i«j, - rap - w~ - 3v;k2 ']'2 

\3v, 

- - K : , - a)2,)1'2 

± -{or - ftr - c2k2 )' : = 0 , (65) 
L" ' 

where the scattered light has transverse 
wave vector k and where the plus and 
minus signs correspond to forward and 
backward scattering, respectively. If z\/c 
« 1, the matching density is given by co 
= ft),i - (o, and the x component of the 
plasma-wave k-vector is 

A'-,, = — (2(00)0 - or)i,'~ 

± — (2(0(00 - (o2

t - t'"7c ) ' ' : . (66) 
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We can approximate V2 on the right 
hand side of Eq. (63) by - k\, and we can 
treat a>~ on the right hand side of Eq. (62) 
as constant. 

> In this profile we expect the strongest 
instability to occur when the matching 
point is close to the density maximum—that 
is, for 

(u =. a)0 - o)p{] . (67) 

Then the condition that the scattered 
light wave be propagating restricts k L to 
the range 

k] £ — (aft - 2(00copV) , (68) 

with the upper limit corresponding to 
sidescattering, which we expect to be the 
most unstable case. 

In previous work on a parabolic profiled 
Eqs. 6̂1) and (62) were simplified by using 
the Wentzel-Kramers-Brillouin (WKB) ap
proximation on each wave to obtain a pair 
of coupled equations for the mode ampli
tudes. Use of the WKB approximation rules 
out the consideration of sidescattering, or of 
any interaction between forward scattering 
and back scattering'1''; and the approximation 
is inapplicable if w2,, - co^ < 3z':*.'2„ so that 
the turning point of the plasma wave is be
low the critical density Within this (thus 
significantly restricted) WKB approximation, 
Rosenbluth found that forward scattering 
can only be convectively unstable, but that 
backscattering is absolutely unstable, with a 
threshold given by 

- n ,„ £ 1 , (69) 
ly./c" 2 '- 1 

where K" is the second ipalial derivative of 
the mismatch defined in Eq. (65) at the den
sity maximum, where K = -K' = 0. Equa
tion (69) reduces to approximately'1'1 

(F„/cf (*,/<•-) ^[(0^/cf'z-l . (70) 

In the limit of sidescattering vx vanishes 
and the WKB approximation fails, but we 
expect that the correct scaling is obtained 
by setting 

i', ~-lr/w){a)v[]/cL)i/2 , (71) 

in which we insert the minimum wave 
number from an exact solution of the wave 
equation into the expression for the group 
velocity. This provides a threshold given by 

for sidescattering at the density maximum. 
The threshold in Eq. (72) unsatisfactorily 

vanishes with electron temperature: in 
contrast, the threshold foi 5R5 on a 
nonvanishing density gradient is indepen
dent of temperature. For instance, the 
sidescattering threshold is approximately^7 

We thus cannot believe Eq. (72) to be valid 
for sufficiently cold plasma, which suggests 
that an examination of the cold-plasma 
limit would be valuable to determine the 
range of validity of Eq. (72). 

These considerations motivate an alterna
tive approximation, in which we neglect the 
3i>2V2 (dispersion) term in Eq. (63); doing 
this, we obtain what can be thought of as 
either a cold-plasma or a strong-damping 
limit. In the case of a linear gradient,6'''* 
this approximation readily yields the same 
growth rate and threshold as the warm-
plasma analysis. This is not so at a density 
maximum, where ive obtain a nonvanishing 
threshold, in sharp contrast with the predic
tions of Eqs. (71) and (72). In the rest of this 
article we investigate the cold-plasma ap
proximation in some detail. The transition 
from cold to thermal plasma is not yet 
fully analyzed. 

On eliminating 8ti between Eqs. (62) and 
(63), and choosing suitable dimensionless 
variables, we obtain 

—- - JX + (1 + p)(P - (N,) + ^2 

[ ? - / i - (1 - p)(Cl- iN2)\\ ' 
(74) 
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_ l-«vJr 2 " 2'°" 
p = r'<2 /oi2, • 

.V, = ((0„L/c)(vJmitl) , 

i - ( 6 I „ „ / L ' L ) , / - , 

_L w„ A 1 , V 
~T ~ To>. 

r = (A-:L')= 

(75) 

(76) 

(77) 

(78) 

(79) 

(80) 

If /i > 0 (< 0), the plasma is overdense 
(Linderdense) to the sidescattered light 
wave. Equation (74), and the condition 
that the solutions are outgoing as ^ — ± ~ 
(corresponding to an absolute instability), 
together form a Sturm-Liouville system 
thai determines the eigenvalues Q 
- U(r, f.t. p, rV,) for the frequency and 

growth rate of the instability. We have writ
ten a numerical code to determine 12 from 
this system and have used it to check vari
ous analvtic approximation schemes de
scribed below. 

Overdense Case. If |u| » 1 and f.l > 0, 
then the matching point for SRS lies below 
th_> density maximum and the scattered 
wave will be evanescent above this point. 
We can solve in the region | < 0 by linear
izing about the matching point, which for 
'idescattering (the most unstable case) lies 
near u - / / ' : . Defining 

- i V 

'< i - pi i a - /.v,)11 

i 2 ' •- (4 ; ; ' ; i ; s 

> J2<2 -- i [(1 + />).V, .- (1 - ;>). 

r - 4 l i / i : T , 

we obtain 

(81) 

if " ' + i r o 

which maps into the linear-profile problem, 
for which 

Imfi' = - r " ' 2 + | r " 4 , (83) 

so that 

Imfi = -P'2 + ( j t / 2 ) i : r " 4 

+ | ( 1 + P)N, + j l l - P)N2 . (84) 

The inhomogeneity thres! iu!d »s thus 

T > (ti/Tf ' , (85) 

and the damping threshold is 

r« = T k?» 

— [ V J ^ I / W , , <- tSfWo - W,l/Wnj , (86) 

m, = Re(ro) =̂  Yo7, (87) 

Thus we see that the linear-gradient results, 
using the local density-gradient scalelength 
at the matching point, apply until that point 
iies within a few wavelengths of the den
sity maximum—that is, until u ^ 1. We 
anticipate that when sidescattering occurs at 
the maximum, the threshold is P 5 1; we 
confirm and improve this estimate below. 

Underdense Case. If |ji| » 1 and /t < 0, 
a different approximation scheme is avail
able. k>r simplicitv we neglect damping, 
putting \\ : = 0. We rewrite Eq. (74) as 

,f \c A.)\i- - A ! 
• ( ; - >Z2 - Bi 

with 

A . = u - on ± ir + n : ) ' 2 , 
B = ii + (i - p) n . 

Above threshold, A . « A and A . 
« 8, and A . - 0 col responds to the 

f , = 0 . (88) 

(89) 
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homogeneous dispersion relation. Thus we 
have, approximately, 

<<? B, 
(90) 

a parabolic cylinder equation whose eigen
value condition is 

-(2/; + 1) i(B/A ) " 2 (91) 

Above threshold, the right hand side of 
Eq. (91) is small, and we can solve by iterat
ing the equations 

n = 
:;/ - A l p - f ini - fr) - \fi - A;3)1''2 

1 - p -

A = - ( 2 n + l ) i 

x I f + (1 ~ P)U l ' / 2 

I// - pa. - i r -i a 2 ) " 2 

(92) 

. (93) 

starting with A = 0, Since A is of order 1, 
if|^| » 1 the threshold is essentially 
f > j.r/{\ - p2) » 1, or 

k:vlt <v„ 

0Vu2> 

rk-. 

(94) 

which requires that the excited plasma 
wave frequency corresponding to side-
scattering should not exceed the plasma fre
quency at the density maximum by more 
than the homogeneous growli rate. 

Sidescattering at the Density Maximum 
fi ~ 0. Our analysis of the underdense and 
overdense cases indicated that the lowest 
threshold is for sidescattering right at the 
density maximum, with a threshold given 
by T > F(p), where F is of order 1. The 
case p = 0 (where the maximum density of 
the plasma is quarter critical) can be readily 
treated bv WKB methods, which yield 
a threshold 

and an approximate growth rate for T >> 1 
given by 

Q = - tTm 

x [l - QA3e^i!r/3r 2/\2n + l)" 3] , (96) 

where n = 0 corresponds to the first 
and most unstable of a series of unstable 
eigenrnodes. In dimensional units 
this becomes 

^ J > i , (97) 

We have thus shown that one can expect 
enhanced SRS from regions of the target 
plasma where the local density gradient 
vanishes, and we have exhibited thresholds 
and growth rates. Figure 3-24 shows the 

Fig. 3-24. Growth rate 
vs pump parameter for 
quarter-critical SRS at 
a density maximum. 

f > 0 3i(2n + 1)- (95) 
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normalized growth rate Im(fi) as a function 
of pump parameter T for the case p = 0 
(quarter critical density), for which the in
stability is truly absolute, for various v?lues 
of the mismatch parameter ^. The agree
ment between the analytic approximations 
and the numerically determined eigenvalues 
is excellent. Figure 3-25 shows typical eigen-
functions and the corresponding effective 
potentials of the Schrb'dinger-like Eq. (74) 
for the underdense, overdense, and critical 
cabes. The real part of the potential is es
sentially the negative of the density profile; 
it vanishes at the turning point of the light 
wave. The imaginary part of the potential 
arises from the unstable coupling with the 
plasma wave, and peaks at the matching 
point(s). Note that the eigenfunctions have, 
respectively, finite, small, and evanescent 
k-vectors at the density maximum in the 
underdense, critical, and overdense cases. 

Because the curvature thresholds at 
plasma-density flat spots are so low, thresh
olds in these regions will, in practice, be 
primarily determined by damping. In this 

sense, exploding-foil experiments simulate 
future reactor targets, for which scalelengths 
will be long enough that we must rely on 
collisional damping to keep SRS below 
dangerous levels. 

Author: E. A. Wiliiams 

ZOHAR Emulations of 
Raman Sidescatterrng and 
Two-Plasmon Decay 

In 1984 we resumed two-dimensional 
kinetic simulations of Raman scattering 
and two-plasmon (2cofll.) decay using the 
ZOHAR code.'''' Motivated by recent experi
ments, we typically use an electron tem
perature of 2 keV and illumination 
intensities corresponding to IX2 < 10 b 

W/cm2, where X is the laser wavelength 
in microns. Spatial scalelengths are chosen 
to place the instability slightly above its 
density-gradient threshold. Our intent is ,o 
check linear threshold theory and nonlinear 
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saturation mechanisms and to leam why 
observed heating in the underdense plasma 
is commonly weak. 

The plasma is initialized as a planar self-
similar flow, shifted in velocity such that 
the positions of the 0.15» ( (for Raman scat
tering) or 0.25/J, (for two-plasmon decay) 
surfaces remain fixed. Plasma floivs into 
the simulation region at the high-density 
end with speed <t\, and out at the low-
density end with speed >L\, . Because of 
this velocity gradient and the small values 
of v^/i'i oc /A~/T(„ Brillouin back scattering 
is below threshold. 

Raman Scattering. The ZOHAR simula
tions support the Afeyan/VVilliams linear 
theory'1* for gradient thresholds for Raman 
sidescattering. Their analytic approximation 
to the growth rate is 

{(ov/(o0)~ 

i(QnL.'c) a' " 

where 

(98) 

(99) 

and where electron temperature modifica
tions are neglected. The analytic results 
are supported by numerical solution of the 
coupled mode eigenproblem in x space. For 
an exponential density profile with density 
(it), scalelengih L„ = WOY/r... and periodic 
boundary conditions in the transverse (i/) 
direction, corresponding to the theory 
(which has real-valued /:,.), we find (at 
0.15'!,) good agreement between theoretical 
and simulation values of the growth rate y 
(see Table 3-3). Reference 71 provides an
other theoretical calculation, which it incor
rectly states is in disagreement with Ref. 70. 

In these simulations, the laser is directed 
in the positive x direction (opposite to the 
density gradient) and polarized in the z di
rection. The simulation proceeds in the x-y 
plane, with periodic boundary conditions 
in the transverse (i/) direction. For economi
cal comparisons with theory, the ion motion 
is not calculated and the transverse dimen
sion Lu «s a single wavelength of the 
scattered light. 

How large must the transverse dimension 
L„ be for reasonable duplication of linear 
growth in an aperiodic system? A simulation 

Intensity, 
Theory 

0.020 -4.6 X 10 -4 Stable 
0.025 1.1 X 10 3 1 x 10" 3 
0.028 1.9 * 10 1 1.6 x 10- 3 

of duration T is surely valid if Lu > v„T, 
where i> - ckjto^ is the group velociiy of 
the scattered light. Less conservatively, by 
analogy t j other such problems, periodicity 
may be irrelevant if y exceeds v /Lu, i.e., if a 
wave packet of scattered light exponentiate? 
in less than its transit time. Periodicity has 
less nonphysical effect when density inho-
mogeneities disrupt phase coherence across 
Lu. These inhomogo- cities can be due to 
ion waves associated with Brillouin sidescat
tering, ion waves driven by the plasmons 
of Raman sidescattering, or curvature of 
density contours. 

The transverse dimension required for 
reasonable duplication t f nonlinear satura
tion in an aperiodic sys'^m involves addi
tional issues. The transvc.se wave vector fct 

is discretized to multiples of 2K/LU. The 
sidescattering process for each mode is con
centrated at the density for which or = w2, 
" icku)2. Each mode extends over a range 

of densities, as can be observed *n smaller 
systems. We would like to have the ku spac
ing close enough that the modes overlap in 
space. This demands values of Lu higher 
than we have used yet (e.g., 10 wavelengths 
of the scattered light). Brillouin sidescal-
tering, which coexists with the Raman, is 
even harder to model satisfactorily because 
the group velocity of its scattered light 
is higher. 

A simulation with mobile ions was run to 
time T = 4800ft),, '. In this simulation, the 
transverse dimension was LtJ = 53.6c/0) ( ), or 
four wavelengths of the Raman-scattered 
light at 0.15/i (. Although Brillouin backscat-
tering is suppressed by the flow-velocity 
gradient, about half the light is sidescattered. 
The longitudinal field energy peaks at one-
third its maximum value in the fixed-ion 
runs. Late in time, the absorption is less 
than 6% into a spectrum whose main body 
is Maxwellian (7 h ( 1 [ = 40 keV) but whose 
tail above 100 keV is lower than for such 
a Maxwellian. 

Two-Plasmon-Decay Simula t ions . The 
2ft) decay simulations were similar, except 
that the laser was polarized in the plane of 
the simulation, the density range was 0.19/1, 
to 0.29uc, and the density scalelength was 

Table 3-3. Growth 
rales for Raman 
siiescatlering. 

http://transvc.se
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L„ = 200c/Q)0. Again, runs were made with
out and with ion motion. As in our earlier 
work,7 2"7 4 ion response is an essential aspect 
of the saturation of the 2(0^ instability. 
Fixed-ion runs reach much higher plasmon 
wave energy and Thot. 

With the ions frozen, the plasmon wave 
energy reaches 0.035 (in normalized units), 
then settles to 0.019. This burst and collapse 
are accompanied by a peaking of electron 
thermal energy and a temporary depletion 
of the light wave in and past the instability 
region. Later, absorption is 30% into a non-
Maxwellian distribution that peaks at 
10G keV and extends past 500 keV. 

However, as we have reported before,72-7"1 

ion response plays a dominant role in the 
saturation of 2co H. decay. The beating of the 
broad spectrum of high-frequency decay 
waves drives up ion fluctuations, which 
then couple the electron plasma decay 
waves to shorter-wavelength, more strongly 
damped perturbations. On a much longer 
time scale, plasmon wave pressure produces 
a density step, whose gradient then stabi
lizes the 2a) instability. These features 
have been observed in several experiments 
using Thomson scattering. In a recent 
mobile-ion run, the longitudinal field en
ergy peaked at 5.5 x 10 \ and the absorp
tion was less than 3%. 

/ ..hough the theoretical thresholds are 
confirmed, the simulations show that ex
ceeding the linear threshold need not result 
in strong absorption. The^e simulations will 
resume with additional diagnostics on the 
space and time evolution of the electron 
<",:id ion temperatures and on the ion-
density and longitudinal-field spectra. The 
relative timings of features in these diagnos
tics will clarify the nonlinear saturation 
processes that determine absorption and 
hot-electron temperature. 

Authors: A. B. Langdon, W. L, Kruer, and 
B. F. Lasinski 

"i MeV by a mixture of forward and back
ward Raman scattering. Higher intensities 
lead to preferential absorption by forward 
Raman scattering and hence to higher 
temperatures. The scattered light (both 
up- and down-shifted) appears to be 
strongly absorbed. 

As M 2 approaches 101 8 (as can easily 
occur with high-powered C02 lasers), the 
oscillatory velocity of electrons accelerated 
by the transverse electric field of the laser 
light wave approaches the speed of light, 
indicating enormous electromagnetic energy 
densities available for heating. (Here / is .he 
laser intensity in W/cnr and Â  is the last/ 
wavelength in microns.) At these intensities, 
the spatial gain length of Raman forward 
sc^enng ' 7 becomes less than a light wave
length. Recent experiments and two-
dimensional simulations''1 have found 
high absorption (—80%) into very high 
electron temperatures (approaching 1 MeV): 
this article explains these resuhs in terms 
of fonvard Raman scattering. 

Stimulated back, side, and forward Raman 
scattering (SRS)'""h"1 in laser-produced 
plasmas can generate high-energy electrons, 
which can reduce the energy gain of laser 
fusion targets. SRS is the parametric decay 
of an incident photon into a scattered pho
ton and a longtitudinal electron plasma 
wave. The wave numbers k and frequencies 
co obey the matching conditions charac
teristic of parametric processes, k,, = ± k s 

+ k t p u and 0)„ = (o^ + <ut,pVk (the sub
scripts 0, s, and epw refer to the pump, 
scattered, and electron plasma waves, re
spectively; the - sign refers to backscatte.-
ing). The growth rate for Raman backward 
and forvard scattering is 

w 4(0„ 

(100) 

Heating of Under dense Plasma 
at High Ik1 

We use a relativistic, elecrn magnetic, one-
dimensional kinetic computer simulation to 
determine hot-electron temperature and ab
sorption of laser light in underdense plas
mas for M2, approaching 101 8 W-junr/cm2. 
Electrons are very rapidly heated to 0.1 to 

3-42 

: 8.55 x 10 , l ,/L7i'W/c (101) 

where £„ is the laser peak (vacuum) electric 
field, <op is the plasma frequency at density 
n, and wt is the density at which the laser 
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frequency a>0 = co The spatial growth 
rale k\ of the electron plasma wave can 
be approximated by *s = YiAv^v

m^)m> 
where i' = c(l - (o2Ja)2)m and v 

This rapid heating can be seen in the 
phase-space plot of Fig. 3-26. Laser light is 
incident from the left; the long-wavelength 
electron plasma wave has the correct wave
length for Raman forward scattering and 
lags behind 'he laser light wave by onlv 
about 10 free-space wavelengths. The noise 
in the forward-scattered wa«e grows as the 
wave moves from left to right. In the high-
amplitude part of the plot, one can see the 
iho.t-wavelength electron plasma wave 
(due to Raman backscattering) superim
posed on the long-wavelength forward 
scattering. The noise in the Raman back-
scattering grows as the wave moves from 
right to fen". The forward scattering is com
parable to the backscattering, in spite of its 
lower spatial growth rate, probably because 
the electromagnetic turbulence from the 
laser-plasma interaction provides a large 
noise initialization. 

The transmitted and reflected pectra are 
very broad, as is to be expected hjm the 
large imaginary part of the frequency due 
to the growth rate and to Landau damping." 
forward Raman scattering produces both 
up- and down-shifted light, since both 
modes satisfy oj and k matching; backscat
tering does not upshift, since that is far 
from resonance. 

The Manley-Rowe relations state that the 
pumping energy is partitioned into the scat
tered light wave and the electron plasma 
wave in the ratios (oja)0 and (O,,pw/(O0, re
spectively. Jf the ftvicliojis of light into 
plasma heating and external scattering are 
examined, one might conclude that the 
Manley-Rowe relations are not obeyed: 
they are locally obeyed, however, since the 
scattered light is so intense that it is subse
quently absorbed. Even if the plasma den
sity is greater than quarter critical for the 
scattered light (wj/w; > 0.25), the light can 
still be rapidly absorbed by a forward 
Compton effect, as is shown by the points 
in Fig. 3-27 for n/}\ = 0.5. The A" plots of 
the electromagnetic light for the ti/n,. = 05 
runs show that the light is Internally up-
shifted to about 1.25w,| and is then rapidly 
absorbed. Note that the threshold for the 
absorption at n/n^ ~ 0.5 is about at M~ 
~ (1 to 3) x 1Q17 W.//m7cm 2. The heating 
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and frequency shifting mechanism may be 
a form of Compton scattering. *"" 

When characteristic runs were repeated 
with the code not relativistic, the heatirg 
was even faster. The time and space _>teps 
were reduced to 64 per laser period and 
laser wavelength without significant change 
in hearing. To remove the oscillator)' part 
of the heating, a wave packet was sent 
through the plasma and hhe heated electron 
temperature was measured aftf 'he electro
magnetic wave had passed: again the heating 

Fig. 3-26. Electron 
phase space in which 
the laser enters from 
the left. The long- and 
short-wavelength os
cillations are Hainan 
forward and back scat
tering, respectively. 

Fig- 3-27. Heated elec
tron temperature vs 
!>.], and ti/)ic. 

http://lnili.il
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I ig. 3-28. A 2-D ray-
tract- plul of a 100-J 
laser light pulse, inci
dent from the right, 
focused to a 50-^im-
di.im spot on a 15-^im-
thick CH film. The 
time is 0.1 ns after the 
peak of the 1-ns 
(i'WHM) pulse. 

was about the same. Finally, the plasma 
length was doubled without leading to 
substantial changes to T h o l . Recent two-
dimensional results86 show that Raman 
sidescattering in the forward direction may 
be important. 

In summaiy, Raman forward scattering 
may play a major role in the very strong 
underdense plasma heating observed in 
CO- experiments. 

Author: K. G. Estabrook 

2-D LASNEX Studies of Burn-
Through by Small, Intense Spots 

We used 2-D LASNEX to study the effects 
of foil thickness and laser spot diameter on 
the (burn-through) time required for laser 
light to ablate a CH foil enough that the 
light is transmitted. Ihroughout the study. 

the laser intensity and wavelength were 
3 x 10 l 3 WA-nrr and 1.06/im, respectively. 
We find that .iO-/im spots bum through 
much faster than larger spots: this is be
cause spherical divergence allows the debris 
to convect away rapidly, and because a kind 
of thermal self focusing8' allows the light to 
become quite concentrated in the foil hole. 
The burn-through time is about the same 
with diverging //4 optics as with converging 
//4 optics. 

Figure 3-28 shows a representative cal
culation. Here a 100-J, 1-ns (FWHM) Gauss
ian pulse was focused into a 50-/jm-diam 
spot on a 15-pm CH foii. Light rays are just 
burning through 0.1 ns . i fter the peak of the 
pulse. Other rays are reflecting off the 
funnel-like critical surface onto the central 
axis, where the peak intensity becomes 
3 X 10'° W/crrr, an order of magnitude 
greater than the incident intensity (and 
probably limited by the numerical mesh of 

: Gum) 
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the simulation). The density is 0.1HC, and 
the temperature is about 1.5 keV where the 
filament intensity is greatest. 

Figure 3-29 gives burn-through times for 
CH foils 2.5, 5, 10, 15, and 20 ̂ m thick with 
spots 50, 158, and 500 /im in diameter. The 
effect of the spherical divergence is small 
for very thin foils (e.g., 2.5^m) and consid
erable for thick fcils. 

The implication of these results for laser 
fusion is that small spots simulate the hot 
spots of a much larger laser beam/ 7 and 
could represent a failure mode in direct-
illuminatjon implosion experiments. 

Author: K. G. Estabrook 

Direct Implicit Electromagnetic 
Plasma Code 

A direct implicit particle-in-cell (PIC) 
plasma simulation model with full electro
magnetic (EM) effects has been imple
mented in two-dimensional Cartesian 
geometry [two spatial coordinates (.v, y) and 
three velocitv coordinates (V,, Vur and V.)]. 
We expect to find this code useful for stud
ios of electron heat flow and ion-beam 
propagation in ICF and other applications. 
In particular, we anticipate several applica
tions related to the effects and generation of 
strong magnetic fields. 

The model, implemented with the D| 
time differencing scheme,*" has progressed 
through a succession of vert ions, starting 
with a one-dimensional electrostatic (ES) 
version.**1' The ES version was implemented 
firs' to gain experience with spatiaf dif
ferencing in forms suitable for extension 
l.o the full EM field in two dimensions. 

The addition of EM effects entails a con
siderable extension of the ES model.'"' The 
most obvious additional requirement for the 
particle pusher is thai particles must un
dergo a rotation; and, of course, EM codes 
require accumulation of particle current as 
well as charge density. Rotation poses no 
new difficulties, since- it entails only a sim
ple application of the algorithm used in ex
plicit EM codes. Implicit codes also require 
the accumulation of coefficients with which 
to represent the part of the plasma charge 
and current densities that ari^s from the 
advanced electric field E. Unmagnetized ES 
codes need one scalar coefficient; EM codes 
require vector quantities, w hich become 

E 15 

X 
*S 10 

Q ^ 

Pulse -v 
peak ^ 

Spot 
diam 
(/xm) joules 

• 50 102 

D 150 103 

A 500 104 

I 
0 1 

Bum-through time (ns) 

tensors when the rotational contribution 
from the magnetic (B) field is considered. 
The earlier ES work provided guidance for 
ihe accumulation of these coefficients; the 
tensors are easily obtained with vector 
quantities accumulated from the particles, 
as is done in explicit EM particle codes. 

The implicit EM field solution is also con
siderably different from the implicit ES 
code. The E-field calculation now includes 
an inductive part in addition to the electro
static, and of course the B field must be 
self-consistently advanced. Below we dis
cuss the model and then describe numerical 
implementation of the field equations and 
some boundary condition considerations. 

The EM Direct Implicit Model. The 
model with the D, difference scheme can 
be expressed as follows: The particle 
description is given by 

]."2 H - & l 

(102a) 

xn + Af v„. ,, : (102b) 

(102c) 

where the quantities x, v, and a are consid
ered to have index i for the ith particle. The 

Fig. 5-29. Bum-
through time vs foil 
thickness for spots of 
50,158, and 500 fim di
ameter with an inten
sity of 3 x 10 1 5 

W/cm2-
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field equations are finite-diffeienced in time 
and are 

E , „ - E , = t A T x B„. 1 / 2 

+ in A: J„. 1 / 2 (102d) 

B » . i / ; " B„ l / : = - cAfV x E„ (102e) 

B„., - B„ . , , . ,= - A x E„., (1020 

E„ = { |E„. i + E., i) • (l«2g) 

The fields are coupled to the particles bv 

P„- , = V ^ V s i X , - x„.,) (102h) 

J„ ^ '!. V v„ 

L . w t X j . = ? s y*..- i /2S(Xj 

L.i/2(Xj) = Ti: .„.i«iXji 

(104b) 

+ } < ; . V * „ . l . : s ( x i - x„) . (i04c) 

The source terms needed for the field solu
tion are obtained by summing over species 
to obtain 

A, - i (X j )= N * A, . . i (X j ) 

I».i/2fXj) = V L . ^ t X j ) 

and the tensors 

(105a) 

(105b) 

x - [S(X ( - x „ | •*• SfXj - x r , . , l ] (I02i) 

where the (vector) index } denotes the 
(J, k) grid location. The shape factor S 
relates each particle to the spatial grid at 
position Xj. 

This scheme is implemented in two steps. 
First we advance the particles to an inter
mediate level (the so-called ~ , or tilde, 
level) using everything but the advanced 
E field (a step called the "pre-push"): 

At 

1 , . ( **, 
" ' 2 * ' " " ' - ' mc 

x„ , ] = x„ + At v , ( . ,,-2 • 

(103a) 

(103b) 

Next we accumulate a charge and two cur
rent densities for each species by surnming 
over particles: 

A (Xj) = ./s V s(Xj - * „ 

&,) = V i A r 

- A . , . , ' X j ! | 1 + R.|X||j (105c) 

1 — 4 

* — J . , . i ;|X|1 x [1 + RjX,)J (i05d) 

are computed on the spatial mesh. The ro
tation tensor R, is given by 

RjX:i ' 1 - 2 0 x 1 + 288 

(106a) 

(104a) 

fiAf .7 B(X|1 A/ 

"-—'-it- ( 1 ° 6 b > 
the tensors x a r"d £ a r e constructed so that 
the total charge and current densities p„. , 
and J„, ,,-, can be recovered from 
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A „ !(X|) = A,. l(X,) - V ' r t . l (!0 7 a) 

+ Z-E„,i - V x 5-E,,,, . (107b) 

The field equations are solved by sub 
stituting the expressions for p l r , , and J„ 4 ] / 2 

into Eqs. (102d) to (102g). Rearranging, we 
replace Eq. (102d) with 

E - A\v2E - V(V-E)J 

+ 4ff(/-E + V x g-E) = Q (108a) 

Q = E„ - 4ffA< j + i Al V x B„ „ , 

- AV x V « I„ , (108b) 

•4 = ~ (108c) 

where the unsubscripted E is E„ + y The 
equations for E govern the evolution of 
both the electrostatic and inductive parts of 
the electric field. Taking the divergence of 
Eq. (108) and requiring that V-E = 4?rp, we 
obtain the following consistency condition 
on j„ ( ,/2: 

V.(1 + 4*j0.E 1 M l 

= V-E„ - 4TTA< V .J„ . U 2 . (109) 

This is equivalent to requiring that the con
tinuity equation 

4flj3IM ! - V.E„ + 4/rA/V.J„. l / 2 = 0 (UO) 

be satisfied at the ~- level. 
It is possible to arrange the accumulation 

of J so that Eq. (110) is satisfied automati
cally. In practice, however, it is more con
venient and less noisy to obtain each 
component of J in a manner analogous to 
that used for p and to correct the irrota-
tional part of j so that Gauss's law is satis
fied.90 The correction is obtained in the 
form of the gradient of a scalar potential, 
added to J„, ,;-,. The scalar potential is gov
erned by the Poisson equation that results 
from this substitution into Eq. (110). 

Finally we finish the particle push (a step 
called the "final push") using the new 
E field: 

2 [m n 2 mc K 'j 

(Ilia) 

« , , , = *„. , + Atov (111b) 

V„. l /2 = V,,,,,; + SV (111c) 

*„ = }[V,+^-E„.,(*„. ,) ] . (Hid) 

The consistency of the method depends 
on the details of the connection between 
the particles and the self-consistent fields. 
Inconsistencies can arise on several levels. 
We have found it unnecessary to iterate 
Eqs. (Ill), so that the new E for each parti
cle is actually evaluated at the full new par
ticle position, as the model calls for in 
fiqs. (102), This inconsistency can easily be 
reduced, if need be, by cycling through 
Eqs. (Ilia) and (111b) until x„ 11 converges. 
Such consistency might be important for 
energetic particles ejected from a strong 
plasma-density gradient. 

A higher level of consistency is required 
in the accumulation of / and £ to ensure 
that the correction of the j—which, in turn, 
is required to ensure that V-E = 4np is in 
fact satisfied after the final push. The pre
scription given in Eqs. (105c) and (105d) is 
adequate and robust for many applications, 
and it is relatively fast. Other options are 
discussed by Langdon and Barnes.*' 

This scheme appears to need two 
input/output passes through the particles, 
but one pass can be eliminated by combin
ing the final push of step n - 1 with the 
pre-push for jtep n for each buffer of parti
cles. Both parts of the particle push can 
now be carried out at the same time, so 
that only one particle-buffering cycle is 
needed for each time step. 

A minor inconvenience is that all particle 
quantities are at the ~~ level, except for a 
brief period in the middle of the reordered 
parts of the particle push. But these quanti
ties are (conveniently) consistent for di
agnostic purposes, because the particle and 
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Fig. 3-30. Mesh loca
tions of field and 
source components 
used in the t'-field 
calculation. 

current densities are also computed only at 
the ~~ level. In fact, all plasma source di
agnostics of the simulation are representa
tions obtained from —-level quantities. 

Numerical Implementation of Field 
Solution. The reduction of the field algo
rithm to a finite-difference procedure on a 
mesh has several pitfalls that can reduce 
the utility and robustness of the code. The 
relative positions on the mesh at which 
evaluations are made can significantly affect 
the numerical diffusion exhibited by the re
sulting algorithm. Almost as important, the 
positioning of the field and source compo
nents can determine the effort required to 
implement various choices for boundary 
conditions. Previous one-dimensional FS 
studies89 provide guidance for the selection 
uf locations for quantities likely to dominate 
when EM effects are less important. We use 
th'1 storage locations shown in Fig. 3-30, 
where the superscript * implies all compo
nents and where 

x, ^ *mm

 + jix

m^ ' xmmVNi 

fa = .Vmin + fc(.Vmilx " .Vn.inXN* • 

(112) 

Quantities not specified in the figure corre
spond to the cell corners—that is, to integer 
{j, k) values. 

All quantities in the particle pusher are 
considered to be at cell comers, so that the 
currents and various parts of X and C must 
be averaged to the approprate positions 
before the field solution, and the various 
component? of E and B are averaged back 
to cell corners before returning to the par
ticle advance. 

The solution of Eq. (108a) is the most in
teresting part of the field solution. The 

other field equations, Eqs. (108b) to (108d), 
can be evaluated point by point once E„ + . 
is known. Equation (108a) involves a cou
pling of E components and plasma source 
terms that is difficult \o solve unless it is 
properly arranged. One-dimensional tests, 
for example, quickly showed the advantage 
of solving all components simultaneously 
with a linear system solver. Picard iteration, 
in which one solves for each component in 
turn using the most recent values for the 
other components, generally converged 
slowly and led to additional constraints on 
At. For (Q<vAt > 2, Picard iteration did not 
converge at all. 

The one-dimensional results suggest that 
a simultaneous solution may be essential :n 
two dimensions as well. Since a direct solu
tion would require far tec much storage, an 
iterative solution has been implemented. 
We have achieved good results with an 
alternating-direction implicit method that 
solves all three component equations simul
taneously in each direction pass. As in 
one dimension, no new constraints on At 
emerge, and the convergence is remarkably 
rapid in those cases in which the x coef
ficients dominate. Even if the plasma terms 
are small, convergence is still more than 
acceptable if the terms with A coefficients 
are comparable to other coefficients in 
Eq. (108a). For example, typical problems 
on a 32 x 32 mesh can easily be iterated to 
residue-to-field ratios of 10 4 for less than 
10% jf the particle-pushing cost, assuming 
15 particles per cell. 

The desired boundary conditions must be 
built in to the coefficients sent to the linear 
system solver. In general, we allow i.he field 
values needed at each boundary point to 
be unknowns and define boundary value 
equations for each point such that the 
boundary point and the nearest interior 
neighbor are coupled to the desirea bound
ary condition. For example, 

a,E„l/ = 0,A- + l/2i 

+ a2Ev[j = l,k + 1/2! = a3ifc + 1/21 (113) 

provides a Dirichlet condition on £w(.tm i n) 
for fl, = 1, a2 = 0, and a given n3(y) (the 
desired boundary value as a function of y at 
xmm). Other choices allow easy imposition 
of Neumann conditions, and either type of 
boundary condition can be implemented for 
integer or half-integer mesh storage. (Periodic 
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boundary conditions do not fit into this 
scheme. A separate linear system solver has 
been constructed to provide this capability.) 

It is often useful to be able to rm with 
f M wave boundary conditions. If we wish 
to consider a transverse-magnetic (TM) 
wave incident on the simulated plasma 
from the region to the Ie t of .T m m , for exam
ple, we need a relation to connect £„ and B. 
at .Ym j n at the advanceu time (becausr the 
field calculation is also implicit). The de
sired relation is 

^; r -» . , •• £ I = | B . . „ , . , . . 

right-traveling 
specific input 

left-traveling reflected rf 
(114) 

vhert 
£.,, l ( „ . | have not yet been determined. 
The quantities B : d(/) and B:b(t) are the speci
fied time-dependent rf drive input and bias 
fields, respectively. 

To use Eq. (114) as a boundary condition 
for the E-field calculation Eq. (108a), we 
must eliminate thes^ unknown Bz quantities 
with expressions for known -~ quantities 
and earlier field quantities. We use 
Ampere's law, Eq, (102d), to eliminate 
&:.< 1.2;; • '•:< a n d Faraday's law, Eq. (102e), 
to eliminate B: , , ( , . , 2. Then, assuming 
no plasma currents at .v m i n , we have 

i l i') E„ 

2 B V - ll + v '!£„ 

K, (115) 

where v = c dt/ttx. This relation is in the 
form of Eq. (113), as our algorithm requires. 
An example of the use of this relation can 
be found in the article "Compression of 
Microwaves by a Moving Compact Torus," 
later in this section. 

Fi lamentat ion Example. The problem 
of beam filamentation, which is of interest 
in studies of electron-beam propagation, 
currently serves as a test problem for our 
code. We start with a charge-neutral plasma 

column of circular cross se:tion. Two elec
tron components, a low-density "beam" 
and a higher-density "target," are initialized 
to counterstreum through the massive ion 
column. The filamentation instability results 
from the merging of low-density beam par
ticles to form current filamenls. These fila
ments coalesce in regions that now exclude 
the target electron component in order to 
preserve charge neutrality. 

Figure 3-31 shows the disposition of 
beam electrons after several instability 
growth times. Later, as the instability nears 
saturation, the beam-species filaments have 
further coalesced into one current channel, 
as shown in Fig. 3-32. The target-electron 
distribution in Fig. 3-33 exhibits the ex
pected exclusion from the region*"- now oc
cupied by the beam filaments. Parameters 
are co^ At = 1, AT, = Afv = 32; typically x 
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Fig. 3-31. Early 
electron-beam 
fi lamentation. 

Fig. 3-32. Coalesced 
electron-beam 
f i lammts. 

Fig. 3-33. Reduction ;.i 
target electron density 
at the location of the 
electron beam. 
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Fig. 3-34. Azimuthal 
magnetic field encir
cling coalesced elec
tron beam. 

= 100 < 

=* 1.0 and C =* 0-05. Figure 3-34 shows the 
x and y components of the magnetic field 
that develop around the beam filaments. 

This code should have wide application 
as it matures. We hope to use it to investi
gate the magnetic configurations that are 
believed to exist around laser focal spots on 
ICF targets. Other possibilities include the 
investigation of magnetic reconnection in 
ICF targets and of related phenomena in 
the earth's magnetotail. Eventually we ex
pect that a cylindrical version of the code, 
able to treat various components of the 
plasma with a fluid representation, will be 
useful in investigations of particle-beam 
physics for ICF ant1 other applications. 

Authors: D. W. Hewett and A. B. Langdon 

Electron-Ton Collisions in Partially 
Ionized High-Z Plasmas 

Laser energy absorption and subsequent 
heat transport in high-Z plasmas illumi
nated by short-wavelength, long-pulse laser 
beams of modest intensity are both con
trolled by electron-ion collisions. Com-
iionly used expressions for the plasma 
electrical and thermal conductivities are in 
serious error for physical parameters of 
practical interest (as are laser absorption 
opacities, which are intimately connected to 
electrical conductivities). The improved low-
and high-frequency electrical conductivities 
presented here are significantly lower than 
those given by the naive expressions, be
cause we include ion-ion screening when 
calculating the scattering potential about an 
ion. Similarly, our improved thermal con
ductivity is significantly lower because we 
include the contributions of higher-energy 
electrons that penetrate the bound-electron 
screening cloud and are scattered by the 
nuclear charge, rather than by the ionic 

charge. (We note in passing that all this 
physics is important in computing brems-
strahlung rates as well.) 

Elementary considerations display the 
physics of interest. The collision cross sec
tion oe, for electrons colliding with station
ary point ions of charge Z is roughly xr^i 

= 7z(2Ze2/mevl)2, where rei is the interaction 
distance at which the potential and kinetic 
energies are equal. In fact, the cross section 
is considerably larger than this because of 
the long range of th? screened Coulomb in
teraction, ( - Ze2/r) exp ( - r/As), which is 
only cut off by plasma screening at large im
pact parameters b: the correct expression is 

cr„: as 7TCi In A_: (116) 

Here In A e i = ln(^ m a y^ m j n ) > 1, where bmax 

~~ As is the screening length and &m i n ~ rei 

is fixed by the onset of large-angle scatter
ing. The large-angle scattering contribution 
to the cross section is about xr^v or a factor 
of In A o i smaller than the multiple-small-
angle contribution of interest here. This 
article concerns the factors Z2 and In A 
in Eq. (116). 

Essentially, o\., entc*. calculations of both 
the laser absorption and the electron heat 
conduction coefficients. In plasma science, 
the most commonly used expression for 
both As and b m a x is the electron Debye 
screening length ADt, = i\J(opi„ where mvvl 
= Tv is the electron thermal energy. For 
laser absorption, the very high frequency of 
the laser field, w, > a) , can introduce the 
modification Dm i i y — vj(0{, which reflects 
the effective reduction of the screening 
length because of the weak absorption of 
laser energy that occurs when an electron 
jitters rapidly while colliding with an ion. 
Collisions with larger impact parameters in 
the presence of the laser light tend toward 
adiabatic and thereby conserve energy, so 
that negligible absorption results. 

Our primary improvement of the laser 
absorption opacity ronsists of recognizing 
an improvement to the above discussion 
that has already been made for the thermal 
transport coefficient.91 Screening of ions 
by other ions is dominant in our laser-
produced plasmas. It is well known that 
the total screening length As in a plasma 
is given by 

1 1 1 (H7) /&. A?,, 
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where A n , = V / w p i , and where A s ^ A n , 
< A | V whenever Z*T r > T,, as is typically 
Ihe case in the laser-produced plasmas al
ready described. (Here Z* is inni^ charge.) A 
physical picture of this is that m establish
ing its screening cloud, an ion more readily 
displaces other ions from its vicinity than it 
attracts electrons. 

The reduction of the effective screening 
length is often not as severe as indicated bv 
ELI. (117), however: this fact also has alreadv 
been recognized in (lie thermal transport 
coefficient calculation." 1 I-or the laser plas
mas of interest ?•„, the ion sphere radius de
fined by 4/rr (;.\./3 -= 1. comes mm play. Our 
plasmas are tvpicallv not conventional plas
mas at all—rather, they are dense plasmas, 
tor which 4^A ]

1, | 1\',/3 - {A[h/:\.V - . 1. In this 
limit, Debve screening goes over to neutral-
cell screening, which is characterized by the 
length r,,. Thus we have 

!'ri ( i .-̂  min f',..•'re,, niii\ iA,, f,,i . (118) 

Tvpicallv A„ • i\, - i\./(ol. *o that ( \ n i , — i\. 
obtains, c\nd the very-high frequency effect 
is unlikelv to occur in laser plasmas. 

Our improvement ot the heat transport 
coefficient arises from considering electron 
collision^ with parliallv ioni/ed atoms. A 
reduction of the elechon I hernial conduc
tivity results from the increase in a ( 1 | for 
higher-energy electrons, for which />m i n be
comes smaller than r,, (lie radius that char
acterizes Hie bound-electron screenir, "loud 
about the nuclear charge Z n . The energv-
transporting electrons mav collide wiHi the 
ionic nuclei themselves: these collisions 
will have a cross section that is larger by 
roughlv the factor (Z,.//*)". Corrections 
associated with the Coulomb logarithm, 
which mitigate this effect, must be included 
in the calculation. 

Electron collisions with the nuclear 
charge also increase the laser absorption 
strength, but only weakly because the 
modest-energy electrons that dominate this 
process are rarely energetic enough to pene
trate the bound-electron cloud. 

Quantum considerations also enter the 
calculation of collisions in plasmas, but they 
are rareiv of significance for the systems of 
interest here. The classical minimum impact 
parameter '',,,,„ is determined by the onset 
ol large-angle scattering [fl{f\.„„) - n\. 
large-angle scattering mav also be identified 
in the quantum treatment as 0 u i -- n. 

which emerges naturally fiom the same 
physics. The quantum analysis is logarith
mically divergent in the limit of small scat
tering angles (as in the corresponding 
large-impact-parameter classical limit), but 
obtains its finite result from uncertainty 
physics. 4 2 Quantum collisions on a screened 
Coulomb potential result in an effective 
minimum scattering angle 0^in = A i m /A s , 
where the deBroglie wavelength A i 1 (, 
= h/ni,j\,. Whenever the classical mini
mum scattering angle 9mm ^ 0 ( f ' i n i J falls 
below the quantum value, the quantum 
value must he used. Thus we have / ! ^ i n 

== /'I„,1V min(l , A ^ / A j . For plasmas of inter
est this occurs only in the bremsstrahlung 
emission calculation: this is because trie 
effective screening length of Eq. (118) is 
quite small, so that 8\mn usually greatly 
exceeds 0 ^ t n for those electrons that domi
nate the processes of laser absorption and 
heat transport. 

Below, we analyze electron scattering on 
a partialis' ionized atom in a neutral cell. We 
obtain a cross section that includes 
contributions from the ionic and nuclear 
charges, and use it to calculate the laser ab
sorption and electron heat conduction coef
ficients. We give some results for laboratory 
experimental conditions. 

Mode] Scattering Cross Section. 
figure 3-35 shows an idealized neutral ion 
sphere in a dense, partialis' ionized plasma. 
The Z* free electrons are modeled as a shell 
of charge at radius ?'„; the Z,. - Z* bound 

Hg.*-35. (.it Model 
neutral inn sphere, 
with a shell o f /* free 
electrons .11 r ( ) and a 
shell of ( / / * ) 
bound electrons al Ihe 
atomic radius r^; the 
neutralizing ionic 
charge /e is a( the ori
gin, (hi The associated 
piece n-'ise-Coulombic 
poteiil i . l . 
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electrons are modeled as a shell of charge 
at radius rv Thus the charge density p in 
Poisson's equation for the electrostatic scat
tering potential, V2<£ = - 4 / r p , is 

eZnS(r) e(Z - Z*) S[r - r,) 

4 / r r 

t'Z* S[r - r„) 

4n-rf-
(119) 

where bm]r is that value of b in Eq. (122) 
for which 9 = K. The quantity Z' In A rep
resents the energy-dependent scattering 
strength of the model potential; it is 
given by 

7? In A = /'• In 
1 1 'V,„, 

' ( Z z * ) : i l n l / ' ) i • ' ' ' 7 ( z*(>: /*) 

Thomas-Fermi scaling and practical experi
ence give rx ~~ flo/Z,1/'1 for han - ; oped, 
higlvZ ;ii'-*ms (we have nc ..icluded the 
weaker dependence on Z*); here <?„ is the 
Bohr radius. The model scattering potential 
is piecewise Coulombic and is readily 
manipulated in orbit calculations. 

The momentum scattering cross section is 

cr,(p) = ( d cr(l - cos 9) (120) 

(124) 

To obtain Eq. (124) we have exploited the 
fact that ^ < r„. To this same accuracy we 
have, for /'..„ > r 

and the associated collision term on the 
right hand side of the free-eiectron Fokker-
Planck transport equation is 

to 
7/7:,., - v., v)-Vj\ 

(121) 

In Eq. (120), 6 is the usual scattering angle 
and do = 2nb dh, where (again) b is the 
collision impact parameter. 

Straight-line orbit theory in the model 
potential gives 

. 9 Z'rL l>-V 
;in — = 1 

2 tb { y~J 

(Z - Z* ) . 
, (122) 

where i = w ( , r : /2 is the electron kinetic en
ergy. If the argument of either square root 
is negative, the corresponding term is set 
equal to zero. 

From Eq. (120), the momentum scattering 
cross section is found to be 

avi = 27d>;mn + lZ-ln AI (123) 

r„(ZV/2fi 

™n \r~ + (Z*V/4if2 ' 

and, for (>m m < ;;,, 

I. J ^ + rt2-P-i 

,, ^ (Z - Z*) : <•-> 7-

(125a) 

4 r 

r . ( Z - Z * ) 

4 r 
(125b) 

Absorpt ion of Laser Beams in Plasmas. 
A Wenfzel-Kramers-Brillouin (VVKB) treat
ment of laser-beam propagation in plasma 
is often sufficient. In one {spatiallv inhomo-
geneous) dimension, the intensitv /, of the 
laser beam varies as 

7/7 (126) 

where Ki is the plasma opacitv. For an LTE 
plasma (one in which f\, has a Maxwell-
Boltzmann distribution), the opacitv is 
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<c. (cm • ). i(, (rm) U. (keV) r , | r a v A L (^m) (Z 2 In A ) L Z-- In (2.J5 VfcaiJ 

1 > H I 2 1 , 2.12 x 10 
1 • K) 2 1 , 2.12 « 10 
-I • l (1 2 1 . 1.34 :< 10 
• I - 10 : i , 1.54 >• 1(1 
'" - 11121. 1.02 ,. 10 
'1 > IU 2 1 . 1.02 - 111 

1.23 x 1 0 " 9 1.06 9.83 x 10 3 1.56 x 10 4 

1.06 8.60 x 10 3 1.56 x 10 4 

0.53 7.83 x 10 3 1.39 x 10 4 

0.53 7.24 x 10 3 1.39 x 10 4 

0.35 5.78 x 10 3 1.21 x 10 4 

0.35 5.74 x 10 3 1.21 x 10 4 

Table 3-4. Laser ab
sorption coefficients 
for electron-ion colli
sions in the potential 
of Fig. 3-35 for gold 
with Z* = 40. Scatter
ing on the nuclear 
charge is not signifi
cant; neutral-cell 
screening reduces the 
opacity by about a 
factor of 2. 

4 

3(2/ r ) ' • 

x ( . '-•:-

I W,.C~ 

- - - - - - - : (127) 

here n,. is the electron number densitv, n, is 
the laser critical densitv {4xt,:ujiuc = ft>2), 
and / [ is the opacity-averaged electron-ion 
eollisional mean free path 

4 _fl 
vxp | 21' 

(128) 

where / r ] = Z/.V.tr,.,. In the following we 
neglect the subdominant term 2/r/r ) i n in 
a. (; it is straightforward to restore this term 
if desired. 

(n the integrand of Eq. (128), the 
factor ( I / ; I . ; ' : / 2 7 , . ) : 4 / / V l varies slowly, 
through (Z : In A), while the factor 
iii/dv) e \p ( myni\) peaks at mrv2/2T 
-- 1/2, so that the effective factor (Z2 In A), 

in I//., is 

:Z-ln A i. Z : l n A', (129) 

Here we mean lo evaluate Z1 In A at the 
scaled energy given bv the subscript: that is, 
using the /',„,,, that corresponds to mt.v2/2'l\, 
- 1/2 from Hqs. (125a) or (125b) in 
I-q. (124). Numerical experience with the in
tegral indicates that O.d is quite accurate. 

Equation (129) emphasizes that electrons 
of modest energy ("y-727, , — 1/2) deter
mine the opacity oi the plasma to a laser 
beam. Typically, scattering oy the nuclear 
charge : nakes onl\ weak contributions. The 
domina n opacity improvements come from 

replacing naive expressions for i ' m a x and 
f>m i n with those presented here. 

Table 3-4 shows 2r In A for parameters 
typical of laboratory experiments and target 
design calculations. For comparison, we in
clude values obtained with the commonly 
used expression Z*"In ( 2 . 2 5 A [ V / A i m ) . 

Electron Thermal Conductivi ty. The 
momentum scattering cross section also en
ters the calculation of the electron thermal 
conductivity. In one spatially inhomoge-
neous dimension, we are concerned with 
energy transport in a quasineutral plasma 
carrying no current. In the spirit of the 
opacity calculation above, we can show-
that the heat flux is given by 

- 64 ' T , >v-\-
Q,. = — — n,. I -— A, — 

x 2 ; r V ' " , <?-V 
(130) 

where ?<l is the energy-transport-averaged 
mean free path. It is instructive to r sider 
that as the higher-energy electrons move 
along the tempera Hue gradient, an electric 
field is induced that drives a return current 
of lower-energy electrons to maintain 
charge neutrality. The effective factor 
\/{Z2\n A) | in X\ thus has two terms, 
which partially cancel: 

1 5 

i Z - l n A I , iZ-Jn A ' , t _ 

4IZMn A'-.. 1 

i'Z: In Mr,- fZ-ln A>, 
(131) 

Equation (1.31) emphasizes that higher-
energy electrons dominate the heat con
duction process; these are, of course, the 
electrons most likely to suffer reduced 
mobility on account of scattering on the 
nuclear charge rather than the ionic charge. 



1J j l e3 -5 . Electron 
he.il conduction coef
ficients for electron-
ion collisions in the 
model potenli.il of 
|-'ig. 3-35 for gold with 
/ • 10. Scattering by 
the nuclcir charge 
reduces the conmic-
tivitv bv .1 )'«i(bjr of 
aboiil 2""l. 
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itv (cm " •>), ra (cm) 

I x I 0 2 1 , 2.12 x 10 
I . I£l 2 1 , 2.12 :< !0 
4 • I 0 2 1 , 1.34 - It) 
-t • U l 2 ' . t-34 x 111 

y - HI 2 1 , 1.02 - ID 
'J • 1112 1. 1.(12 • i(l 

7 t , (keV) 
•1 (Z! In A), z-:ln[v(Z-.-V3Tj] 

1.2.1 x 10 % 1.32 v ID 3 2.17 > 10-3 
[1 2.0H x 10 ' 2.17 x 10 3 

1.2.1 - JO y 1.59 > 10 ' 2.49 ^ 10 3 
0 2.31 x Id ' 2.49 x 1(1 -1 

1.33 - .0--9 2.1.1 x 10 -' 2.96 * 10 3 

0 2.73 - 10 -1 2.96 x 10 3 

Table 3-5 gives thermal conductivity 
coefficients for the same parameters as 
Table 3-4. FIT- comparison with 1/(Z : I nA) , , 
we include values given bv the commonlv 
used expression 1/ Z* : In JA n ,/(ZV737,.)[!. 

For completeness, we give the expression 
lor Ihe electric field L that ensures quasi-
neutral heat flow. 

1 Ox 

.md thi heat flow expression itself, 

4/ri , , n>y~ 

(132) 

Lsing 

i2/r/,.'".', 

W - (133) 

(134) 

in I ;q. (1321 and substituting the resulting 
expression for W into Fq. (133), one mav 
verify Fq. (13(1) and obtain the expression 
lorresponding :o l:q.(131). 

We also record the dc electrkal con
ductivity expression. J -- a f/-', where 

Am'2 J" • , rH 

10 Z* f^T^/m^ 

- Z - l n A l r , 
(135) 

Here again, the subscript 7/2 suggests that 
significant reductions mav result from the 
scattering of current-carrying electrons bv 
the nuclear charge in a hot plasma. 

Author: J. R. Albritton 

Compression of Microwaves by a 
Moving Compact Torus 

It has been conjectured"' that a fast-moving 
plasma configuration known as a compact 
torus (CT) might be amenable to accelera
tion to high velocities. Should this conjec
ture prove correa. a large number of 
applications suggest themselves, including 
ICF drivers and other configurations that 
might be of interest in situations requiring 
compression of energy in time and space. 

Another possibility' - is that moving CTs 
might be m~ .e to compress microwaves. 
The pro- .ised meihaniMTi is to prefill the 
co(iv'-.i vacuum region in front of n CT with 
a number of normal electromagnetic modes 
on which the CT impinges. A crucial as-
-umption is that the CT excludes the micro
waves and therefore compresses them. 
Performance would be degraded should the 
microwaves penetrate the CT to some de
gree. The degradation would range from 
diminished compression efficiency to sig
nificant CT heating. In the exrvcled fre
quency regime""* and in sinvuir (toroidal) 
geometries, studies of MFL applicat'nns 
have found electromagnetic, radiation 
capable not only of penetrating but ilso 
of heating and driving currents in Tokamak 
devices. Wc report here a preliminary inves
tigation of these effects using explicit 
(ZOHAR) and implicit particle-in-ceil (PIC) 
codes in 1-D modes. 

We used a much-simplified model 
that takes into account the relevant field 
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orientation.* hut allows gradients only in the 
axial direction. Figure 3-36 shows the geom
etry and those parts of the configuration that 
we modeled. We consider a small region at 
the interface between the CT and a group 
of transverse electromagnetic (TE) modes. 

Because of the small spatial scale the 
magnetic field of the CT can be considered 
to be homogeneous and static. The field of 
the TE mode is represented bv a smaller rf 
component superimposed on. and in the 
same direction as, the zenith-order CT field. 
Inhonmgenejlies in directions other than 
the a\ial direction are ignored, as are the 
nonzero gradients in the zeroth-order 
field. In the particular case reported here 
(rig. 3-36), the bias field is fli( -= 1 (arbitrary 
units) for all v. the density consists of piece-
wise linear segments with a peak density V 
- I for 25 •- -V *̂  35, and the incident rf 

amplitude is a relatively large 0.3B,,. for 
these choices the plasma e ld t ron and cyclo
tron electron frequencies are equal (w l v /fi j , , 
- 1) and the lower-hybrid frequency is 

w | h, - 0.117m,,, at peak drnsitc. 
Even this ^impl > niudel requires com

plicated analysis. Guidance N gainer! hv 
considering linear dispersion analysis tor 
this field orientation, assuming homoge
neous density. Standard analysis"'' gives 
the relation 

Y 
113ft) 

for an applied electromagnetic (EM) wave 
oi frequency a), where the summations are 
over particle species /, We find k2 > 0, indi
cating propagation of the applied EM wave, 
in two regions. At vers1 low n, we have a 
vacuum-li.a- EM mode; for hr ,h enough n, 
the lower hybrid mode propagates. This im
plies (licit (here is a range of densities for 
which k2 • 0 and in which no mode can 
propagite. We find that rwer-hybr id 

Incident rf magnetic field 

700 

propagation can occur only if the density 
is high enough that w I h > to, or 

V v (137) 

' i ihomogeneous density profiles, such as 
tluu shown in , ' ; . 3-36, were evaluated us-
ing explicit"" and implicit PIC models (see 
the article "Direct Implicit Electromagnetic 
Plasma Code," earlier in this section). A 
right-traveling external rf mode with appro
priate frequency and amplitude is specified 
by boundary conditions. The frequency is 
chosen so that the mode would propagate 
in the homogeneous peak density region 
shown in Eig. 3-36. Here we u^ed to 
= 0.05w | 1 (, and w M l = 0.07<ultl.. 

The inhomogeneous density region is al
most entire'y a forbidden region, through 
which a small-amplituJe mode cannot 
propagate and from which it will therefore 
be reflected to the left. Eor nonzero rf am
plitudes, nonlinear effects will become im
portant: these effects, coupled with the 
complexities of the inhomogeneitv, make 
it necessary to treat the problem bv nu
merical simulation. 

Eigure- 3-37 slvnvs a typical result of non 
linear penetration of the CT bv a large-
amplitude (0.3B()) wave. The penetration is 
most evident in the ion i\-x phase space, 
which shows that the ions oscillate in reso
nance with the incoming wave. In the earlv 
stages, the steepening of the density ramp 
near the critical density gives some evi
dence of the rf refection. At this amplitude 

Fig. 3-36. Simplified 
model of cDnipact-
torus, transverse-
electromagnetic (TE) 
mode geomclrv (all 
units arbitrary). 



Ftg. 3-37. ton vx~x 
phase space plot 
showing rf penetratitr* 
of a TE mode. 
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the phenomenon rapidly becomes non
linear, however, and it is not observable 
in Fig. 3-37. 

In summary, the homogeneous linear 
model of Eq. (136) suggests that the rf en
ergy might not penetrate if the external-
field frequency (0 were greater than the (0]h 

in the interior. Our simulations verify this 
conjecture. The leading edge of the CT is 
significantly eroded by a high-amplitude in
coming rf field. Thus the CT may be able to 
compress TE modes if the initial CT peak 
density gives rise to an Q)lh that is less than 
tlie initial TE-mode frequency (0. This con
clusion depends strongly on our assumption 
that k-B =• 0, a condition that is probably 
not satisfied in more realistic multidi
mensional geometries. 

We note a recent suggestion'14 concerning 
the nature of the magnetic field that pre
cedes the moving CT and the effect this 
field may have on rf penetration. We expect 
that the level of 6„ in front of the CT, and 
therefore the field on which the rf is super
imposed, should fall off to a small fraction 
ot the interior magnetic field. Preliminary 
investigations verifv that an inhomogeneous 
bias B0 that falls to a tenth of the interior 
value on the TF side indeed changes and 
significantly reduces the penetration. 

This work was partially supported by tht 
Physics Department and M Division of LLNL 

Authors: D. W. Hewett, A. B. Langdon, 
J. H. Hammer, and C. W. Hartman 

LASNEX and Atomic 
Physics 
Introduction 

A number of projects discussed in the 
1983 Laser Annual reached successful 
conclusions in 1984. 

The new laser ray-tracing package was 
completed and is being widely used. This 

package permits >.:= to mode] problems in 
which the laser rays do not all pass through 
the symmetry axis. New macros for use in 
LASNEX generator decks model realistic 
ray bundles with a finite focal spot size. A 
random-scattering modu .ms been added to 
study the scattering of laser light by small-
scale plasma inhomogeneities. 

The Thomas-Fermi-based analytic equa
tion of state (EOS) package has been 
checked out on a wide variety of materials 
and temperature-density regimes, and has 
been improved where necessary. The pack
age has been put into LASNFX and is be
ing tried on real design problems. It yields 
thermodynamically consistent equations of 
state; true, separate electron and ion equa
tions of state; correct EOS values for arbi
trary materials and mixtures; and entropy 
values. Current EOS tables have none of 
these virtues. 

The semi-Eulerian, continuous-rezoning 
hydrodynamics package has been further 
improved, and a number of laser fusion de
sign problems are now being run in pure 
Eulerian mode with LASNEX. The Eulerian 
rezoner is fully second-order (when the 
mesh is orthogonal) and positivity-
preserving (that is, physical quantities do 
not take on unphysical negative values at 
the new mesh points). The pure-Eulerian 
mode is t'ery useful on problems with 
highly tu-bulent hydrodynamk motions. 
Fully Eulerian LASNEX performs very 
well against Woodward and Colella s''' 
piecewise-parabolic method. 

The programmers in the LASNEX group 
have r.lso been active improving the tools 
that make LASNEX a responsive and versa
tile instrument for the user. 

A new production-code-oriented graphics 
library, called PLOTLIB, will be the basis 
for all LASNEX graphics; it is being widely 
used in other codes. It includes a com
plete hifu-level facility for doing three-
dimensional projections 'both parallel 
and perspective). 

A major effort in 1984 was directed 
toward the so-called GOAL version of 
LASNEX. This new user interface com
pletely eliminates any restrictions on how a 
user may set or access data. Using a simple 
Fortran-like language, the user has com
plete access to every variable in the code 
and can set, edit, or plot any variable or 
any mathematical combination of variables. 
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This can be done at generation or (inter
actively) as the code is running. The first 
step, writing a GOAL library that performs 
these operations on data stored in Z 
(LASNEX dump) files, was completed in 
mid-1984, and the library is now being 
widely used. The next step will be to inte
grate this library into LASNEX so that all 
communications with LASNEX go through 
GOAL. This is being debugged and should 
be in production use by mid-1985. Con
version utilities are being provided so 
that LASNEX will still accept its old fixed-
format commands. 

Author: D. S. Kershaw 

Second-Order Monotonic 
Advection in LASNEX 

This article describes the scheme used in 
the LASNEX continuous re/.oner to accom
plish remapping ("advection") from an old, 
distorted mesh to a new one. Much of this 
scheme has been in place for some time, 
but wide, routine use began in 1984. Prob
lems run with little or no user intervention 
and with accurate results; this makes life 
easier for users, and has led them to under
take problems that were previously too dif
ficult to run at all. 

It is common in ICF target design for 
purely Lagrangian hydrodynamic calcula
tions (.in which the fluid ib fixed in the 
mesh) to lead to such severe mesh distor
tion that the calculation stops prematurely. 
This is particularly true for shear flows, 
which can produce very large distortion. 
T h e other (Eulerian) extreme of using a 
fixed mesh is inherently diffusive for mate
rial properties such as mass and energy. 

To deal with such problems in fully or 
partially Eulerian calculations, mesh distor
tion must somehow be reduced without de
grading the accuracy of the calculation. 
Fixing the problem after the calculation has 
stopped requires user intervention: this is 
diffusive, since it is first-order (as usually 
carried r>nt), and it is onerous if it must be 
done often. With an automatic, continuous 
rezoner, on the other hand, one must be 
confident that the results are meaningful. 

To give fully trustworthy results, an 
advection scheme should meet the 
following requirements: 

1. It must be stable and conservative (i.e., 
not lose or gain any of the adverted 
quantity). 

2. It should be transportive (signals must go 
only in the direction of advection, not 
backwards). 

3. It must have at least second-order accu
racy (otherwise, diffusion will eventually 
spread the adverted quantity everywhere). 

4. It must be monotonic, not oscillatory, in 
particular, a negative density could cause 
an exponential instability in some other 
physical system. 

5. It should be consistent (that is, it should 
preserve any significant constraints on or 
between the variables). 

The extent to which the LASNEX advection 
scheme meets these requirements will be
come clear in the discussion below. 

These requirements cannot . II be satisfied 
simultaneously for non-smooth initial data. 
The essential conflict is between the second, 
third, and fourth requirements: high-order 
spatially centered schemes give high accu
racy but violate the transportive and 
monotonicity requirements, while so-called 
upwind (or donor-cell) schemes are only 
first-order accurate. 

To see how the LASNEX advection 
scheme works, we start with a first-order 
upwind scheme and improve the accuracv 
(this is the approach of van Leer1*). 

The dunor-cell scheme is illustrated in 
Fig. 3-38, which shows that it is transpor-
cive: it is easy to show that it is monotone 
as well. Furthermore, since the algorithm 
does not depend on the quantity being 
advected, the scheme automatically pre
serves linear constraints, at least. But since 
we use one-sided differences we obtain 
only first-order spatial accuracy. 

I ig. 3-38. Bas 
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Fig. 3-39. Advection 
model using nonzero 
slope. 
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Improved Upwind Method. The first-
order scheme just described uses what we 
can call an "ice-block" model, in which a 
constant value is assumed for ihe density of 
the advected quantity throughout the zone. 
We can improve the accuracy by giving the 
quantity some structure within the zone. 
The simplest way to do this is to use a lin
ear slope b derived from the zone-center 
values, as illustrated in Fig. 3-39; this makes 
the overall calculation second-order. 

In this form, however, the scheme is not 
monotone; to avoid generating new maxima 
or minima, we impose a limit on b such 
thai the interface values are hounded bv 
the present maxima and minima: 

min fv,i < I i ± (i — - | ^ max[i/,i . 

(138) 
/ = / - 1/2, i + 1/2, / + 3/2 . 

In particular, this means that the slope will 
be zero next to a step discontinuity or at 
an extremum. To preserve monot on icily, 
we have thus given up formal accuracy at 
some places. 

We have also given up on the consistency 
requirement. Consider linear constraints, for 
example: imagine a system composed of 
several materials, so that the ; ..-s is given 
by a sum over all ion types, 

(139) 

where A is the concentration and A the 
mass number. After we remap each x, and 
M separately it will not, in general, bo 
true that 

M' - f(M) V fix,) A, (140) 

so that consistency has been lost. 
We can obta :-j consistency by identifying 

the f. to which the greatest amount of slope-
limiting has been applied, and using ':hat ( 
for all the constituents; this solution tends 

toward the first-order scheme. The solution 
used by LASNEX is to define M ' using the 
old relation on the new constituents: 

M' 

Although this procedure does not guarantee 
monotonia**' tor M. it does guarantee 
positivity. 

For nonlinear constraints, things are not 
so simple. As an example, for fixed total 
energy, the electron density and tem
perature in Saha equilibrium satisfy the 
nonlinear relation 

(142) 

In this case, the only feasible choice is to 
map the constituent fractions and the tem
perature, and let the ionization routine de-
teimine the new electron density. (A similar 
remark applies to the total pressure.) To 
obtain consistency between the new tem
perature and eneigy, one should really 
determine the new energy and density 
and then inveri the EOS function to obtain 
th" desir"_! temperature. Instead, LASNEX 
u.-es a single iteration pass to solve for the 
consistent temperature associated with the 
P-'iv energy. 

For more complicated cases, such as 
determining the non-LTE population^, the 
emapping reverts to a first-order approach. 
The general philosophy is to avoid special-
case knowledge in the remapping algo
rithms and to treat complicated mixing 
problems in the appropriate phvsics pack
age; in the non-l.TE case, the benefits of 
more careful mixing have not so far seemed 
worth the cost. 

M o m e n t u m Remapping. An exception 
to our rule against special remapping algo
rithms is made for 'he velocities. In this 
case, we want to conserve two moments, 
the momentum {=. if) and the kinetic energy 
{* tr). Another example of this type is pro
vided by a magnetic field remapping, in 
which one would like to conserve both flux 
and magnetic energy (although simple flux 
conservation is now used). 

Since the velocities are point-centered, 
we temporarily form point-centered 
mass values. 
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M, rK- + M: (143) 

Now we write a transport equation for the 
nodal mass and momentum values: 

M, - 8M, + SM- (144a) 

M\u] = M,u, - SM,.wU,<ll2 

+ SM, ,,,17, „., , (144b) 

where the nodal SM; are derived from the 
zonal SMt from an equation like Eq. (143), 
and where the effective velocity U associ
ated with t'r.z mass advection to give the 
momentum change is as yet unspecified. 
(In what follows we call U the advection 
velocity, even though it is in fact a 
matter velocity.) 

Since they are written in so-called con
servation form, Eqs. (144) will conserve 
mass and momentum for an arbitrary ad
vection velocity. To proceed, we multiply 
Eq. (144a) by another power of the velocity 
and rearrange to get an equation for the 
kinetic energy: 

— M,u,- = — M,N,-
2 ' ' 2 ' 

SM, — ~ I'M" + n,L', 

+ SM,,U2\j - |I7,)- + T/,U, 

", = — (», + "il • (145) 

We can now force kinetic energy conserva
tion by an appropriate choice of the advec
tion velocity: 

2U,, |277,, i - «,. |H,, i 

=-- 2U,. ^ - u\ut , (146) 

1 ( " . . i f - »7.i 

2 ff,-t, 
• (147) 

In other words, the advection velocity is the 
average of the nodal velocities plus a cor
rection term. Since the ff,- involve the new 
nodal velocities, this is an implicit nonlinear 
equation, which we solve by a Newton it
eration. In the two-dimensional case, each 
node is coupled to its eight nearest neigh
bors; the linearized equations for the New
ton iteration are solved by a nonsymmetric 
conjugate-gradient method.99 

We have not imposed any monotonicity 
requirements on the velocities, so we check 
three simple cases for reasonable behavior. 

1. Uniform Velocity Field. It is simple to 
show that 

ut M = H, - U — U, t 1 / 2 = U 

— « ; f l = u, = U . (148) 

It is also possible to show that 17,. 
implies that 

u, = u. = u, (149) 

Thus a uniform velocity field remains 
uniform. 

2. Velocity Reversal. Consider the case 
shown in Fig. 3-40,. in which nodes A and B 
have equal masses but opposite velocities, 
so that the equations are simple. Then with 
a small mass transfer S we have 

(M + S)uA + MU = 5-U a d 

(M - 5)uB - MU = - 5 - U a d . 

The new velocity gradient ratio is 

An 1U 
M U 

•IS 

(150) 

(151) 

Fig. V40. Nomencla
ture for velocity-
reversed example. 
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Fig. 3-41. Pure-
advection test case: (a) 
initial condition, (b) 
first-order result, Ic) 
socond-order result. 

We could pick the advection velocity U in 
several ways. For the explicit guess 

uif 

the change in the velocity gradient i 
second-order in the amount of advec . 

An | 
A~uj 

(152) 

(153) 

For small S/M, therefore, nothing unreason
able happens to the new velocities. Further
more, this ratio is a function of {S/M)2 only 
(that is, it is independent of the sign of 5). 
Both of these statements are also true for 
the exact U l H: 

(154) 

and 

1 S 
2 M 

1 
2 hV'-SJ] 
' . 

2\M) (155) 

Finally, if we use a backwaro Euler estimate 
for UK ), then the velocity-gradient ratio is 
exactly unity: 

U, (156) 

5 times 
-initial pulse -

width 

3. Kinetic Energy Gradient. We examine 
the kinetic energy for the velocity-reversed 
case of Fig. 3-40. For the sum of kinetic en
ergies we have 

(M + S)u'l + (M - S)u'i 
2MU2 

M u I 

(AY 
(157) 

so for any case in which UA d = 0{5/M) at 
least [or t i d d = 0 for the explicit guess of 
Eq. (152)], we obtain exact momentum con
servation as well as second-order kinetic 
energy conservation. The explicit guess is, 
in fact, used by LASNEX to initiate the 
Newton iteration; if no iteration is permit
ted, we still obtain second-order accuracy 
for the total kinetic energy. 

In the case of the kinetic energy gradient, 
we have 

(M + <S)KA- - (M - S)u'i 

2MU~ 

M U ! 

1 
(158) 

so that even for the exact UiUi, for which the 
second factor on the right-hand side in 
Eq. (158) is unity, we have a first-order ki
netic energy gradient ratio. 

Sample Problems. To demonstrate the 
effect of the improved advection scheme, 
we show in Fig. 3-41 a simple problem of 
pure advection of an initially triangular 
density perturbation moving to the right at 
constant velocitv. Figure 3-41(a) shows the 
initial situation, and Figs. 3-41(b) and 3-41(c) 
show the results for the first- and second-
order schemes, respectively. The greater dif
fusion in the first-order scheme (which 
would continue indefinitely) is clearly evident. 

Since the example of Fig. 3-41 had a uni
form velocity field, it does not provide a 
serious test of the velocitv remapping. 
Figure 3-42 shows the full-Eulerian solution 
and the corresponding exact results for a 
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Fig. 3-42. Full-Eulerian 
and exact results on a 
shock-lube problem 
with initial boundary 
at x =3 : (a) density, 
(b) pressure, (c) inter
nal energy, and (d) 
velocity. 

.v (cm) 

shock-tube problem: the agreement is quite 
good, and there are no spurious oscillations. 
(We assume that the higher propagation 
speed in the Eulerian calculation arises from 
residual diffusion, because use of higher 
resolution eliminates the effect.) 

Extension to Two Dimensions. The ad-
vection scheme has been straightforwardly 
extended to two dimensions by means of 
operator splitting. We have not imple
mented comer coupling (i.e., coupling with 
diagonal neighbors): including corner-
coupling terms (which are not necessary for 
second-order accuracy on an orthogonal 
mesh) would be straightforward given the 
coefficients, although twice as much work 
would be involved. Since the velocities are 
resolved into orthogonal components, the 
momentum and kinetic energy equations 
decouple into two scalar equations in two 
dimensions; again, this entails only twice 
as much work as in one dimension. 

Author: D. S. Bailey 

Statistical Model for Light 
Scattering by Density Fluctuations 

Because of limitations on storage space and 
computational time, a macroscopic simula
tion program such as LASNEX must em
ploy a computational mesh that is too 
coarse to resolve the steep, mhomogeneous 
plasma density structure near critical den
sity. Thus, we must use phenomenological 
models to predict the effects of subgrid-
scale density fluctuations that arise from 
such sources as uneven illumination and 
hydrodynamic instability. To this end we 
have developed a statistical model of the 
refractive scattering of laser light by random 
density fluctuations in the subcritica! 
plasma, and have incorporated it into the 
LASNEX 3-D ray-trace package."1" 

The existence of such fluctuations is sug
gested by disk experiments, which reveal a 
weaker dependence of absorption on angle 
than is implied hy a simple theory based on 
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Fig. 3-4.1. Ray paths 
thruugh a perturbed 
density profile. 1, un
perturbed path* 2, 3, 
paths after scattering 
at turning point; 4, 
typical statistically 
scattered path. 

a smooth density profile. In addition, the 
nonabsorbed light is typically observed to 
emerge with an angular distribution too 
broad to be consistent with specular 
reflection. , 0 ,- ,°4 

In an earlier, simpler (and still-available) 
LASNEX model of subgrid effects, rays are 
treated as scattering only at their turning 
points; user parameters specify the prob
abilities of forward and backward scattering 
and the angular width of the scattered dis
tribution. This model is useful, but it entails 
certain undesirable biases. First, normally 
incident rays (parallel to V/i) cannot scatter 
at all, since their group velocity is zero at 
the turning point, and nearly normal rays 
scatter only a little. Second, the scattered-
light distribi'i'on is biased toward the nor
mal; at .Y = », all scattered rays have 
.V < J/iinsiMiiered ( s e e Fig- 3-43). This is be
cause, at the turning point, the unscattered 
ray has the greatest possible velocity com
ponent perpendicular to the density gradi
ent. Finally, the turning-point scattering 
model affects the inverse bremsstrahlung 
path length on the outbound leg only. 

For these reasons, we have added to 
LASNEX a statistical model incorporating 
scattering along the entire ray path. In this 
model, a ray trajectory is competed by as
suming that a point on the ray moves at 
the local group velocity of light waves, and 

advancing it through a sequence of time 
steps. The model perturbs the direction of 
the ray after each step. The development of 
the model consists primarily of a calculation 
of how much scattering to impose. Strictly 
speaking, our geometrical-optics approach 
means that we can consider only density 
fluctuations whose scale sizes are large 
compared with the laser wavelength. How
ever, it might be expected that our model 
can treat other incoherent scattering pro
cesses with a suitable reinterpretation of 
the parameters. 

The physical assumptions behind this 
model are similar to those used in a model 
developed at the University of Rochester 
Laboratory for Laser Energetics (UR-LLE).ltb 

Two approaches were followed in the 
UR-LLE work. The first was a Monte Carlo 
ca'culation in which a refracting ray path 
was computed through each member of a 
small ensemble of plasmas in which differ
ent realizations of the fluctuating density 
were superimposed. In the second, equations 
describing the spreading of the envelope of 
these rays were integrated along the unper
turbed ray trajectory. Neither approach was 
suitable for our application, though both 
provide useful benchmarks for comparison. 

For simplicity, we assume that the nomi
nal scale size d of a density clump (or de
pression) is the same as the nominal 
spacing between clumps. Thus d is the cor
relation length of what we can call the scat
tering "force." In terms of the normalized 
zero-order density N{x) = n{\x)/nK, where Ht 

is the critical density, the acceleration of a 
ray point is given by"1" 

r3.V 

' 'dx (159) 

where F is a (small) randomly directed force 
of magnitude 

L 2dn (160) 

and 5n is a typical density fluctuation. The 
change in velocity (in the x direction, for 
example) due to F during a step from /(] 

to /, is 

Si f,(0</f (161) 
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The mean velocity change (Si) will be 

zero, kit the mean-square velocity change 
\Sx~) will be nonzero: 

•SX~' F,(l).<f F,(/')rfC (162) 

The integrals can be brought outside the 
(ensemble) average, and we can assume 
that the magnitude of F is constant on the 
scale of a step. Averaging F; over solid an
gle to give <F:}/3, we have 

•&?• = '—j,i< J di'C\\x(l) - x(/')| | , 

(163) 

where for the correlation function we 
choose 

C{i) = 0 , III > d 

-1 , III > d . 
(164) 

that K, the fluctuating force (from a given 
clump'* extends over a distance d along the 
rav patfi. Other expressions for G lead to 
essentially the same result. 

With this form for G, the integral in 
Hq. (163) reduces to a computation of the 
area in the f-t' plane shown shaded in 
Fig. 3-44: 

'o - ' - ' i ' 

/„ < i' < >[ , 

|x(0 - x(f')j < d 

(165) 

Using the equation of motion (159), the un
perturbed orbil is 

x = — I 
4 (>x 

v - yr , 
(166) 

where after each step we choose the zero-
point of time to correspond to that (past or 
future) time at which x = 0, i.e., the turning 
point of the instantaneous trajectory, which 
will vary slightly from step to step. The 

separation between points along the 
trajectory is 

l*(0 - *(OI = |/ - t'\ 

Fig. 3-44. Area in the 
M ' plane associated 
with the scattering in
tegral (see text), for 10° 
incidence and \L V/VJ 

i 
- Vw (/ - I')2 • (167) 

With the change of variables 

r - | ( ( +( ' ) , 

a = f - /' , 

and the definitions 

r- — 
.1/ 

k zV.W2| 

t-VN/2 

the integral becomes 

t I i l l ' ( 

(168) 

(169) 

(170) 

3-63 



Fig. 3-45. Ray paths 
for 20° incidence, (a) 
Nb scattering; {b) 50 
rays scattered using 
••iiir<[/nui 5.32 
• !0 \ ' 
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We have used the fact that the correlation 
length is small compared with the distance 
traveled in a time step, so that the shaded 
area in Fig. 3-44 is long and thin, and thus 
the colored area is negligible. This breaks 
down for a small range of angles near nor
mal incidence. We enforce a minimum r. 
oflO \ 

To evaluate Eq. (163), we carry out the 
integration in Eq. (170), substitute for (F : ) 
from Eq. (160) and for a : from Eq. (169), 
and obtain 

'Si1 •&r L , 
log 

' M \ ' ! + r: 

where the zero-order scalelength L = 
| VN|" \ Identical expressions are obtained 
for (Si/2) and <5z 2}. 

Near grazing incidence, r . is large com
pared with f(( and f, and the logarithm can 
be expanded to yield the rms angular de
flection due to the step: 

l i 5 i - 2 ' , / 2 ^ — <.<5jr>'"' r ( ' i - 'n) 

(172) 

(171) 

The deflection is proportional to the square 
root of the step size, as expected for a uni
form random process. 

Since the ray traverses many correlation 
lengths in a step, we can regard the deflec
tions after each step as independent. We cal
culate r(, and /, relative to the turning point, 
and use Eq. (171) to calculate (Sx2) due to 
the step. A random velocity perturbation for 
each coordinate direction is calculated, with 
mean zero and variance (Sx~). These are 
added vectorially to the end-of-step veloc
ity, which is then rescaled to restore the 
speed to its original value (i.e., to v^ in 
the unperturbed medium). This scheme has 
the virtue of "failing gracefully" for verv 
large perturbation velocities: in that limit, 
it just randomizes the ray direction. 

Various options are available. The pri
mary input parameter is {S!r)/nzd. This can 
be interpreted as an inverse path length for 
randomization of the rav direction, for a rav 
moving in a low-density background with 
fluctuations characterized by (Sn2) and d. 
Alternatively, one can specify (5u2)/ir. In 
this case, d is adjusted by the code to sat* 
isfy d = L/10. This option tends to increase 
the scattering during the peak of the pulse, 
when the path length through the steep
ened profile is short and the scattering 
would be minimal if d were fixed. In 
addition to either option, the user can 
also specify a dependence of density fluc
tuation amplitude on density, with <5ir>' : 

x. [n(x)/tij- (where y is an input parameter, 
whose default value is y = I), as well as a 
density cutoff below which scattering does 
not occur. The test problems described be
low were run with y = 0. 

A step-size control ensures that enough 
steps are taken for the traj -ctorv to respond 
locally to velocity deflections. The control 
depends on a user-specified parameter a, 
via Ar = QUC. Values of ft between 0.04 
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and 0.4 are commonly used. In a linear pro
file, a normally incident ray would require 
WO steps to complete its trip if a = 0.04. 
This is not overly expensive, since in most 
zones the gradient is weak and the control 
is not active. It is important to take small 
steps when (Sir) varies strongly with posi
tion. In most other cases, the results seem 
to be insensitive to the value of a; this is an 
important check of the model. 

Figure 3-45(fl) shows the trajectory of 
an unscattered ray incident at 20°. In 
Fig. 3-45(b) the fluctuation amplitude obeys 
(Stnl/n-ti = 5.32 x 10 '. The step-size' 
control allowed moderately large steps 
(a = 0.25). Other runs with a = 0.04 and 
0.01 gave very similar results. 

Figure 3-46(a) shows a wn with 
iSir)L/}r\i = 8.51 x 10 : , while Fig. 3-46(b) 
has {Su^Utnl = 0.532, In both cases, 
a = 0.04: if one assumes L = lOi/, (his cor
responds to Su^Jn, = 0.23, which is at the 
limit of the model's validity. 

When applied to <i round-trip path from 
plasma entry to exit in a linear density pro
file, the expression tor the deflection 
becomes 

•s&i, 
• & - • 

*> Sir L I 0| \ 
7-7,1, l o R l ™ ( y ) • < ! 7 3> 

where the angle of incidence ${ obeys cos 0, 
= .V,'p

:, and S,y is the density at the turning 
point. At norma) incidence, this expression 
dive'ges as the logarithm of Bv while at 
grazing incidence it approaches zero lin
early. This calculation neglects the fact that 
the effect of scattering in the unperturbed 
plane ot refraction is partially nullified by 
refractive focusing effects. A more careful 
calculation leads !o a lower estimate of the 
in-plane scattering: 

•Mi. 
2 -frr 

/_ / l o g tan {B{/2\ 

d \ co7 : ft cos 0, J 
• (174) 

(a) 

(b) 
*' s J 

. 
r " - > . • ' •yy-

- J?" • ' •,^p=s 

_ 
•J? -

• U:9:^ ...- "•" 
" 

U:9:^ . . - • " 

• H/ '^^^BEJX' ' 5 * *'r *-'̂ ^ t̂er'"' * /:-—'-r -. 
- ' ̂  ^U^*^^Efw • .Jf-iJt^r ^f^H^L b " V 

, ' t i " "~ f" ^^^*~ * r* .".J .. 

At grazing incidence, the nns in-plane scat
tering angle on exit is -~ 0.5 77 times that 

out-of-plane, while at normal incidence 
(where there is no distinction between in-
plane and out-of-plane) both diverge identi
cally. Figure3-47 shows the dependence of 
these rms scattering angles on 9t. The figure 
also shows the results of test runs in which 
1000 ravs were traced using the model with 
iSir)l/n;d = 10 r and a = 0.01. The 
agreement is excellent for (?( S: 30° and 
is reasonable for smaller ingles. 

The angle dependence of inverse-
hremsstrahlung absorption is reduced by 
the scattering. This accords with the experi
mental observation 1 1 ' 1 '"'' ;hat absorption in 
general has a weaker dependence on angle 
than expected for a smooth density profile. 
Figure 3-48 shows the calculated classical 

Fig. 3-46. Paths of 
50 rays at 20° inci
dence: (a) (Su2)L/n\a 
= 8.51 * 10 2; (b) 
{6nhUn\d = 0.532. 
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Fig. 3-47. RMS scatter
ing angles on exit vs 
angle of incidence (see 
text). 
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Tig. 3 -48. Absorption 
fraction vs angle of in
cidence (see text). 

-6b 0.06 oOut-of-pIane deflection 
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J: 0.6 

20 40 60 80 
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absorption fraction vs Q\, with an overall 
coefficient chosen to give 80% absorption at 
normal incidence. Results for three different 
fluctuation amplitudes are also shown. In 
all cases, cAt/L = 0.04, and there were 
2^0 rays per run, These results are in close 
agreement with those of the UR-I.LE 
group ." H (The value {5ir)L/n~ti - 5.32 
is probably unreasonably large.) 

We expect that our model will improve 
LASNEX rav-lraee calculations in plasmas 
with rapid spatial density variations, and 
that fortneoming Nova experiments with 
tilled disks should provide good tests of 
its accuracy. 

Authors: A. Friedman and E. A. Wil l iams 

Rapid Calculation of Properties of 
Plasma Atoms and Ions 

Plasmas are a form of matter for which 
verv little measured data exists. I-'or a de
scription of properties such as equations of 

state, opacities, and conductivities, we often 
depend on calculations from theoretical 
atomic physics. Underlying much of the cal
culated atomic data are crude models that 
are far less accurate than the best models 
available but that continue in use because 
of their convenience and efficiency and be
cause of the complexity of the better mod
els. We describe here two fast, simple 
schemes for obtaining self-consistent field 
models of ions in plasmas. We expect such 
a scheme to replace, for example, the 
screened-hydrogenic model used in large 
computer programs such as LASNEX. 

A plasma often contains atoms in a very 
large number of states of ionization and ex
citation. A self-consistent field calculation of 
any one of these ionic states is not hard 
{taking only a few seconds on our best 
computers), but dealing with many thou
sands of such calculations is a formidable 
task. Both of our schemes are based on the 
notion that a self-consistent field calculation 
for a typical ionic state can be adapted to 
other states that do not differ from it by too 
much. When a reasonable choice is made 
for the "typical" state, it and nearby states 
will dominate in determining the important 
physical properties of the plasma. Econo
mies of several orders of magnitude can be 
achieved by these schemes, which thereby 
make superior atomic physics models avail
able for the calculation of the macroscopic 
plasma properties. 

The interaction of radiation with matter 
depends critically on the frequencies of ab
sorption lines and the energies of absorp
tion edges. Both of these are obtained 
directly from the total energy of an ion 
in its initial and final states, so we con
centrate here on the calculation of the 
total energy. 

In the first scheme.""' a self-consistent 
field calculation is carried out for a particu
lar ionic configuration specified by orbital 
occupation numbers u° (/ = 1, ?, .., \'). 
That is, for the prescribed n1,1 (which need 
not be integers) the variational principle is 
used to minimize the total ion energy with 
respect to variations in the orbital wave 
functions. A set o\ orbital functions (pl\r), 
(/ = 1, 2, ..., .Y), is obtained as part of 
the calculation. 

A nearby configuration is not computed 
directly: rather, the orbital occupation num
bers nre changed to n, and the orbital 
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functions are scaled to <p,(r) = Af / 2^{A,r). 
The total energy, which is a functional of 
the <p,{r), is then minimized with respect to 
the parameters A,-, again using the varia
tional principle. In carrying this out, the to
tal energy is expressed as a Taylor series in 
the small parameters A, - J, retaining only 
linear and quadratic terms (which means 
that the computational problem is reduced 
to linear algebra). Once the required coef
ficients have been computed, each calcula
tion of a new configuration requires on the 
order of N} multiplications. 

Details of this scale-parameter scheme are 
given in Ref. 106. In a series of calculations 
for argon, the largest error in (he total en
ergy was 0.6 eV out of 14 keV. The error is 
the difference between approximate and ac
curate self-consistent calculations; errors due 
to the neglect of such matters as relativitv 
and correlations will be much larger. This 
scheme was developed for the nonrelativis-
tic cast.- onlv, and this is a significant limita
tion when high-Z atoms Lire of interest. 

The second scheme again starts with a 
self-consistent field atomic calculation for a 
configuriiion specified bv .V occupation 
numbers »/,'. The total energy ot a nearby 
configuration is expressed as a Taylor series: 

bn i - /"' , Y 

Y Y 

r'l'l 
• \H II' I • ... . ( I 7n ) 

The partial derivatives of the total energy 
are easy to obtain, and we can use tlvs se
ries u. evaluate the total energy for any 
configuration n that does not differ too 
much from >i". liven with just the few terms 
vhouii in T.q.(175), this series is remarkably 
accurate, furthermore, i! is just as easv to 
•mplement this scheme hv the relativistic 
, ase as the nonrelahvistu one. so it is par 
ikiilarlv useful tor h igh- / atoms. 

[he first term in the T u l o r series. L{n"). 
is a main result of the selt-.onsistent 
held calculation. (Relativist!.- effects are 
included b\ use ot the Hira. equa'.um in the 

self-consistent field calculation of the refer
ence configuration >i°.) 

The first partial derivatives, dE/dn®, are 
just the energy eigenvalues of the self-
consistent field calculation: 

dE 

dti°K 

ef , (A- = 1,2,. . . ,N) (176) 

This well-known result is easily shown. 
The second derivatives are numerically 

computed as the derivatives of the 
eigenvalues: 

d-E 3e? (k,l = 1,2 N) . (177) 

To evaluate Eq. (177) we change one occu
pation number n|' by a small amount to H|' 
•*• An, and then earn' out a new self-

consistent field calculation, which enables 
us to calculate 

[k. = 1. ,.Y) . (178) 

This procedure is repeated for all the shells, 
(/ = 1, 2, ..., \ ' ) , in the atom or ion. These 
additional self-consistent field calculations 
are much faster than the first one, because 
onlv a few cycles are needed to obtain con
vergence when An, is small. 

All the calculations needed to find the co
efficients in the Tavlor series for the --elativ-
istic self-consistent field evaluation of the 
total energy of a high-Z atom take iess than 
20 s on a fast computer. Once these coef
ficients are in hand, a single evaluation of 
the total energy requires only \ * ^ ,\ mu! 
triplications. The resulting total energy is 
typically almost as good as the value ob
tained from a self-consistent calculation. In 
computing transition energies (the differ
ence between two total energies), the relax 
ation energy is accounted for through the 
second-order term 1 ' in the Taylor series. 

The calculations for argon mentioned 
above and in Ref. 106 were repeated with 
the Taylor-series method. The largest error 
in the total energv was 2.1 eV while this is 
greater than the error in the scale-parameter 
;aleulations. k is —-til! more activate than re
quired for most pkw.-k.-phvsi. - needs. 
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These first tests of our new schemes for 
the rapid calculation of the properties of 
plasma ions encourage us to believe that a 
considerable improvement is possible over 
current sceened-hydrogenic models. We ex
pect that these methods will improve the 
calculation of the opacities and will prove 
useful in dealing with plasmas that are not 
in thermal equilibrium. 

Authors: D. A. Liberman and 
J. R. Albritton 

E!ectron-Ion Heat Exchange in 
Ionization and Recombination 

LASNEX simulations of laser-produced 
plasmas usually predict unequal electron 
and ion temperatures 1\. and 7*,. We are 
working to improve our fundamental un
derstanding of this interesting nonequilib-
rium thermodynamic s tate ." 1 ' ' 1 " 9 Here 
we describe some recent advances in our 
knowledge of electron-ion heat exchange, 
which determines the ion temperature. 1 1 " 

In general, 'J\. > 7', in the outer portions 
of an ICF target because laser energy ab
sorbed by electrons is only slowly trans
ferred to the ions. The situation is often 
reversed in the imploded fuel, where both 
h .drodynamic work and thermonuclear re
actions heat the ions so that 7", > 7 / -,n this 
case, heat exchange with the electrons limits 
the ion temperature. 

The ion temperature is important for 
three obvious practical reasons: first, the 
thermonuclear fusion reaction rate is very 
sensitive to T, ; second, 7, controls a Cou
lomb logarithm thai is important for laser 
absorption by inverse bremsstrahlung or 
electron thermal and electrical conduction 
flhis is discussed in the article "Electron-ion 
Collisions in Partially Ionized High-Z Plas
mas," earlier in this section, and in Ref. I l l ) ; 
third. 7, determines the Doppler contribu
tion to the width of spectral lines, and this 
is verv important in connection with certain 
p.-oposed designs for a soft x-ray laser. 1 1 2 

In this a i lHo we examine a novel mecha
nism of electron-ion heat exchange that oc
curs only in partially ionized plasmas and 
that is caused by sudden charge fluctuations 
resulting from ionization or recombination. 

In the example examined below, this mech
anism appears to set a lower limit on Tr 

CoIIisional Heating of Ions. The new 
effect operates in addition to the usual 
collisional coupling given by the Landau-
Spitzer formula, 

d£. m0 —'. = — .;-T. - Jtr:) ?i„ff, f fp0 , (179) 
dt M / 

where £, is the energy per ion; wjt, and M, 
are the electron and ion masses; kTv and AT, 
are the electron and ion temperatures (in 
energy units); nv is the electron density; 
vv = (frT^/wi,.)'''2 is the electron thermal 
velocity; and 

a,„ = 4 ^ 2 * ^ log A (180) 

is an effective collision cross section (Q? is 
the ion charge, - e is the electron charge, 
and log A is the Coulomb logarithm). The 
numerical coefficient in Eq. (180) is derived 
from a well-known formula ' 1 1 for the 
electron-ion coupling time r,.,. The physical 
process described by Eqs. (179) and (180) is 
energy transfer that occurs in electron-ion 
Coulomb collisions; a small fraction (ap
proximately 'v /M, « 1) of the kinetic en
ergy of the hotter particle is transferred in 
each collision. 

Ionizat ion Heat ing of Ions. The new 
heat-exchange mechanism is also a conse
quence of electrical forces. Consider an ion 
of charge + Qe, surrounded by a neutraliz
ing or screening cloud of electrons and ions. 
The electrical energy stored in this cloud is 
A£ ~ Q2r/R, where R is the appropriate 
scieening length. After electron-impact ion
ization, the screening cloud must adjust to 
the increased ion charge Q' = Q + 1. For 
times short -ompared with the ion p'asma 
oscillation period l/wyi, the extra unit 
charge is screened by electrons at a large 
distance - -D , . the electron Deoye length. At 
the radius "Ml of the nearest-neighbor ions, 
this leaves an unscreened electric field that 
causes the neighbor ions to relax ounvard 
from the central ion. This outward motion 
i? rapidly thermalized into ion kinetic en
ergy T h u s in each ionization event, the ions 
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gain a thermal energy of order d(A£)/rfQ 
= CVVR 

This reasoning gives the rough estimate" 

R <p»,.CT,|i',. (181) 

for the rate of ion heating associated with 
ionization processes. The rate of energy 
transfer is proportional to the impact 
ionization rate 'i l.{71]i ,

t l; (p is a numerical fac
tor discussed in Ref. 109. Essentially the 
same physical mechanism is suggested 
(from a rather different viewpoint) by 
Hagelstein, 1 1 2 who calls the phenomenon 
ion proximity heating. 

It is important to observe that the energy 
transfer is not necessnrily cancelled by a 
subsequent recombination. Indeed, if the 
time between ionization and recombination 
exceeds 1/(0 , and if 7, is low enough, the 
screening cloud around the ion of" charge 
Q + 1 has time to relax to a low-energy 
configuration; when recombination oieurs, 
the screening cloud must again readjust, 
and this transfers additional eneigv to 
the ion system. 

Equations (179) and (181) indicate that 
energy transfer bv the new mechanism c<in 
equal or exceed collisional energy transfer. 
although the ionization cross section is usu
ally much smaller than the Coulomb cross 
section, the energy exchanged per ioniza
tion event {~-Qi'2/R) can greatly exceed the 
small energy transfer in an electron-ion 
collision (~~m,.AT/M l). 

The process described bv Eq. (181) is very 
similar to a Raman effect that occurs in the 
absorption of visible light bv impurities or 
defect centers in transparent sol ids . 1 " In 
that case, absorption raises the detect center 
to an excited state that interacts with the 
environment with an altered potential: the 
detect and environment release energy (as 
phonons) in relaxing to a low-energv con
figuration in the changed potential. 

After estimating the ion temperature rise 
produced by this mechanism in a rapidly 
ionizing plasma, we reconsider Eq. (181) 
to reconcile it with the principle of 
detailed balance. 

Example; A Rapidly Ionizing Plasma. 
Hagelstein's proposed des ign" 2 for a soft x-
rav laser based on resonant photoexcitation 

illustrates the importance of the ionization 
heat-exchange mechanism (proximity heat
ing). In this scheme, a low ion temperature 
(T, < 10 eV) would have the favorable con
sequence of reducing the Doppler width of 
the pumping transition. In the proposed ex
periment, neon ions at a number density 
— 10 1 H cm 3 would be rapidly stripped to 
charge Q -= + 8 by photoelectric absorption 
of kilovolt :< rays from an intense laser-
plasma source. Three atomic scaleiengths 
are important: the ion Debye length 

D, = 
AT, 

A/rQ-t'-ii, 
- 10 to 20 A 

the ion neighbor separation 

• -i i n 

and the electron Debve length 

(182a) 

082b) 

UnQrnJ 200 to 400 A . (182c) 

The numbers refer to the proposed eondi-

>U + 8, AT 
200 eV. The situation is thus 

D, « R, « D,. 

1 to 5 e\", T, = 60 to 

(IKT) 

The electrostatic inti-...ction energy of adja
cent ions is ~~Q~f2/Ru, much gre.^tIT than 
AT,; this is the well-known condition of 
>troti£ toupiiiix of the ions, equivalent 
to P, <c /?„. In this case, the ion of charge 

4- Qf is principally screened by ions at a 
range -~-R{i. 

In the ion-sphere model, the central ion 
is assumed to he surrounded bv an electron 
gas that is nearly uniform for 0 --„ ;• - ' R1h; 
outside this range the other i( ns and elec
trons are taken to constitute a uniform, neu
tral plasma. Thi^ model predicts a screening 
energy AE - (9/10)(2-Y:/K,„ a value that 
agrees within a few percept with the results 
of elaborate Monte Carlo simulations of the 
strongh' coupled plasma. 

In this model each ion (of arbitrary-
charge Q") is surrounded by a cavity con
taining only electrons, whose radius is such 
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as to assure electrical neutrality. When we 
include the change of this cavity radius, 
with ionization of the central ion we find 

SAL 3 0 V -
2 R„ 

(184) 

A minimum ion temperature can be calcu
lated by integrating such energy changes 
with respect to Q' from Q' = 0 to the final 
charge state Q' = Q; assuming an ideal-gas 
specific heat, we find 

1 QV 
2 R{l 

(185) 

This mechanism alone thus predicts A'7", 
2L 7eV for the case considered. The actual 
ion temperature would be higher still be
cause of the contribution of the collisional 
mechanism of Eq. (179) and because of cy
clic ionization-recombination heating when 
steady ionization is achieved. 

The limitation indicated in Eq. (185) ap
plies to a plasma composed of a single sub
stance (e.g., pure neon). If this material 
were diluted with a low-7 impurity (e.g., 
hydrogen gas) the same ion heating energy 
would be shared among more nuclei, result
ing in a lower ion temperature. 

T h e Problem of Detai led Balance. The 
formulation of electron-ion heat exchange 
based on Eq. ( lSlj appears to predict a con
tinuous heating of the ions, and thus would 
appear to predict that the ion temperature 
would continue to rise even if it exceeded 
/",.. This is obviously wrong: the heai-
exchange mechanism must move the two 
species toward thermal equilibrium, and 
the net rate o( heal transfer must approach 
zero as the temperature difference ap
proaches zero. 

Alternatively p'—^sed, a proper view oi 
the ionization exchange mechanism 
must specificalk include the possibility of 
transferring heat from (hotter) ions to elec
trons- near equilibrium, the two exchange 
rates must be equal, leading to detailed 
balance. This requirement is satisfied by 
the collisional mechanism described 
byEq.( l79). 

To obtain detailed balancing for proxim
ity heating, we examine ionization and 

recombination that occur in the presence of 
a fluctuating electrostatic potential produced 
by plasma particles near a central ion. 

Ionization and Recombination in a 
Poter.1*.''1 We consider an ion subjc-.t to an 
electrostatic potential O generated by neigh
boring charged particles. If the plasma den
sity is low enough, the nearest-neighbor ion 
is often the main source of this potential, 
whose magnitude is therefore of order 
Qt'/K,,; for definiteness, the reader may con
sider this case, although the reasoning is in
dependent of the source of the potential. 

VVe assume that <D varies on a distance 
scale much larger than the radius of the ion 
core itself, and that it varies on the ion 
dynamical time scale (changing slowly com
pared with all electron transit times). An 
electron of energy c, gains a kinetic energy 
c<l> as it approaches the central ion. and the 
impact-ionization cross section is therefore 
approximately cru(t0 + t*d>), where a^e,,) 
was the ion's original impact-ionization 
cross section. 

After impact ionization, there are two 
low-energy free electrons, one or both of 
which could be at low kinetic energies 
(<r*I>), where they are actually loosely 
bound by the plasma potential fluctuation. 
However, electrons in this portion of phase 
space are extremely collisional and may 
therefore still be r.-i;arded as free. 

The ionization rate i-- affected by a 
change in the distribution function for the 
incident free electron and hv the probability 
of finding the target ion in its specified 
charge state. Assuming that the ion states 
are populated according to an equilibrium 
Boltzmann factor that contains the ion tem
perature, and ;hat the electron distribution 
is a nondegenerate Maxwell distribution 
of the asymptotic energy f,„ the rest;!; is 
a modified ionization rate containing 
Boltzmann factors exp(rO/AT,. - (jc^->/kT,) 
and a cross section evaluated at ilu shifted 
energy £(l = f(1 - <'<!>. 

The three-body recombination that is the 
inverse of this ionization also has an altered 
rate, and the changes arc somewhat dif
ferent in the two-temperature case: the 
distribution functions contribute the 
Boltzmann factors 

' A-7' ~ " A-7". 
(186) 
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corresponding to two electrons incident on 
an ion of charge Q + 1. The three-body 
cross section is evaluated at modified ener
gies determined by energy conservation. 
Again there is a question about the low-
energy portion of phase space, where one 
or both of the incident electrons would be 
formally bound to the potential fluctuation; 
again it seems reasonable to assume that 
these electrons are in equilibrium with the 
adjacent positive-energy states. 

If the ion densities are related by the 
(LTE) Saha equation, we find the ratio of 
ionization and recombination rates to be 

Ionization rate 
Recombination rate 

kT kTj 
(187) 

temperatures: it predicts zero heat transfer 
in the equilibrium limit, and changes sign 
with the temperature difference. 

In the other limit ( ^ « kTe), Eq. (188) is 
qualitatively equivalent to Eq. (181), and so 
this more comprehensive approach resolves 
the difficulty associated with the require
ment of detailed balance. 

This entire discussion has referred to 
impact ionization and three-body recom
bination. An entirely similar coupling of 
electrons and ions (and photons) arises 
from the analogous processes of photoion-
ization and radiative recombination. 

Author: R. M. More 

X-Ray Scattering by Bound 
Electrons and Plasma Fluctuations 

Because this ratio is not unity the Saha 
population ratios are altered when the ion 
temperature is not equal to the electron 
temperature. An effect of this character has 
been predicted.""' 

Using the corrections described we can 
readily determine the energy exchange rate. 
The result is 

fdJl exp AT,. 

Qcf\ 

AT, 

(188) 

where the average is taken over all configu
rations oi' the local environment and over 
the distribution function of incident elec
trons. The recombination contribution has 
been related to the ionization rate as de
scribed above, using the LTE Saha detailed-
ba'mce condition, if we expand this rate 
assuming the potential i'<P to be small com
pared with AT,, and AT,, we find 

.<C, 

IT <(.'*):> 

(w. kTv 

< M W • ( 1 8 9 > 

This expression is the proper generalization 
of Eq. (181) for nearly equal electron and ion 

In 19&1 we developed an improved compu
tational description of x-ray scattering from 
systems containing bound electrons (e.g., at
oms or partially stripped ions). Our approach 
gives results that agree well with experimen
tal data and extend existing models. 

Among the motivations for this work is 
the fact that many laboratory experiments 
with hot plasmas involve the scattering of 
x rays as an essential diagnostic step. For 
example, the output of an x-ray laser can be 
measured by counting x rays scattered by a 
foil oriented at 45° to the x-ray flux (see 
Fig. 3-49). 

Our special intei ?st is in coherent scatter
ing: for an atom containing Z electrons, the 
total soft x-ray scattering coss section is ap
proximately Z2CFV where the Thomson cross 

/^Jetectur 

Scattered x rays 

source 

Fig. 3-49. If Ihu source 
temperature greatly 
exceeds the foil tem
perature, x-ray scatter
ing can dominate the 
observed x-ray signal 
(except for transmitted 
flux). 
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section aT ^ 6.6 x 10" -^ cm 2 . The propor
tionality to Z 2 (rather than to Z) arises from 
coherent scattering, and strongly enhances 
the scattering for high-Z atoms. Most com
puter codes used for simulating hot-plasma 
experiments neglect coherent scattering: this 
is valid only for fully ionized plasmas. 

In certain cases, x-ray scattering is calcu
lated from tabulated cross sections that in
clude coherent scattering in a form that 
applies to cold (neutral) atoms; these cross 
sections greatly overestimate the scattering 
for hot plasmas. Our computational model 
describes both extreme cases. 

Consider x-ray scattering from an iso
lated, neutral atom. In this case we can 
use a simple formula for the x-ray differen
tial scattering cross section first derived 
bv Hei -enberg l l h : 

dQ ^ > l £ ) i£2h 
(190) 

whore {licr/dil) is the Thomson differential 
cross section, proportional to (1 + cos" 6), & 
is the scattering angle, ,/ = {An/?.) sin {6/2) 
is the momentum transfer, A is the x-ray 
wavelength, and ${q) is a structure factor 
approximated given bv 

incoherent. Equation (190) was derived un
der the assumption that the photon energy 
hv greatly exceeds the k-shell binding en
ergy E k , but is less than the electron rest 
energy mc~ = 0.5 MeV. 

Now consider the limiting behavior of 
${(]). For low (but not too low) energies. 
qrA « 1 for all 9: where r, is an atomic ra
dius. Using the normalization of the <p,, 
Eq. (192) gives S =* S t o h » 2r, which implies 
a total cross section proportional to 7?, as 
noted earlier. For high energies, i/r, » 1 for 
sufficiently large 9; in this case the f,{q) tend 
to zero, and we find S ^ S l t u « Z. In this 
limit the atomic binding has no effect, and 
the scattering is nntirely incr.ierent. 

We have evaluated the to -I \-rav scatter
ing cross section over a Icrge energy range 
for a varietv of a t o n s with the following 
simple hydrogenic approximation for the 
wave functions: 

</>,(') * i' (193) 

where the orbital radius rtj depends only on 
the principal quantum number n of the 
state /. In our work r,, is determined by the 
scrcened-hydrogenic mode l " ' : 

%j) - S l t i | l0D + S11H(i;) : (191a) Q , 
(194) 

S „„(,/) - F{q): = V/-,(,,), 

„('/) - Z V fxq)2 

(191b) 

(191c) 

The t{q) of Eqs. (191) are in turn deter
mined bv 

IX'i) *i;rc* ' (p,(r)~ (192) 

Here, (p,{v) dt-notu*. the |'th normalized 
single-particle wave function entering into 
a Slater determinant used to describe the 
atomic electrons. In Eqs. (191) the sums 
over j run over all occupied orbitals. It can 
be shown thai S l l l h corresponds to elastic 
scattering; for a multi-electron atom, this is 
coherent scattering. The term 5 I 1 U describes 
inelastic scattering, which is necessarily 

where Q„ is an effective charge for electrons 
in the »th shell. To treat high-energy pho 
tons, we replace the Thomson cros-, section 
in Eq. (190) by the relativistic Kloin-Nishina 
differential cross section. 

Figure 3-50 shows the resulting approxi
mate model and more accurate tabular 
data"*; the agreement is clearly adequate 
for practical purposes. The cross sections are 
verv large for low-energy photons scattered 
by high-Z atoms. The present LASNEX 
p'.asma model is equivalent to the curve 
with Z = 1. so incorporating these results 
will make a large change in (he calculated 
x-ray scattering. 

In generalizing the model to treat scatter
ing from a partiallv ionized plasma, we re
tain Eq. (190) but employ a more elaborate 
structure factor S{q). For anv many-electron 
system, the structure factor is given by 

Y-H< ">! ' ) (195) 

file:///-rav
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where IT) is the many-electron wave func
tion and r, is the position of the ith elec
tron. In a partially ionized plasma, the 
structure factor includes contributions from 
both bound and free electrons. 

The system of electrons and nuclei can 
he described by a set of adiabatic wave 
functions that incorporate the approxima
tion that nuclear velocities am much smaller 
than electronic velocities. The result for 
SOD is 

S('1) = SM) + F(,,)S l n(,;) + ex. 

i Ft . / ) : S„„(</) i H,S„„(I?) . (196) 

Here S„, S,„, and S„„ are the usual plasma 
structure factors oV.scribirj^ n)rrelatioj).s be
tween pairs oi free electrons, free electrons 
and nuclei, and pairs of nuclei. In Iiq. (196), 
the quantity 

Fw = V /'.('/) (197) 

is the ion form factor, as in Lqs. (1^1); in 
this case, however, the number of terms in 
the sum corresponds to (he number of 
bound electrons \ ' h . The final term S i m(i/) 
is also a straightforward generalization of 
the atomic incoherent scattering factor of 
I-q. (191c). The coefficient n, is t b - ion 
number density. 

We have developed a computer code that 
evaluates x-ray scattering on the basis of 
the equations given above. The structure 
factors are obtained from the Dehve-Hiickel 
theory, modified to approximately uescribe 
the strong-coupling regime. The ionization 
state is calculated from the screened hvdro-
genic model, Figure 3-51 gives represen
tative results for the total \ - iav scattering 
cross section foi a lead (i'b) plasma at 
1 g / c m ; and 1. 10, 100. and 1000 eV. At low 
temperatures, where the ma.oritv of the 
electrons are bound, the cross section for 
soft photons is greatly increased by coher
ent scattering. At higher energies it does not 
matter whether the electrons are bound or 
free, since the \-ray wavelength is small 
compared to the interekvtron splicing, and 
all curves coincide. Similar results are 
obtained for multicomponent plasmas. 

• 2 = 82 

—i—r-p i— • —i 1—r-| . . i 
LLNL nuclear data library (Ref. 3> 
,\ rew model 
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However, the effect of partial ionization is 
much larger than the effect of ion-ion and 
ion-electron correlation in plasmas 

Authors:). OJiva and R, M. More 

Graphics-Oriented Application 
Language for LASNEX 

GOAL, a graphics-oriented application lan
guage, was developed to help physicists 
understand the large amounts of data 
produced by LASNEX. GOAL combines 
many aspects of the old LASNEX lan
guage, computer graphics, and standard 
computer languages. 

When LASNEX calculates a simulation, 
it creates "snapshot" and "history" data 
files. A typical simulation produces 100 
files, each containing perhaps 300 000 
floating-point numbers, or some 30 000 000 

Fig. .1-50. Photon scat
tering cross section vs 
energy (neutral atoms). 

Hg. 3-51. Photon cross 
section (per unit 
atomic volume) vs 
photon energy. 
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Fig. 3-52. Graph plots 
made with GOAL. 

["iK. i -s i . I.ASNLX 
iTU'sh plul made with 
l.O.M . 

floating-point numbers in all. The only 
means bv which such a large quantity of 
data can be assimilated are graphical. 

The Predecessor Language. The 
I ASNEX graphics language grew by accre
tion from 1970 to 1978 as design physicists, 
code physicists, and computer scientists ex
plored the capabilities of the CDC 7600s 
md graphics peripherals. In 197H, the lan
guage was redesigned to remove- inconsis
tencies and to add more express-on and 
data-selection capability. The language re
mained batch-oriented. The language was 
moved to I he Cray-Is in 197'», and has 
changed little since then. 

The old LASNEX graphics language had 
the following difficulties: 
1. It did not permit users to create their own 

variables. 
2. It allowed only limited alg^braic 

ex press ions. 
3. It allowed only limited dala so ection (a 

combination of subscript ranges and sub
script functions). 

4. It did not provide control structures, such 
as looping and conditiona execution. 

5. It r n d no inline macro facility (a macro 
is a way of naming text so that the text 
replaces the name whenever the name 
is used). 

6. It was not "user friendly." For example, 
many error nu-^ige-. en vague or 
nonexistent. 

7. It was batch-oiented and was clumsy 
when used interactively. 
AH these difficulties have been solved by 

the GOAL language. GOAL is available 
both as an interactive post-processor, which 
operates on LASNEX d u m p files, and as an 
integral part of LASNEX. In the latter form, 
it generates plots and evaluates expressions 
as a result of commands from the problem-
generation file or the user's terminal. 

Computer Graphics Concepts. GOAL 
has six ways to convert data into pictures. 
First and most widely used is the XY graph 
plot. X and Y are arrays of numbers 
(X1,X2,...,XN) and (YLY2 YN); a line is 
drawn from point (Xl/Yl) to (X2,Y2) to ... to 
(XN,YN). Figure 3-52 is an XY graph plot 
that shows pressure as a function of the Z 
coordinate for three values of the radial 
zone index. 

Another picture that requires X and Y ar
rays is a scaiter plot, created by drawing a 
letter or dot at the points ( ;a,Yl), (X2/Y2), 
..., (XN,YN). 

GOAL lets the user create a picture of the 
LASNEX RZ Lagrangian mesh of quadrila
terals. Three arrays are needed: an array of 
radial coordinates R(KMAX,LMAX), an ar
ray of axial coordinates Z(KMAX.LMAX), 
and an array XYMAP(KMAX,LMAX,2; that 
tells which lines should be drawn. Note 
that there are twice as many lines as points. 
Each mesh quadrilateral (K,L) is associated 
with four vertex points: (R(K,L),Z(K,L)). 
(R(K - 1,L), Z(K - 1,L)), (R(K - 1,L - 1), 
Z(K - 1,L - 1)), and (R(K,L - 1), Z(K,L - 1)). 
Figure 3-53 shows a LASNEX mesh plotted 
with GOAL. 

GOAL lets the user create a picture of the 
material boundaries of the mesh. Four ar
ras's are needed: R, Z, and XYMAP to draw 
the mesh, and a fourth array of material re
gion numbers MREC(KMAX,LMAX). To 
each quadrilateral (K,Lj there corresponds 
a material number MREG(K,L). 

GOAL lets the use*- create a picture of a 
field of velocity vectors. Four arrays are 
needed: R and Z for the location of the tail 
of each arrow, an array of ra^ic! displace
ment U(KMAX,LMAX), and an array of 
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axial displacements V(KMAX,LMAX). The 
velocity vectors are drawn from the point 
(R(K,L), Z(K,L)) to the point (R(K,L) + 
DELTAT*U(K,L), Z(K,L) + DELTAT*V(K,L)). 
Figure 3-54 shows velocity vectors plotted 
uiih GOAL. 

GOAL lets the user create pictrres of 
contour lines. Three arrays are needed: R 
and Z for the location of the mesh, and the 
elevation variable F(KMA\,LMAX). To each 
point (R(K,L), Z(K,L)), there corresponds an 
elevation F(K,L). The contour lines are lines 
of constant elevation. Figure 3-55 shows 
contour lines above a dotted mesh. 

Compu te r Language Concepts . Physi
cists and computer scientists havf used an 
extended Fortran, called LRLTRAN, during 
all of LASNEX development. LRLTRAN is 
rich in concepts: its features include data 
declaration, data assignment, mathematical 
operations, data selection, control structures, 
and macros. These concepts, combined with 
the old LASNEX graphics language, formed 
the nucleus for the creation of GOAL. 

GOAL lets the user declare new vari
ables. For example, 

DECLARE REAL PRESSURE (KMAX.LMAX) 

declares a floating-point mesh /ariable 
called PRESSURE. Other data tvpes include 
INTEGER to store integers, LOGICAL 
to store true/false (0/1) logical values, 
SYMBOL to store variable names, and 
STRING to store ASCI! strings. 

Values can be assigned to variables. 
For example. 

PRESSURE 1. 

assigns the floating-point value 1 to all 
of PRESSURE. 

Mathematics can be performed on data. 
For example, 

DENSITY MASS/VOLUME 

divides the MASS array by the VOLUME 
arrav and assigns the result to the 
DENSITY arrav. 

Both scalar and arras* operations are 
available, including all the well-known 
mathematical operations: the usual opera-
lions { t- ,*,/, etc.), the Boolean operations 
(.I.E., .EQ., .AND., etc.), and the functions 
(SQRT, SIN, AMIN, etc.). 

Fig. 3-54. Velocity-
vector plot made with 
GOAL. 

Fig. 3-55. Contour plot 
and datted-mesh plot 
made with GOAL. 

GOAL lets the user select data. 
For example, 

MASSAVG(T) = MASS (7,AVC(2:LMAX)) 

selects the average MASS along K-Jine 7 for 
L from 2 to LMAX and assigns it to the sev
enth element of MASSAVG. Other subscript 
functions include minimum value (MIN), 
maximum index (MXX), peak-to-peak 
change in value (PTP), and partial 
sums (PSUM). 

GOAL lets the user loop ov< r com
mands and selectively execute commands. 
For example, 

DO I = 1 : KMAX'LMAX 
IF (VOLUME(I) .NE. 0.0) THEN 

DENSITY(I) = MASS(I)/VPLUME(I) 
ELSE 

DENSITY(I) = 0.0 
ENDIF 

ENDDO 

GOAL lets the user define macros and 
macro arguments, Ibr example, the following 
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macro will plot a graph of any mesh-size 
quantity against the averaged position: 

MACRO DEFINE PLGVSZT <K,A) = 
PLG A(K,2:LMAX), & 

(ZT(K,1:LMAX-t)+ & 
ZT(K,2-.LMAX) t- & 
ZT\K-U:LMi*X-l)+ & 
ZT(K- l,2:LMAX))/4. 

MACRO END 

To plot K-line 7 cf ERAD aga; ;t the aver
age position usin.s thi:' macr type 
PLCV5ZT(7,ERAD). 

An important feature for laser fusion 
designers is GOAL'S ability to work with 
f.ASNEX data, experimental data, and 
analytical dau;. 

GOAL is consistent. It was designed to 
avoid many of the inconsistencies found in 
the old LASNEX language. 

GOAL is terse. Almost every example can 
be shortened by synonyms that are part of 
the language. For example, the command 
PLOT GRAPH can be shortened to PLG. 

GOAL is "user friendly.' In contrast to 
the old LASNEX language, GOAL reports 
all detected errors, issues useful error mes
sages, and recovers without crashing. This 
makes errors easier to find and correct. 

The Future. We plan to add three-
dimensional pictures, cursor and movie 
commands, and additional macro capability 
to translate current languages into GOAL. 

Author: L. M. Stringer 
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Targets, such as those shown here, filled 
with a deuterium-tritium fuel mixture, are 
positioned in the center of the target 

chamber and illuminated by the laser. Parameters 
such as size, shape, and material of the target, the 
amount and the state of the fuel, the efficiency of 
laser-light absorption by the target, and the fuel's 
reaction to the icser energy are all important in 
producing uniform compression and ignition. 
Therefore, techniques have been developed to 
fabricate very small, uniform, hollow spheres from 
a variety of materials, and to fill them with DT fuel 
and other tracer gases. In the large photo, polymer 
spheres are magnified 134 times by a cross-
polarized microscope. In the photo below, hundreds 
of the same polymer spheres floating in a 
water/soap solution illustrate a new chemical 
processing method, microencapsulation, being 
developed to fabricate these spheres. The inset 
photo at left is a low-temperature experimental 
chamber used for determining material properties 
at cryogenic temperatures. The inset photo at 
bottom left shows a resonant photoexcitation x-ray 
laser target whose components are made by 
anisotropic etching of silicon. This technique allows 
specific planes of the crystal lattice to be etched, 
leaving other planes unetched, thus producing 
precise geometric shapes. 

Target Fabrication 
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Target Fabrication 
Introduction I. F. Stowers 

The Fusion Target Fabrication (FTF) Program researches, develops, and fab
ricates targets for the Inertia! Confinement Fusion (ICF) Program. This year 
we developed targets for soft x-ray laser experiments and have begun fun
damental studies into the formation of nuclear spin-polarized DT fuel. 
These and other major advances are highlighted below. 

Novette. Using Novette's green output, LI.NL performed the world's first 
laboratory demonstration of soft x-rav lasing action. For this demonstration, 
we developed the technique? to fabricate two new target designs: the resonant 
photoexcitiUiun scheme and the collisional excitation scheme. We fabricated 23 
targets of the firs1, dc-ign and 145 of the second. 

To aid in Ihe >-i\id\ 'it '. i ser plasma interactions at 0.53 ^/m and 0.26 /im, 
we construcu'J .: '.luniUor of thin CH foil targets that contain a central spot 
doped with ml..' • or i.ui'ur. Called multilayer polymer microspot targets, 
they are an iirn • . men' over the microspot targets reported on in the 1983 
Laser Annual. [ 

Nova. Because Nova will be operational as an experimental facility in 1985, 
we have begun to develop new concepts for advanced, high-gain targets. One 
of the - • concepts is nuclear spin-polarized DT fuel, a technique with high po
tential ior increasing target gain. This process calls for the formation of pure 
molecular DT, and a determination of its spin-lattice relaxation time. 

A senes of experiments to demonstrate target concepts that are hydrodv-
namically equivalent to future high-gain targets is planned for the Nova laser. 
To prepare for this campaign we are designing and have begun constructir - a 
cryogenic target support system, which has numerous advantages over the 
Novette system. And because some Nova targets may require condensed lay
ers of fuel or diagnostic gases, work toward producing these layers uniformly 
has been continuing at the University of Illinois. 

Finally, we have developed a method of forming ultrathin films of 
polystyrene, poly(butadiene-styrene), and polypropylene. Among these, 
polypropylene was found to have many potential uses in the construction of 
foil targets. 

iSJovette Targets 
Novette X-Ray Laser Target 
Fabrication 

For the first time, the ICF Program at LLNL 
has produced amplified, coherent radiation 
in the soft x-ray region. X-ray lasers yield
ing this radiation used Novette's green out
put as their primary source of energy to 
indirectly pump a gain medium. The FTF 
Program developed the techniques to con
struct these x-ray laser targets. Related 
theory and experiments are discussed in 
"X-Ray Laser fixperiments," Section 5. 

We have investigated two principal x-ray 
laser schemes: the resonant photoexcitation 
design and the collisional excitation design. 
Like other lasers, x-ray lasers require a gain 
medium where energy can be stored in ex
cited atoms or molecules. However, x-rav 
lasers, unlike visible lasers, require the 
higher energy- transitions of atoms' inner-
shell electrons for their short wavelength 
output. As a result, their gain medium is 
created using the highly ionized atoms of a 
lasant material. Once ionized, the medium 
is pumped to create the population inver
sion of excited states necessary for losing. 

The primary differences between the two 
schemes lie in their lasant materia's, the 
structures used to support those materials, 
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fig. 4-1. Cross seUion 
of I lie resonani 
photoexcitation x-ray 
laser target. In the 
center of the target 
is the laser gain 
channel containing 
the Uising medium. 

and the methods of pumping the gain me
dium. While the resonant phoioexcitation 
version has been the most difficult to de
sign and fabricate, the collisional excitation 
version has demonstrated the amplification 
criteria for a laser. 

Resonant Photo ex citation Scheme. Cen
tral to this design is the laser gain channel, 
a high-aspect-ratio, pressurized gas channel 
containing the lasant fluorine, in the form 
Sl:„. Figure 4-1 shows the laser channel, 
.vhich is enclosed on two sides by input 
windows transmissive to pump x rays and 
on two si Jos by knife-edge shaped walls. 
Both ends of the channel are enclosed by 
x-ray cransmissive output windows. Sepa
rated by 50 wm from the input windows. 

and parallel to them, are thin manganese 
foils used as the pump flashlamps. The 
lasant gas is supplied to the target while it 
is mounted in the target chamber. Prior to a 
shot, the laser gas pressure is monitored at 
these locations along the the laser channel. 

The population inversion is created by 
the resonant excitation of ionized lasing at
oms.2 As illustrated in Fig. 4-1, a high-
power visible laser is focused onto a metal 
foil and a gaseous medium is pumped by 
the x-ray emission from this foil (the flash-
lamp). Broad-band x rays from the flash-
lamp ionize the cold lasant gas to a 
hydrogen-like state, while a specific x-ray 
line in the flashlamp emission excites the 
ionized fluorine atoms. From the excited 

Channel pressure 

Silicon - nitride -
flashlamp 

support window 

Silicon wafers Silicon wafers 
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state, the atoms collisionally transfer to the 
upper laser level. 

The cross section of the laser channel, 
shown in Fig. 4-1, requires a knife-edge 
geometry with a tip radius of curvature less 
than 1 /Jm to prevent possible trapping. 
However, theoretical uncertainties in the 
x-ray laser gain calculations require that the 
channel dimensions be adjustable. For ex
ample, the opposing knife-edge tips are 
parallel to ± 2 ^ m , hut the distance be
tween them is variable, from 30 to 100 / jm 
on several different channels. In addition, 
the channel width has to be adjustable, 
from 40 to 100 /im, with a uniformity of 
± 2 p m for any '".dividual design. The 
channel dimensions have to remain within 
tolerance over their entire 14-mm length. 

Side and end windows are necessary *o 
contain the lasant gas within the channel at 
a pressure of 50 Torr, This requires low dif-
fusivity and low pinhole density in the win
dows. The side (input) windows must be 
transmissive to both the hard, ionization 
x rays (a few keV), and the soft, photo-
excitation x rays (a few hundred eV). The 
end (output) windows must transmit the 
soft xray laser radiation ( = 153eV). In 
addition, calculations have shown that a 
± 10% pressure nonuniformity in the gas 
could significantly reduce the x-ray lasing 
action. To insure pressure uniformity, we 
measure the gas pressure along the laser 
channel. Under the worst conditions (all 
the gas leaking from one defect), a leak rate 
of 50 laser vol/s would produce a ± 10% 

nonuniformity in the channel (one laser vol 
~ 5 x 10~ 5 cm 3 ) . Therefore, the leak rate of 
the structure has to be certified less than 
this value. 

Outside of the laser channel, which is the 
central piece of the laser design, are 
flashlamps spaced approximately 50 fjm 
from the input windows (Fig. 4-1). The 
flashlamp windows are 150-nnvthick silicon 
nitride (like the input windows) and are 
coated with 75 to 125 nm of manganese. A 
vacuum must exist between the input win
dows and the flashlamps to minimize pump 
radiation absorption losses. Finally we had 
to devise ?. way to nil the laser channel in 
sitii with the fluorine lasant gas and verify 
the gas pressure during operation. 

We anisotropically etched (100) crystal
line silicon wafers to produce all parts of 
the resonant photoexcitation laser, a useful 
technique that allows specific planes of the 
crystal lattice to be etched, leaving other 
planes unetched. Anisotropic etching 
micromachines structures with smooth and 
crystallographically defined surfaces. (The 
micro fabrication process is illustrated 
in Fig. 4-2.) 

To fabricate the flashlamp, we first 
thinned silicon wafers to 200 /jm thick, and 
then coated them with 150 nm of silicon -
rich silicon nitride. This form of silicon ni
tride has less stress and deformation than 
stoichiometric Si-,N4 (Ref. 3). Our silicon 
nitride was prepared bv low-pressure, 
chemical-vapor deposition with a 1:1 gas 
mixture of S i H 2 C l 2 : N H v Auger analysis 

0 Oxidc'nitride deposition 
on a thinned water 

2) Photolithography EZZZZZZZZZSa 
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/ 
Laser channel 
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Windows 
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\ 
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Tig.-1-2. The micro-
Szbricul'xon process 
used to produce all 
parts of the reso-
nanl photoexcitation 
x-rav laser. 
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Hg. 4-3. Silicon wafer 
components fur reso
nant photoexcitalion 
x-ray laser: (a) flash-
lamp wafer, (b) input 
window, and (c> knife-
edge laser channel 
wafer. 

indicated that the silicon nitride film was 
composed of approximately equal atomic 
amounts of silicon and nitrogen. The coated 
wafer was then patterned using photoli
thography and the silicon was anisotro-
pically etched in 77°C KOH, which does 
not attack the nitride. This yielded a 
14-mm-long, 10-mm-wide silicon window 
frame with two 6-mm-long, 400-^m-wide 
silicon-nitride windows separated by a 
0.5-mm-wide silicon frame. In the center 
of the frame was » 250 x 250^m-square 
hole produced by double-sided anisotropic 
etching. This pump-out hole, shown in 
Pig. 4-3(a), was used to evacuate the region 
between the flashlamp and input windows. 
A 0.8-mm-long dead spot in the Novette 
line foci enabled us to split the flashlamp 
into two halves. The windows were sputter-
coated with 50 to 150 nm of manganese, 
which formed the metal flashlamp foil. 
Calculations indicated that the 150-nm-
thick, silicon-nitride layer would absorb 
onlv a small amount of the flashlamp 
pump x ravs. 

We fabricated the input windows simi-
larlv to the flashlamp wafers, except that 
we first thinned the wafers to 5 0 ^ m , then 
t-tched them to yield a 13-mm-long x 300-
/jm-wide, 150-nm-thick silicon-nitride 
window on each 14-mm-long, 10-mm-wide 
silicon wafer. The fragility of these thin 
wafers necessitated the use of special 
vacuum chucks and handling procedures. 
Assembly (or "glue" and "vacuum") holes 
[Fig. 4-3(b)], used to aid in the final assem
bly of the laser parts [Fig. 4-3(b)], were 
siniuitancousiy etched into these wafers. 
Double-sided wafer patterning and etching 
of all parts wery required to do this effi
ciently. We used a specially designed fixture 

that sandwiches a photoresist-coated silicon 
wafer between two masks, allows the 
masks to be aligned to each other and to 
the flat of the silicon wafer (necessary for 
anisotropic etching), and then exposes both 
sides of the wafer. 

The silicon, knife-edge laser channel 
[Fig. 4-3(c)j, was fabricated by etching 
both sides of an appropriately thinned 
silicon wafer 40 to 100 /jm thick, as shown 
in Fig. 4-2. By effectively designing the 
mask, we were able to control the interpoint 
spacing between the knife-edge tips to 
±2fjm, w'th the spacing on an individual 
channel varying by less than ± 1 / im. By 
carefully monitoring the etch, the radii of 
curvature of the knife-edge can b^ less than 
50 nm. In addition, gas feed channels, pres
sure transducer lines, cleave lines and as
sembly holes were simultaneously etched 
into the channel wafer. 

The gas feed channels were a set of 24 
grooves, etched to a depth o\' half the wafer 
thickness and spaced 480 / im apai-t on alter
nating sides of the siLcon wafer, as in 
Fig. 4-3(c). On the opposite side of the 
knife-edge from the feed lines, wu etched 
three sets of pressure transducer lines. The 
three sets allowed us to tap the ga.s pressure 
at three distinct locations along the channel 
axis and measure the pressr e with three 
oxtemallv mounted pressure transducers. 
Each set of transducer lines was made up 
of 10 grooves, spaced 100/.im apart on alter
nating sides of the wafer, and etched to a 
depth of half the wafer thickness. The wafer 
itself was 18 mm lorg and 10 mm high, with 
the knife-edge faser channef onfy i5 mm 
long. Two cleave lines svmmerricallv located 
and spaced 14 mm t-.part were etched ap
proximately two-thirds of the way through 

'a) 

» 4 
."-Pump-out hole 

/ - -
150-nm-th' 

silicon nil 

<b) 
i^Kj^tata ,1^ 

4 f ;> lS0-nm-thick 
M r silicon mt?ic!e 
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the wafer. After final assembly, we removed 
the excess length of the knife-edge ivafer by 
snapping the wafer along the cleave lines. 
This opened the knife-edge geometry, expos
ing the ends of the laser channel. 

Finally, we fabricated the output window 
frames by anisotropically etching 100-pm-
thick silicon wafers to produce a 1-mm-
square structure, with a 150-um-square 
opening in the center. Because of photon 
absorption at 133 eV, silicon nitride was an 
inappropriate choice for the output window 
material. Instead, a 100-nm-thick layer of 
Formvar was bonded to the silicon-end 
window frame. 

After KTF designed each component wa
fer, the Electronic Research Division com
pleted (lie photolithography-mask genera
tion, wafer patterning, and anisotropic etch
ing. The component wafers-- were then de
livered to us for assembly into the target. 
We designed the component parts for the 
\-ray laser to make assornblv an easy, mod
ular procedure. Because particulate contami
nation of the wafer mating surfaces can 
cause wafer separation that results in failure 
of the target to perform as designed, we 
performed the assembly procedure in a 
clean room. A +2-;JIYI flat assembly fixture 
with vacuum handling capability was ma
chined for the procedure. We stacked two 
flashlamp wafers, two input window wa
fers, and one knife-edge wafer onto this fix
ture in appropriate order. Once positioned, 
we clamped the silicon together and, using 
50-11 m-diam pipettes, metered epoxy into 
the exposed assembly holes to bond the 
structure together. Once the epoxy cured, 
we turned the silicon "five-pack" of wafers 
over, and applied epoxy to the remaining 
assembly holes. At this point, we removed 
the excess length of the knife-edge wafer 
by cleaving, and positioned and epoxied 
(he I-ormvar output windows into place. To 
insure leak-tightness, we also sealed any 
exposed edges of the laser with epoxy. 

We then mounted and epoxied the five-
pack into a metal frame, as shown in 
Fig. 4-4. The bottom of the aluminum struc
ture held the five-pack in place and sup
ported the pressure transducers, the lasant 
gas supply, and a gas plenum. The top part 
of the structure was designed to transfer gas 
inlo the laser channel through gas feed 
lines etched into the knife-edge wafer. 

After we assembled the five-pack and 
metn] frame and completed an initial 

leak-rate certification, w e sputter-coated the 
manganese onto tlv. ?ashlamp support win
dows. The flashlamp windows were not 
coated until this time because the opacity of 
the coating would interfere with the visual 
alignment of the laser channel and win
dows during assembly. We used sputter 
coating for this task because of its short 
turnaround time, easy thickness control, 
and low process temperature. Because con
siderable time and effort had been invested 
in the x-ray laser target prior to coating the 
flashlamp, we took stringent steps to mini
mize errors and accidents during the sputter 
process. The narrow gas-feed and pressure-
transducer lines etched into the laser chan
nel wafer provided a low conductivity gas 
path between the laser gain channel vol
ume and the outside of the target. As a re
sult, the normal, rapid pump-down and 
venting of the vacuum system caused a 
pressure differential as great as one atmo
sphere across the input windows. Addi
tional contr . i vjlves and a pressure monitor 
were installed into the vacuum system *o 
manually control the r«te of pressure 
change during pump-down and venting 
and reduce the risk of window breakage 
from excessive differential pressures. The 
rate of pressure change during the entire 
sputtering operation was kept below 
lOTorr/s. Fifteen targets were successfully 
coated without a mishap. 

To verify that the x-ray laser was assem
bled as designed, we performed several dif
ferent tests. We used a Zygo large-area 
interferometer to verify the flatness of the 

t-ig. -1-4. The resonant 
photoexcitation x-ray 
laser in a metal sup
port franr* The bot
tom metal piece holds 
the wafers m place, 
and supports the pres
sure transducers. The 
gas supply plenum is 
in the top piece. 

'—Pressure 
transducers 
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x-ray laser parts. In the area of interest 
(14-mm-Iength x 1-mm-width along the 
channel) the ZCO-^m-thick silicon flashlamp 
wafers were flat to ±0.5/frn, and the 
50-//m-thick input window wafers and the 
x-ray laser knife-edge channel were flat 
to ± 1.5 /Jm. {Typically, the 10 x 14-mm-
silicon parts were flat to ± j / i m , but were 
much flatter in the smaller tirea of interest.) 
After assembly, we reexamined the silicon 
five-pack, and again interferometrically veri
fied the channel to he flat w' f hin ± 2 / j m 
along its length. 

The silicon-nitride input windows were 
also required to bow less then 3 fjm under 
50 Torr of pressure. When pressurized, the 
gas in the laser channel pushed the nitride 
scaling windows out. The extra volume ere 
a ted was outside the knife-edge. Lasing 
action in this region could not escape the 
output windows, and reduced the observ
able lasmg action in the center. To measure 
this bowing, we evacuated one side of a 
150-nm-thick, 13-mnvlung, and 500-/<m-
wide si icon-nitride film. Under the ont1-
almospiiere pressure differential, the film 
bowed less than 2 /mi . In audition, this 
pressure differential was cycled several. 
times to insure the integrity of the window. 

After assembly, some of t i e five-packs 
were radiographed with 25-keV x rays. We 
analyzed the developed film with a micro-
clensik-meter to measure th ? accuracy of as
sembly and consistency of he interpoint 
spacing, of the knife-edge tips. The resolu
tion of the microdensitome':er was approxi-
mateh ± 1 ; ;m, and no deviation in the 
interpoint spacing could be observed. In ad
dition, the lateral placement accuracy of one 
wafer on top of another was typically 
±5 jum. All assembly was done usinj mi
cromanipulators, viewing 'he samples under 
a stereomicroscope. 

The final test for the x-rav laser assembly 
was to guarantee tightness against leaks 
and pressure uniformity. After assembly, 
we pressurized :he silicon x-rav laser gain 
chanrel to 100 Ton - above atmospheric 
pressu.e with helium gas. The helium leak 
rate was 10 to 15 x-ray laser vol/s. The 
leak rate for the larger lasant gas molecules 
would be less than this for either diffusion 
through the membranes er How througl" 
gaps. The uniformity of the gas pressure 

at 100 Torr inside the laser channel was 
measured with the transducers to be better 
than ± 10%. 

The lasant gas was supplied to the reso
nant photoexcitstion x-ray laser in the 
Novette target chamber through a gas-
fiiling and monitoring system. Gas with 
greater than 0.995 purity was fed to the 
supply panel from a lecture bottle with the 
gas-supply network and the laser channel 
evacuated. Gas purity into and out of the 
channel was verified prior to shooting by 
means of a mass spectrometer. Readiness 
was determined when the channel pres
sures i nd i c t ed an acceptable gas density-
profile and the spectrographs confirmed gas 
purity. Channel-filling transients were mini
mized by supplying gas to both the inlet 
and outlet nf the laser assembly after purity 
confirmation. G -̂;. purity for all shoes was 
maintained above 0.99.5 and the pressure 
profiles w e e generally wiihln the desired 
± 10% of the nominal 40-TO.T value. 

Colli sional Excitation, Exploding Foil 
Scheme. Most of the x-rav lasers shot dur
ing thi< campaign were exploding foil tar
gets us ng collisional excitation for the laser 
pumping. The iasant candidate is a 75-nm 
to 150-im-thick foil of either selenium or 
yttrium coated onto a 150-nm-thick sub
strate cf l-'orinvar. The foil is supported on 
an a ' u n i n u m frame that allows it to be illu
minated along botli sides of its length by 
the two green Novette beams. 

Under the Novette radiation, the foil ex
plodes while the lasant ionizes, creating a 
plasma with a high population density of 
neon-like-statt* ions. The ions coilisionallv 
excite to the upper laser level, creating the 
popula ion inversion. The foil explosion 
forms a low-density column of the lasant. 
In the nterior region of the column, the 
density gradients in the direction normal to 
the col.imn axis are low. This minimizes re
fraction of the \-rav beam as it passes 
through the excited gain medium. 

The selenium was coated by evaporation. 
We cor trolled the coating thickness by 
regulating the coating rate and time. The 
temperature of the selenium evaporation 
source had to be controlled to prevent radi
ative heating of the l :ormvar substrate. With 
the high vapor pressure of selenium, a hot 
coating and substrate would result in 
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re-evaporation of the selenium during coat
ing and an uncertainty in its thickness. Be
cause of the toxicity ot selenium, we used a 
dedicated evaporation system. 

The yttrium coalings were sputtered onto 
the Fbrrnvar substrates. The rapid oxidation 
kinetics of yttrium created a problem when 
.enting the vacuum system. Normal vent
ing rates allowed exposure of the yttrium to 
concentrations of oxygen high enough to 
cause the exothermic heat generated to ig
nite aiid burn the film. We implemented a 
staged venting procedure to force a reduc
tion in the oxidation rate. This allowed the 
heat to dissipate, keeping the film tempera
ture low. Once the yttrium was completely 
oxidized, the foils were exposed to air with 
no negative repercussions. The presence of 
oxygen in the lasant matt rial did not de
grade the targets. 

Prior to each coating cycle during a trial 
run, we checked the film thickness. We also 
monitored the thickness in situ, and iater 
confirmed this by a profilorneter measure
ment on a witness slide coated during the 
same run. To experimentally verify that 
there was amplification along the plasma 
channel, we varied the length of the 

iUuminated foil. We could deduce gain from 
output intensity that was exponential with 
channel length. For this purpose, target 
lengths from 2.5 to 22 m m were needed. 

The aluminum support frame wps ma
chined and lapped to have one flat side. 
The Formvar foil was floated from distilled 
water on.o a wire hoop and then glued 
onto the flat side of the aluminum frame. 
We then coated the selenium or yttrium 
onto one side of the Formvar foil. We cut 
the ends of the lasant foil to the desired 
length for each particular shot using a 
5-jUm-diam glass fiber. A microscope with 
a micrometer translation stage having 2 / i m 
resolution was used to measure the length 
of each target foil. 

To keep background emission originating 
outside the laser gain channel from the pri
mary diagnostics, 250-//m-apodizing pin
holes were mounted on the ends of the 
frame. We fabricated the pinholes out of sil
icon by anisotropic etching as we did the 
component wafers used for the resonant 
photoexcitation x-ray laser targets. The 
holes, 250-^ m square, were etched into 
2-mm-square wafers. A line through the foil 
and the centers of the pinholes defined the 

Kinematic mount 

Alignment mirror 

75-nm-thick selenium or 
yttrium on 150-nm-thick 
Formvar 

Aluminum support frame 

X-ray laser output 
pinholes 

Fig. 4-5. The colli
sions! excitation, 
exploding foil x-ray 
laser. The plasma 
gain channel is formed 
in the selenium or 
yt tr ium foils along a 
line between the out
put pinholes. 
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x-ray laser output beamline and the line 
that was to be illuminated by the Novette 
line foci. 

After the pinholes were mounted, the 
frame was mounted to a target base and ki
nematic mount, the alignment mirror was 
mounted and aligned, the foil length was 
verified, and the target, as shown in 
Fig. 4-5, was delivered to Novette. 

Because of the coherent output of the 
x-ray laser target, it was necessary to align 
the laser gain channel with two primary di
agnostics located at opposing ends of the 
target chamber. The center of rotation of a 
goniometer was at the middle of the plasma 
channel. An alignment mirror mounted on 
one of the output ends of the x-ray laser 
was used to retroreflect from and insure the 
plasma gair channel was aligned to within 
pDt) microradians of the primary diagnostics. 
The mirror was mounted to the target with 
a kinematic mount and, using a two-arm 
interferometer, was adjusted to be orthog
onal to the expected output beam prior to 
delivery to the target chamber. 

Summary. During the campaign, we fab
ricated 23 resonant photoexcitation and 145 
collisional excitation x-ray lasers. Results for 
tliL' resonant photoexcitation design are 'n-
conclusive; however, by developing this 
la^er design and its silicon components we 
have demonstrated the utility of silicon and 
other microfabrication technology for future 
v r a v lasers and ICF targets. By developing 
the collisional excitation design we have 
demonstrated the criteria for amplification. 

Hegin with micruspot film 
on salt-coated .substrate 

Coal with Cl l 

rzn 
Attach pulvL'thyli'iif support ring 

' ' I I Fliul nil' film in iv.iti'r 

Invert, coal with C! 

Experimental results are described in detail 
in Section 5. 

Author: G. D. Rambach 

Major Contributors: A . M . Hawryluk, E.J. 
Hsieh, B. Myers, and D. R. Ciarlo 

M u l t i l a y e r P o l y m e r 
Microspot Targets 

Last year we reported on the development 
of a seeded microspot x-ray diagnostic 
target."" This target consisted of a 
300-^m-diam, 2-/(nvthick disk of silicon-
or sulfur-seeded hydrocarbon polymer 
nested tightly in a hole in a 2-^m-thick 
film of pure hydrocarbon polymer. This 
year we extended our work on the micro-
spot target, fully encapsulating the 
microspot in what we call the multilayer 
polvmer microspot target. 

The seeded polvmer spot in the target is 
covered front and back with an additional 
CH polymer layer that further reduces tem
perature and density gradients tor the 
plasma experiments conducted with this 
target. Several targets of this tvpe were shot 
on Novette [:•> measure the temperature and 
density of a laser-generated plasma and to 
study long-range plasma .^stabilities. "Fx-
ploding Foil Characterization/' in Section 5, 
reports on experimental details and results. 

The steps in fabricating a multilayer polv
mer microspot target art; shown in Fig. 4-6. 
First a microspot target is prepared as de
scribed in the 1L>83 Laser Annual, 4 except 
that the film is left on the salt-coated sub
strate. Then, with all masks removed, the 
patterned polymer structure is overcoated 
with a layer o\ plasma polymer 2 / im thick. 

Next we separate the desired area o\ the 
target from the e-.cess film using a scalpel. 
A polyethylene support ring with a bead of 
adhesive on its face is then pressed against 
a defined area of the target. After the adhe
sive hardens the substrate is slowly im
mersed in water. The potassium chloride 
layer on the glass substrate dissolves, re
leasing the microspot and the support ring 
to float on the waler surface. 

The freestanding, two-layer film on the 
polyethylene support ring is then inverted 
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and coated with a second layer of plasma 
polymer. Thus, the microspot in the com
pleted mi.ltilover target is enclosed in CH 
polymer, both radially and longitudinally. 
Encapsulating the target in this way elimi
nates the undesirable temperature and den
sity end effects that occurred in experiments 
using the single-layer tnicrospot target. 

Author: S. A. Letts 

Major Contributors: R. A. Corley, 
T. M. Tillotson, and L. A. Witt 

Nova Targets 
Nova Cryogenic Target 
Support System 

This vear we completed the conceptual de
sign of Mova's crvogenk tjiyj-l support sys
tem. The design is an e\ olutionan step 
he\ond that of the Wweiio cryo-Mt. de
scribed in the 11>,S3 l.asei Annual." While 
the \ o \ e i l e crvosta! was specifically de
signed to create a uniform layer of con
densed DT in a glass microsphere, the 
MDV.I cryogenic svMom will be capable oi 
supporting a vanetv ol targets; those con
taining high densjiv gas, sp j n -polan/ed fuel, 
condensed fuel, and diagnostic gases. 

The Nova cryogenic s V siem. illustrated in 
fig. 4 7, pnwides a standard fixture for fill
ing fuel capsules, in situ, to 200 aim; regu
lating target temperature- m the range of 20 
to WOK. and allowing Ihe nnllimeter-si/e 
lapsule tii he c o n s i s t e n t positioned in 
view o) the target chamber alignment op
tics, despite tin => m it must travel during 
insertion. IVtail- ot the target tixlure are il
lustrated in Hgs. 4 K and 4-0 

One ot our primary purposes lor develop
ing \ m . i s irvni.'enii system is to solve a 
problem that incurs when filling fuel cap
sules. IC! capsules are made of a permeable 
material so that tuel (usually I) , or DT) can 
he diftu.ed into their hollow interiors. Gas is 
diffused into ihe capsules to avoid the use of 
Mil holes that might iause nonspherical im
plosions. Capsules made of materials that 
are highly permeable at room temperature 
i an he tilled in a matter ot minutes. How
ever, since most of the capsule materials are 

essentially impermeable below 120 K, they 
can be filled at room temperature and then 
held in the cold state in an evacuated target 
chamber during alignment. 

A cryogenic system also allows the cap
sules to be filled with higher density fuels 
without rupturing. This is significant since 
the desired fuel density will increase in pro
portion to the rise m laser power that we 
expect from Nova. Gas pressure in the cap
sule is greatly reduced by lowering the tem
perature to near the saturation point, 
between 20 and 40 K. This decrease in tem
perature also strengthens the capsule mate
rial. Capsules for spin-polarized and 
condensed fuel must be cooled to even 
lower temperatures, as discussed in "Spin-
Polarized DT," later in this section. 

Targets are mounted on a cryogenic util
ity post (CUP) and l hen attached to the 
Nova cryostat (Fig. 4-8). Most targets are 
assembled with radiation shields that pro
tect certain diagnostics. These shields re
quire that the target be positioned with t-\n 
exact orientation in the target chamber. 
Correct orientation is guaranteed by the 
CUP, which is designed so that the target 
mav be easily and secure!)- attached to the 
subassembly under the cryostat end register 
(SAUCER), as shown in fig. 4-8. Quasi-
kinematic mounts orient the target and form 
a thermal switch between the SAUCER, 
which is a replaceable part of the crvostat. 
and the CUP. A thermal switch is activated 
by flowing helium into the annular space 
between concentric copper tubes in the 
CUP and SAL/CUR. Cold helium flowing 
through this space is bkn n onto the target 
to promote greater cooling capacity at a 
given temperature. 

\v> diffuse gas into the target by gradu
ally increasing the pressure in a high pres
sure, stainless steel shroud, which is moved 
over the target by a two-axis servo. A large-
pneumatic cylinder generates sealing forces 
in excess of !>0kN between the shroud and 
SAUCER. These forces are maintained, de-
spile thermal contraction (the high-pressure 
shroud is cooled bv liquid nitrogen and liq
uid helium), by regulating pressure in the 
pneumatic cylinder. Following fill and cool-
down, we evacuate the high-pressure 
shroud. The shroud and associated clamp
ing equipment are then moved awav from 
the cryostat. 
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Fig. 4-7. Nova's cryo
genic system provides 
a means of filling a 
target above the target 
chamber, inserting the 
target, and holding it 
at cryogenic tempera
tures for up to 
24 hours. 

Nova Targets 

Cryostat in 
retracted 
position 

Cryogenic assembly 
' chamber (CAC) 

- One week supply 
of liquid helium and 
liquid nitrogen 
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A gate valve below the cryogenic assem
bly chamber, shown in Fig. 4-7, can be 
opened to allow the cryostat to descend 
into the target chamber. We lower the cryo
stat 5 m to a motor and gear box using ca
bles (attached to a winch with a vacuum 
feed through). Boil-off gas from ihe liquid 
helium Dewar of the cryostat is heated and 
exhausted through polymer tubes that fol
low the cryostat into the target chamber. 
The cryostat is then kinematically mounted 
in the target positioner to ensure that the 
target is correctly positioned and oriented. 

The Nova cryogenic system is designed to 
support spin-polarized liquid fuel and high 
pressure, low-Z targets. The design has en
abled us to create high pressure seals that 
operate at cryogenic temperatures, precisely 
position the target, and isolate high forces in 
the presence of delicate cryogenic structures. 

Author: L. V. Griffith 

Major Contributors: T. P. Bernat, G. S. 
Bradley, E. R. Mapoles, A. L. Richmond, 
and R. P. Warren (LLNX); and D. Daney, 
J. Siegwarth, G. Steward, and O. Voth 
(National Bureau of Standards, Boulder) 

Magnet 

LTarget 
Kinematic 
mount surfaces 

Top view of CUP 

Liquid h d i u m ^ ^ | 
Dewar 

Displacer 

C'onlrul heater jL-tf 

Mngnel— *" CUP 

Fig. 4-8. The CUP is a 
convenient way to at
tach the assembled 
targel to the cryostat 
at the SAUCER. 

Fig. 4-9. After the high 
pressure shroud is re
moved, a thermal radi
ation shield is moved 
into position around 
Ihe target 
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Developments in Fuel 
Layering Techniques 

We have continued tc develop methods of 
forming uniform la vers of condensed fuel 
on the interiors of laser fusion targets. As 
reported in the 1983 Laser Annual," we are 
investigating two techniques: the noncon-
taet thermal gradient technique, aimed at 
providing uniform liquid layers, and the 

free-fall" technique, aimed at providing 
solid layers. This article reports on experi
ments using both of these approaches. The 
experiments were carried out at the Univer-
silv of Illinois under the direction of 
KvtAvoon Kim. 

Noncontact Thermal Gradient 'Method. 
Workers at KMS Fusion, Inc. have shown 
thai thermal nonuniformities can influence 
the distribution of liquefied hydrogen iso
topes ii the interiors of glass microspheres. 
When making these qualitative demonstra
tion1-, thov induced the temperature field bv 
tooling each sphere through an attached 
copper stalk while the sphere was exposed 
to thermal radiation. However, other meth
ods may be used to induce the field. One 
that we have exp'ored theoretically is to 
place the sphere between two plates at dif
ferent cryogenic temperatures, and then 

surround the sphere with low-density he
lium exchange gas. Ideally, the sphere 
should be suspended between the plates 
without contact to any support structures. In 
practice, of course, this is impossible, so in
stead we tried to minimize the thermal im
pact of any sphere supports. The model that 
we developed and reported on last year" has 
allowed us to calculate the thermal gradients 
that must be impressed across the sphere to 
obtain uniform liquid ]avers. h f , We have per
formed experiments to investigate the valid
ity of the model, which we report here. 

We constructed a target-cooling apparatus 
for testing the thermal gradient technique. 
The apparatus has two functions: to cool 
the sphere to liquid-h\drogen temperatures 
and to create a vertical temperature gradient 
across the sphere while it is cold. We 
mounted the sphere on a glass fiber and 
placed it in a stainless steel target-cooling 
cell, which had a vertical gas column and a 
line through which to supply ultra-pure he
lium as the exchange gas (Fig. 4-10). We at
tached the glass fiber to the end of a nylon 
screw, which allowed us to position the 
sphere in the cell. (Windows flanking the 
sphere enabled us to view it during experi
ments.) Bv running copper roii$ on the top 
and bottom of the column at different tem
peratures, we induced a roughIv uniform 
vertical temperature gradient in the ex
change gas column. The rods were in ther
mal contact with copper cold fingers, which 
in turn were in contact with a crvostal i.i 
pable of supplying the differential tempera
tures. We were able to change the length of 
the gas column bv changing the length-- o\ 
the copper rods. Since the glas-, mourning 
fiber has \erv low thermal conductivity at 
these temperatures, and since it is per 
pendicular to the temperature gradient, its 
impact on the temperature distribution in 
the sphere is minimal. 

We have performed experiments with 
this apparatus on both D. filled and Un
filled spheres. We formed uniform liquid 
layers ior a variety o\ average sphere tem
perature1-. The average tempoiaLnv affects 
the amount o\ fuel <.ondei"wed [and thus the 
layer thickness) and such liquefied tuel 
properties as surface tension. us^isiw, ^n^A 
density. For each average temperature we 
adjusted the temperatures o\ the cooper 
rods so ihat the layers K \ a m o unitornm 
distributed. We assessed the uniloinuK In 
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l o o k i n g at s h a d o w g r a m s a n d in te r fe rograms 
o f the layers. T h e m ic rog raphs o f a D : - f i l l e d 
sphere, s h o w n in Fig. 4 - 1 1 , c lear ly s h o w 
that by a p p l y i n g the p roper t he rma l g r a d i 
ent , the fuel can be " cen te red . " 

To compare o u r exper imen ta l results w i t h 
the pred ic t ions o f ou r theoret ica l m o d e l , w e 
conver ted the tempera tu re d i f ferences 
across the gas c o l u m n to t he rma l grad ients 
across the exter ior of the sphere. We then 
compared these w i t h the the rma l grad ients 
that the m o d e l predicts are requ i red to sup 
port a u n i f o r m layer at any g i ven tempera
ture (and thus layer th ickness). T h e results 
are s u m m a r i z e d in I : ig. 4-12 for a D-.-fi l led 
sphere. A l l o f the data fall on a c o m m o n 
curve, i ndependen t o f the he ight or pres
sure oi the i,as c o l u m n . Th is indicates that 
our m o d e l and techn ique a ie genera l l v 
va l id , w i t h agreement be tween our theore t i 
cal p red ic t ions and exper imen ta l results. 
The shapes oi the pred ic ted and e x p e r i m e n 
tal curves are simi lar, except for a re lat ive 
shif t o l a few degrees be tween t h e m . Th is 
shi f t m a v be d u e to systematic errors i n 
t h e r m o m e t r y and to uncer ta in t ies in the 
tempera tu re -dependen t proper t ies o f D : , 
but w e have not resolved the discrepancy. 

We also p e r f o r m e d p r e l i m i n a r v exper i 
ments o n a b n 0 - / / r n - d i a m sphere f i l led w i t h 
equal a m o u n t s oi' 1 1 : a m i D-. It* a pressure 
of 75 a t m ; the gas -co lumn pressure was 
30 Ton - . Aga in we ad justed the the rma l gra
d ient in the sphere to g ive u n i f o r m lavers, 
as s h o w n in I-'ig. 4-13. Ono verv i m p o r t a n t 
d i f ference be tween the results of th is ex
per imen t and those oi the exper iments w i t h 
I"). f i l led spheres is that the d i rec t ions 
oi the tempera tu re grad ients are oppos i te . 
As pred ic ted bv ou r m o d e l , the m ix tu re -
f i l led sph t ' i v is w a n n e r ai the top than at 
the b o t t o m 

W h i i e there was general agreement be
tween our t h e o n a n d exper imen ta l results, 
i l i . i i i g i vemen t was riot as posi t ive as in the 
1 >. case. We bel ieve that a n u m b e r of errors 
associated w i t h t i n 1 cell design con t r i bu ted 
to this. In general larger gap -.pacings were 
requi red lor these exper iments , m a k i n g the 
therma l gradient ca lcu lat ions less accurate. 
A b o , the requ i red temperature ui l ' lerences 
u i ' i v sma l l , m a g n i f y i n g the effects of 
t h e r m o m e t r v errors. We are b u i l d i n g a new 
cell to address these issues. 

I ' ree- l 'a l l T e c h n i q u e . ! i qu id lavers on 
the in ter ior o l a sphere, even >f u n i f o r m l y 

avjT 2 0 - 7 K 

VT= - 4 . 0 K e r n 

T J V | ; = 2h.4 K 
V7 '= - 6 . 1 K c m 

3.2 K cm 

200-/Am d iam 
tt.35-jum 
133 atm D-, f i l l 

* Fig. 4-11. Shadow and 
interference micro
graphs of a uniform 
D? l iquid I aver held 
in steady stale by an 
impressed thermal 
gradient. The glass 
microsphere has a d i 
ameter of 200 fIm, a 
wall-thickness of 
8.35/im, and a 13, f i l l 
of 133 atm. 
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th ick, au ick l y f o r m very n o n u n i f o r m p u d 
dles in the oo t tom o f the sphere as the l i q 
u i d f l ows under the in f luence of g ra \ i t v . 
O n e so lu t i on " to this " layer s l u m p i n g " 
p rob lem is to e l im ina te g rav i ty w h e n con
dens ing and f reez ing a fuel laver. Once 

« l ie , . - } - ! ! Temperature 
gradient necessary to 
create a uniform l iq
uid layer in a D-,-
filled microsphere. 
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fb) r. 1 V (.= 24.4 K 
', '7"- -8.2 K cm 

frozen, the layer will be stable. We have 
performed initial experiments with the free-
fail apparatus described last year. 6 An up
dated schematic is given in Fig. 4-14. 

In a typical experiment, a microsphere is 
mounted inside the free-fall cell and cooled 
to below the triple point of the fill gas in 
the upper cryostat portion of the free-fall 
column. We examine the frozen layer, heat 
the frozen gas to ibove its condensation 
point with a laser pulse, and drop the cell 

l ip. 4-1^. Shadow A 
and interference mi-
crugraphs of a uniform 
H i - P i liquid layer 
held by A temperature 
gradient. The glass 
microsphere h-v; 3 di
ameter of 600 11 m, a 
iv.ill thicl.ness of 
6.25 fim and a I U - H T 
till of "I a tin. 

lit; 4-1-1. App.1r.1lu, to 
imestis-itiMhe liirni-
i n s n f fro/en l a v - s in 
Iree-tall. 

I ig. 4- "i Microsphere 
with ,1 tro^ei. fuel 
layer. I he sphere lias 
.1 20()-/(ni diameter, a 
1-/(111-thick wall, and a 
D-, (ill of I0(, .itm. la) 
Interference miero-
Rrjpti before free-fall, 
(bl Intei tereuce cukro-
graph after free-fall. 
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2-VV argon-ion target-vaporizing lasei 

Shutter 
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Solenoid [ network 

UiU-her 
tunne 

V. 
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through the evacuated column. The gas 
reliquefies and freezes during free fall, and 
the ceil is caught in the lower crvostat. We 
then examine the resulting layer. Results 
from the initial run of t.ne apparatus with a 
200-^m, D ; filled microsphere are shown in 
Fig. A T5. Figui '-15(a) shows an interfer
ence micrograph of the sphere taken at the 
top of the column, while Fig. 4-15(b) shows 
the corresponding micrograph at the bot
tom, after the free-fall refreeze. 

While the layer formed during free fall 
may, <",n the whole, be more uniform than 
the original, this is not apparent from 
Fig. 4 15, which shows that in both cases a 
"crinkle" was present in the fro/en layer. 
This crinkle pattern occurred eonsistentlv in 
several different microspheres. An analysis 
of the video tapes of the D^ refreeze after 
vaporization showed that the pattern ap
peared to shift slowly, indicating that the 
fuel foyer I . <--. not freezing sol id! v enough. 
We speculate that the freezing cell failed to 
reach a low enough temperature in the up
per crvostat before free fall. This may have 
been caused by poor thermal contact be
tween the cell and the cryostal. since the 
measured crvostal temperature was below 
10 K. In many refreeze experiments in 
nonfree-fall apparatus, uniform fuel lavers 
have been produced without crinkling. We 
are modifving the s\>tem to cool (he ceil 
more efficiently. 

In summarv. preliminarv experiments to 
foim uniform liquid layers using D-, and 
|-Ii-D ; mixtures were successful. However, 
the results of the experiments with H^-D-. 
mixtures were not consistent with oui 
model. Lxperiments using the prototype 
free-fall apparatus to form solid lavers 
proved disappointing. All parts of the sys
tem worked, but we suspect that cell tem
peratures were not low enough, and we are 
modifving the apparatus. 

Authors: T. P. Bernat (LLNL) and 
K. Kim (University of Illinois) 

addition, calculations of the depolarizing 
forces in magnetic and inertia! fusion reac
tors indicate that this polarization (or align
ment) could survive long enough to enhance 
the performance of either type of reactor . 9 1 0 

A simple analysis of ICF driver require
men t s 1 1 leads us to conclude that the driver 
energy required for a target b u m of fixed 
gain is proportional to the inverse cube of 
the fusion cross section. Therefore, increas
ing the cross section by 3/2 reduces the re
quired driver energy by more than a factor 
of 3. Because the use of spin-polarized DT 
fuel in fusion reactors could lead to a largf 
saving in laser energy, we have begun an 
effort to polarize DT, focu- ing first on form
ing pure mole ular DT and determining its 
-•pin-lattice relaxation time. 

Polarization of nuclei refers to processes 
that give nuclear spins a net alignment in 
some direction. This direction is always de
fined J-f- an externally applied magnetic 
field because in the presence of such a field 
an energy is associated with rotation of ;he 
spin. This field is the only "handle" by 
which the experimenter can orient the 
spins. The quantum mechanical energy for 
spins in a magnetic field, called the mag
netic Zeeman energy, is given bv 

E = • vhmB (1) 

where y is the gvromagnetic latio of the 
s\ in and m is a quantum number that takes 
on the values - S, - 5 + 1, ..., 5 - 1, and S, 
where S is the intrinsic spin of the nucleus 
under consideration. Tritium has spin 1/2 
and deuterium lias spin 1. The value of in is 
proportional to the projection of the spin 
angular momentum of :ne nuclei along the 
applied field direction. The polarization /> of 
a group of identical spins is simply the av
erage of the quantum number in taken jver 
the spins, or 

- 1 - V „;.Vr( 

SN — 
(2) 

Spin-Polarized DT 

In 1C>H2, Kulsrud etal." pointed out that 
the iross section lor nuclear fusion of deu
terium and tritium is increased by a factor 
o| 3/2 if all of the nuclear ..pins are aligned 
along an externa! magnetic field. In 

where N„, is the number of spins i.-ith 
quantum number in and (V is the total num
ber of spins. By definition - 1 S. p s i. 

Polarizing DT is advantageous (cr fusion 
because nearly all reactions DfT.n/Fli 3 o^cur 
via an excited state of ""He with to ral spi.. 
/ - 3/2; / is the combined angular rnoTii?n-
tum of the interacting D and T nue'ei At 
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fusion reactor energies this reaction only oc
curs with orbital angular momentum zero, 
so the angular momentum must come from 
the spins of the nuclei. If spins S, and S2 are 
combined to give a total spin /, the allowed 
vah.es of/ are S} + Si, S, + S2 - 1, ..., 
S, - S : . In the case of interacting T and D. 
/ = 1/2 or 3/2. For a given / value there are 
2/ - 1 magnetic substates, with spin projec
tions m = »/, + m2 taking on ..Mowed val
ues between + / and - /. This means that 
there are four magnetic substates with 
/ =- 3/2 and two with / = 1/2. In an unpo-
larized plasma each of these six states is 
equally probable, and only those with 
/ = 3/2 have a significant probability of 
producing fusion; therefore, only two-thirds 
of the interactions contribute to the fusion 
cross section a. If the DT nuclei are polar
ized with w, = \'2 and md = I, then ali the 
interacting pairs have / = 3/2 and the cross 
section improves by the factor 1 + 2/3, or 
3/2. Generally the polarizations will be less 
than unity, and the cross section is given by 

{. Pd'A ... 
<* ^ \ l * — ) • 0) 

where rr(( is the unpolarized cross section 
^n<\ p . a n d />A are the polarizations of the 
T and D nuclei. Since the product of the 
polarizations determines the cross section 
improvement, it is essential to get both />, 
and pxi close to unity to take advantage of 
the increase in cross ..ection. 

Another advantage of using polarized 
fuel in fusion reactors is that the angular 
distribution of the decay products is a func
tion of the polarization, so some control 
over factors like neutron HUN »t the reactor 
wall is possible. This effect a , - i d also be 
used to study the effect of the implosion o i 
the polarization of the fuel. The angular 
distribution of alpha panicles and neutrons 
in D(T.n)'He is 

i ;l + 3,/(l - WJ)[ j - 2 J - ( 4) 

where G is the angle between the direction 
of the emitted decay particle and the mag
netic field and i/(, is the fraction of deu-
terons with m - 0. In the polarized case 

with p, =• pd = 1, da/dQ is proportional to 
s in 2 0, ar. \ the decay products come out of 
the reaction in a doughnut pattern per
pendicular to the magnetic field. Another 
case of interest is pt = p^ = 0 and rf„ = 1. 
Now da/dQ is proportional to 1 +• 3 cos 2 &, 
and the decay products are beamed along 
the field lines, although the total cross sec
tion is just o"(). 

Polarization is difficult to achieve because 
of the relatively small value of the Zeeman 
energy in Eq.; 1) compared to the thermal 
energy kT at accessible temperatures and 
magnetic fields. Table 4-1 gives th<j tem
perature at which the Zeeman energy is 
equal to the thermal energy for the listed 
spins in a 10-T magnetic field. The nuclei 
all have Zeeman energies equivalent to 
temperatures in the millikelvin range. Mod
e m dilution refrigerators can reach these 
temperatures, but the heat produced bv the 
decay of tritium in DT makes it impractical 
to cool DT to these temperatures. At higher 
temperatures the nuclear spins have nearly 
equal probabilities o*' populating the mag
netic substates, and the polarization is 
nearly zero in thermal equilibrium, 

The one spin that can be polarized in 
thermal equilibrium at : emperatures to 
which tritium can be cooled is the electron 
spin. For instance, at 4.2 K in a magnetic 
field of 10 T the electronic polarization is 
92%. Then lore, what we need is a method 
that will transfer the polarization of the 
electrons to the nuclei. Fortunately, tech
niques have been developed to supph ac
celerators with polarized proton targets. 
Called "dynamic nuclear polarization" or 
the "solid effect,' these techniques involve 
the use of a microwave field to simulta
neously flip an electronic and nuclear spin, 
leaving the nuclear spin with the electron's 
polarization. The electrons and nuclei in a 
solid are coupled to each othe*' by mutual 
interaction of the two spins, or what is 
called dipole coupling. 

The dipi-lar interaction mixes the mag
netic substates of the electronic <.md nuclear 
spins in yucli a way that simultaneous spin 
fl'ps are possible These simultaneous spin 
flip-flops can occur as the spins interact 
with phonons in the solid or with an exter
nal microwave field that provides photons 
of the right energy. By Interacting with the 
phonons in the solid, the spins come into 
thermal equilibrium witf the environment. 

http://vah.es
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The rate at which a group of spins comes 
to thermal equilibrium is given by a charac
teristic time, called the spin-lattice relaxation 
time. Because nuclei are magnetically weak 
compared lo electrons, nuclei usually have 
long spin-lattice relaxation times Tn com
pared to the election's relaxation time T,,. 
The energy required to flip a spin is simply 
the difference between the Zeeman energies 
before and after the flip; therefore, if 
we want to flip-flop an election-nuckar 
pair we must supply a photon of frequency 
co = (y - yt,)B. 

Suppose a solid sample of electronic and 
nuclear spins is prepared at low tempera
tures in a high magnetic field so that the 
elei ironic polarization /',. - I, but the nuclei 
ha\< essentially zero polarization. This 
means (hat all the electron spins point in 
one direi lion, up, and the nuclei are equally 
likely to point up or down. We then use a 
microwave source to force flip-flops at a 
rate that is high compared to the rate ot 
spin Litliu' relaxation (//',,. It the line width 
of (he electronic transition is narrower than 
the nuclear transition frequiiuv, then 
nuclear spins that are up cannot flip be
cause all the electr n spins are up as well, 
and tiie microwave frequency is wrong. 
Nuclear spins that are down can flip-tlop 
with ^m electron, leaving the electron spin 
down. This electron could then undergo an
other flip-flop; however, because the elec
tronic relaxation time is short, it is more 
likely to relax hack to its equilibrium (up) 
orientation through a spin-lattice interac
tion, leaving the nucleus in the up orienta
tion. The electron is then available to flip 
another nuclear spin, so one electron can 
polarize many nuclei if its relaxation time is 
much shorter than theirs. Th. 1 iviciear po
larization /' thai resu l t from th.s process is 
given by 

(3) 

wheie -V./.V,. is the ratio oi the number of 
nuclei to free electrons in the sample . 1 -

Therefore, we want numerous electrons, a 
short electronic relaxation time, and a long 
spin-lattice relaxation lime. 

Several assumptions in this model require 
closer examination, i'irst, where do the elec
trons come from? lilectrons in hydrogen are 

ylln yh x 10T/1 
Spin (MH/VT) (K) 

Hydrogen 1/2 42.6 20.4 x 10 3 

D.-'UtLTUIIfi 1 6.5 3.1 x 1 0 - 3 

Tritium 1/2 •15.4 21.7 x UT ' 
Electron 1/2 2.80 x 10"1 13.4 

Table 4 1. Tempera-
lure al which the Zee-

lo 

normally paired in molecules with opposing 
spins whose dipole couplings cancel. We 
need free electrons or electrons in atoms 
that are not bound in molecules. These 
atoms are usually made by irradiating a 
sample to break up molecules. In solid hy
drogen, some of these atoms are trapped in 
the lattice and are unable to find a partner 
to recombine with. The electrons in these 
atoms are then available for polarizing nu
clei. Samples with tritium manufacture their 
own free atoms because the decay of tri
tium produces an energetic electron that 
breaks up molecules. The concentration of 
free atoms that will be reached in a -.ample 
of DT is unknown and must be measured. 

To derive i:q. (5), we assumed that the 
microwave field that forces flip-flops does 
not drive other transitions. This requires 
that the line width of the electronic transi 
tion Aw,, be less than the nuclear transition 
frequency (0r. This may not be the case in 
DT al low fields, but (o., increases in 
proportion to B, so this '-"ids to become 
a valid assumption at high fields. I he line 
width Aw, must be measured to deter 
mine what field is necessary to make this 
assumption valid. 

A second important condition for po
larization is that 7'n -•• / r . In solid hvdrogen, 
an important source o\ relaxation is the 
presence of rotationally exrited homunu-
clear molecules. Rotationallv excited mole 
eules produce fluctuating electromagnetic 
fields that can reduce /,. by m a i v orders 
of magnitude. The homonuclear molecules 
H-,, D-,. and T. are metastaMe in their 
rotational!) exceed states because the sym
metry requirements imposed on the nuclear 
wave functions by the interchangeabilitv of 
the two nuclei lead us to lonclude that 
these inoleiules can only decay to their ro 
tational ground state by changing the ori
entation of the nuclear spins. This require 1. 
a highly inhomogeneous magnetic field. As 
a result these molecules usually have long 
decay t imes. 1 ' 

In samples containing tritium, rota
tionallv excited molecules aie produced by 

man energy is equ 
the thermal energy for 
listed spins in a 10-. 
magnetic fielvi. 
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Hg. 4-17. I \|H'riini'ii 
d.il.1 showing Iht- ef
fect of liquid ]"\vl 
velocity on t*lr* 
thickness for Iwn 
concent rations of 
pulyprupyU'ne. 

recombining atoms broken up by the decay 
electrons. But because the paramagnetism 
of atoms trapped in the lattice will cause 
them to decay more rapidly, their net effec; 
must be measured. Normal DT consists of 
25% D : , 25% T 2 , and 50% DT If a normal 
sample is cooled, it will contain large con
centrations of rotationally excited molecules 
and consequently short spin-lattice relax
ation times. The ground state of T^ also has 
antiparallei nuclear spins whose dipolar in
teractions cancel; therefore, thev cannot 
be polarized. 

Fur these reasons normal DT is unsuit
able for spin polarization, and we must po
larize pure molecular DT. We carried out the 
first bulk svnlhesis using the reaction 
!.iT t CH,OD - - D T + I.iOCH,. The prod 
net. analyzed bv collision-induced infrared 
spectroscopy, had the following molecular 
composition: DT. %; T : . 0.6; D : . 1.8- and 
III), Lb. Because of the tritium radioactivity 
the DT began to decompose into D-, and T_ 

as soon as it was collected for analysis. A 
rough extrapolation of 3 h of data gave a 
decomposition 1/r time of 160 h. 

During spin-polarization efforts, we will 
focus on measuring 'he quantities Tt„ T„. 
and \ ' . at liquid helium temperatures in 
magnetic fields of approximately 1 T. These 
measurements will indicate how difficult 
spin polarization actually is. and how high 
a magnetic field is needed. 

Authors: E. R. Mapoles and P. C. Souers 

Major Contributors:}. R. Gaines, R. T. 
Tsugawa, R. G. Garza, and P. Coronado 

Cast Polymer Films 

l.ow-Z, oxygen-free thin films with struc
tural integrity are desirable materials for 
v r a y laser substrates and fusion target 
capsules For this reason, we have devel
oped methods to obtain ultrathin films ot 
polystyrene, a copolymer polv(hutadiene 
styrene), and polyprop/lene Using a cast 
ing procedure, we can produce these films 
to accurate and uniform thkknesses. 

We conducted initial casting studies using 
polystyrene, preparing 1 to 10% solutions 
in dichloromethane and placing each solu
tion into the casting apparatus shown in 
lig. 4-16. Using the pressure bulb, we 
raised the solution level t" point A, Then, 
using (he metering valve, we lowered it at 
varying rates, depositing the polymer onto 
a glass slide. The solution concentration 
and the velocity at which the solution is 

1 (JI)O 

33 0 
Velocity (cnvniin) 

y II 13 15 17 N 
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lowered determine the thickness of the de
posited polymer. A higher velocity leaves 
a thicker polymer than a slower velocity 
(Fig. 4-17). We released the film from trie 
i^lass slide by floating the film on water, 
and transferred the film to a wire hoop for 
storage or transfer to a desired substrate. 
The quality and uniformity of these films 
depend on (he surface quality of the sub
strate, in this case the glass slide. 

Polystyrene w t,s useful for initial casting 
studies but ':• mu strong enough tor many 
laser target applications. VVe cast a copoly
mer poly(butadiene-styrene) in the same 
manner as polystyrene, but what we derived 
also proved to lack structural integrity. Poly
propylene, however, had both tin strength 
.md oilier necessary characteristics for 
our applications. 

' .mil this I.me. polypropylene had been 
available only as ihin as 30(H) -V this 

! K \ \ \ I . . U - \ I . I I • . . . s . . /•• i , 4 | 

thinness was obtained by hearing and 
stretching. However, by dissolving the poly
mer in hot xylene, we have produced 100-
A-thin coatings of polypropylene. 

We initiated thin-film polypropylene 
studies by modifying the cod ing apparatus 
to allow a constant-temperature solution 
(100°C). To study the effect of concentration 
on film thickness, we varied solutions from 
0.5 to 6.0%. A higher concentration 
of polypropylene provided a thicker film. 
(Studies to quantify the relation between 
concentration and velocity are forthcoming.) 
We then fine-tuned to the desired thick
ness by varying the solvent-front velocity 
(rig. 4-17). The structural integrity of poly
propylene makes it a suitable candidate for 
use in fusion target fabrication. 

Authors: J. A. Scholten 
and R. D. Behymer 
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C arefully planned, successful experiments 
help determine the validity of scientific 
concepts. Equally important are the p-'ecise 

measurements with which the experimental data 
are verified. Using this double-pronged approach, 
experiments and diagnostics, target and fuel 
concepts, and laser components are tested. In 
addition, a complex computer system records and 
analyses the large volume of data obtained in 
graphic and numeric forms. One "xample of the 
specialized measuring devices is „nown in the large 
photo at left; it shows a freestanding gold 
transmission grating used to diffract x rays for 
spectral measurement. The scanning electron 
micrograph shows the array of gold bars (150 fan 
apart) that diffract the emerging x rays from a 
fusion burn and disperse them into spectrally 
separated images. The rough-surface edge is residue 
from etched silicon used as the base. The inset 
photo, top left, is an ellipsoidal mirror used witn 
the x-ray diffraction grating. The photo be2ow, a 
very thick zone-plate coded aperture, images x-ray 
emissions from a fusion implosion. 

Laser Experiments and 
Advanced Diagnostic 
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Introduction c. M. campbeu 
In 1984, the Experiments and Diagnostics Program made substernal progress 
in the following areas: Novette laser experiments, advanced diagnostics 
development, computer support, and the construction of diagnostic systems 
for Nova. 

The Novette laser, which was deactivated on September 1, 1984, proved to 
be the most successful experimental facility that the program has constructed 
to date. It was used to conduct a wide range of experiments, including laser-
plasma interaction studies with 0.53 and 0.26-/jm light, ablative compression of 
DT will 0.53-um light, and soft x-ray laser studies. Highlights include: 
• A demonstration that stimulated Raman scattering (SRS) is the dominant 

source of suprathermal electrons in long-scalelength coronas. 
• Collisional stabilization of SRS with 0.26-//m light in high-Z plasmas. 
• Substantially improved experimental and computational characterization of 

the corona conditions in a laser plasma. 
• Measured x-i onversior. efficiencies as great as 80% nith 0.26-//m light. 
• Ablative com, iion of deuterium-tritium (DT) to inferred densities 

•>20g/cnr\ 
• The unambiguous demonstration of substantial amplification by stimulated 

emission at wavelengths of 153, 206, and 209 A in neon-like yttrium and 
selenium. 
We ul.••' renewed our efforts in the development of advanced diagnostics 

and associated technologies. To reflect this commitment, the program was re
named Laser Experiments and Advanced Diagnostics (LEAD). Since much ex
perimental time on Nova will be devoted ti hydrodynamics and implosion 
physics, a major part of the 1984 diagnostics development effort focused on 
these areas. New diagnostic instruments and methods include a multi-frame, 
sub 100-ps, x-rav framing camera and diagnostic techniques for fuel areal den-
sitv measurements. We expect these diagnostics to be available for Nova ex
periments in late 1985 and 1986. In addition we are developing high temporal 
resolution (- 50 ps) neutron diagnostics. 

Expanding our resources for x-ray detection was another program priority. 
I'he need lor calibrating and characterizing \-iay optics led to the joint devel
opment of x-rav charge-coupled device cameras with the Massachusetts Insti
tute of Technology. We will soon be using these cameras to calibrate gra/ing-
and normal-incidence x-ray mirrors and transmission gratings. Soft x-ray laser 
experiments involving laser radiation at wavelengths >100 A call tor measure
ments in this region of the spectrum. As part of the x-ray laser program, we 
developed a time-resolved spectrometer that operates in the desired spectral 
range. This instrument consists of a grazing-incidence ellipsoidal collecting mir
ror, a 2000-A transmission grating, and an I ' ML soft x-ray streak camera. Its 
successful performance can be directly attributed to our ongoing research in 
slate-of-the art x-rav measurement and detection during the past 10 years. 

We also made progress in the area of time-resolved instrumentation. In 
addition to the x-rav framing camera, we used an Auston switch to gate 
an extreme ultraviolet (XUV) spectrometer. This instrument was a principal 
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diagnostic in the 1984 x-ray laser experiments. Futhermore we upgraded LLNL 
streak cameras in preparation for their vital role on Nova. We increased the 
cameras' reliability by improving electronic components, and we incorporated 
a 1.35-/* m optical-timing fiducial capability in all x-ray and optical cameras. 

Proper laboratory facilities are essential in developing and testing advanced 
diagnostic technologies. As part of the advanced diagnostic effort we estab
lished two new laboratories: the microfabrication and short-pulse laser facili
ties. They will play pivotal roles in developing the next generation of 
time-resolved instrumentation and x-ray optics. 

Advanced computational facilities will be needed to process and archive the 
shot data from the sophisticated experiments planned for Nova. Accordingly 
we improved both the hardware and the software used in data management 
and analysis. These enhancements include increased processing power and 
storage capacity for the Laser Experiments Analysis Facility (LEAF) VAX com
puter, the addition of an in-house microdensitometer directly linked to the 
VAX, and upgraded software for processing and archiving shot data. 

When complete and activated, Nova will be the most sophisticated and ver
satile high-power laser experimental facility in the world. The target diagnos
tics initially installed as part of the Nova construction project will permit a 
wide range of experiments. We expect the first experiments with these 
diagnostics to begin in 1985. 

Novette Experiments 
Introduction 

Experiments conducted in 1984 on the 
multi-lerawatt, short-wavelength Novette 
laser were among the most productive ever 
lompleted bv the LEAD Program. We made 
substantial progress in three areas of re
search: laser-plasma interaction, ablative 
i ompression, and soft x-ray laser studies. 
Kperimental time on Novette was devoted 
.iboni equalW' to inertial confinement fusion 
. K \) iclated research and to the dem
onstration of a laboratory x-ray laser. 

The primarv objective of the iaser-plasma 
interaction experiments was to study wave
length scaling in plasmas with dimensions 
o! several hundred to 1000 laser ivave-
len^tlT- Such large plasmas more closely 
resemble those expected from future high-
gam targets. The short-wavelength lasers 
that preceded Novelte had powers below 
- 10'' \\ ami could not produce plasmas of 
this M/e However, Novette produced such 
plasmas at powers in excess of 4.5 TW (.with 
a O ^ /mi beam) and 1.5 TW (with a 0.2b 
//m beam), c\n<.\ with a near-Gaussian pulse 
ot 1 On1-, full width at halt maximum 
(1AM 1M), irradiating both solid and 
exploding-foil targets. 

In the case of solid targets, an overdense 
plasma (H 0 > » t. n l) persisted throughout the 
laser pulse, and the plasma scalelength, 
which was not limited by the laser spot size 
in these experiments, scaled roughly as c„r, 
where c s is the ion sound speed and r is 
the laser pulse length (FWHM), In the case 
of exploding-foil targets, the target thickness 
was less than the laser-ablation depth. This 
factor caused the :arget to decompress and 
produce a near-parabolic plasma densitv 
profile with an H " U \ 0 ^ ; i i n r that decreased 
with time. Such targets produce plasma 
scalelengths at nt. < M i r i l that are several 
times greater than scalelengths from 
solid targets. 

The laser-plasma interaction experiments 
included measurements o\ target absorption; 
supiathermal electron production; pc--aniet-
ric instabilities, particulariv SRS; and x-rav 
conversion efficiency. These experiments 
confirmed the more classical physical inter
actions we observed with submicron light 
obtained from smaller lasers. We also recog
nized the equally important role that the 
plasma scalelength plavs in determining the 
mix of coupling processes. For example, the 
Novette experiments show clea r evidence 
for stimulated Brillouin sidescattering, al
though there was no evidence for such pro
cesses in uie Argus results. They are most 
likely due to the larger local spots present 
in the Novette experiments. In addition, 
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lie above the curve labeled "absolute 
sidescattering." This curve shows the inten
sity and scalelength at which 90° Raman 
sidescatteiing would grow to saturation in a 
sufficiently large, plane parallel plasma ir
radiated by a planar User beam. 2 The data 
did not show the systematic behavior one 
would expect for a planar plasma and sug
gest that transverse nonuniformities of the 
plasma and the laser beam can limit the 
growth of sidescattering. 

Raman scattering at angles greater than 
90° from the direction of the incident laser 
beam is le$< sensitive to transverse nonuni
form! ty than 40° sidescattering. However, 
such scattering grows more slowly than 90° 
sidescattering (and grows over less distance 
in a planar plasma). In a plan.ir plasma 
with a density gradient, Raman scattering 
grows most slowlv at 180°. The curve in 
! :ig. 5-3 labeled "eonvcMwe backscattering" 
shows the intensity an 1 .-.calelength at 
which ISO0 Raman b. ^scattering' should 
produce a scattered light intensity that is 
535 tinier the noise amplitude. The Novette 
experiments reach this curve at intensities 
of ,i few times lO1^ W/em : . Thus these data 
should ^\\ow significant amplification of the 
i oise in the plasma produced by Raman 
-.tattering o v e r some range o\ a n g l e 

The data do. in tact, give evidence foi 
such amplification over a wide range of an
gles, hi . example, big. 5 4 shows the ob
served Raman light amplitude as a function 
ot average intensity tor detectors- located 
Id 1) 0 Irom the direction of the incident laser 
beam I rie ohseived scattering grows ex-
ponentialh .is a function of average inten-
sit\ A! M'i •^erage intensity of about 
1.5 • in 1 ' ' W 'cn r it reaches a level 535 
tunes the apparent noise level Considering 
that the target is actually irradiated by a 
iistnbiitiun ol intensities ibis result is 

nmghlv consistent with the prediction 
shi.ivn in fig 5 .} 

There aie two other leatures of the data 
m l-ig. 5 A that we do not understand, first, 
the noise amplitude from which the emis
sions grow is quite large, about 10 000 times 
the blackboriv emission amplitude' A recent 
publication has suggested a possible mecha
nism involving hot electrons from the 2fo 
instabiliU to explain this ' Secondly, 
thi 'gunvth ol the Raman scattering appears 
quite exponential at low intensities. This 

result would be expected if the laser light 
incident on the plasma were a uniform 
plane wave. In the presence of the actual 
distribution of intensities irradiating the 
target, it is a surprising result. 

Other Instabilities. In Novette experi
ments, we obtained evidence of several 
interaction processes besides Raman scatter
ing. The Raman scattering discussed previ
ously in this article occurred at densities 
irom 0.1 to 0.2 times the critical density. 
Near quarter-critical density, the two-
plasmon decay process is believed to domi
nate Raman scattering. We detected the 
two-plasmon decay instability by observing 
the emissions at the 3/2 harmonic of the in
cident light frequency. (This corresponds to 
0.35 / im for 0.53-,um'light.) This 3w/2 light 
is produced by the combination of plasma 
waves near quarter critical and an incident 
or scattered light wave. The spectrum of this 
radiation is similar to that observed in previ
ous experiments. 1 The amount of 3<o/2 light 
was measured i y an array of photodiodes, 

Hg. 5-4. The fluence 
of the Roman tight in
creased exponentially 
with the average laser 
intensity. 
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Fig. 5-5. The fraction 
of laser light scattered 
.il 3/1 times the laser 
frequency .is a func
tion of average laser 
intensitv. 

10 1 5 10 1 6 10 1 7 

Average intenrity (W/cm z) 

as described in the articles "Summary of 
.Absorption by Gold-Disk Targets" and 
"Stimulated Raman Scattering and Hot-
Electron Production," later in this section. 
Figure 5 5 shows the fraction of the laser 
energy detected as 3w/2 light as a function 
ol average intensity. The 3<u/2 fraction in
creases linearly with intensity, although 
there is considerable scatter in the data. The 
linear increase may correspond to scattering 
of the incident laser light from a saturated 
level of plasma waves. The 3(o/2 fraction 
exceeds 0.01% at the higher intensities— 
more 3w/2 light than previous experiments 
have reported. The exact 3co/2 emission 
process and its dependence on the level 
and spectrum of plasma waves from tvvo-
plasmon decav is unkno.vn. As a result, the 
small amount of 3(0/2 light does not guar
antee that two-plasmon decay is unimpor
tant. Njeveitheless, we saw no evidence that 
i^o-plasmon decav produced significant 
amounts of supra thermal electrons. 

A second plasma instability that may be 
important for ICE is the Brillouin instability. 
As discussed in the next article, "Summary 
o\ Absorption by Gold-Disk Targets," we 
observed .strong, out-of-ptane Brillouin 
Mdi'si-attering. The a lount of sidescattering 
. ppearcd to saturate at about 10% of the 
laser energy, at an intensity of about 101"1 

W i-nr\ We do not yei understand the satu
ration mechanism, We also observed that 
about 10% of the laser energy was mon. 
neatly backscattered, but could no; deter
mine whether Brillouin scattering or reflec
tion I mm critical density was responsible. 

Finally, filamentation may altei laser-
plasma interactions bv locally intensifying 
the laser light. The exact role played by lila-
men latum in these results remains to be un
raveled. We are still analyzing data from 

Novette related to filamentation and are 
preparing to obtain better experimental evi
dence regarding this process i*i experiments 
on Nova. 

Authors: R. P. Drake, R. E. Turner, 
E. A. Williams, and W. L. Kruer 

Major Contributors: D. W. Fhillion, 
K G. Estabrook, B. F. Lasinski, and 
E. M. Campbell 

S u m m a r y of A b s o r p t i o n 
b y G o i d - D i s k T a r g e t s 

This article reports our measurements and 
analysis of tne absorption of 0.53-/im light 
by gold-disk targets irradiated with 1-ns 
pulses by the Novette laser. These findings 
finalized preliminary results reported in 
3983.^ Absorption is uefined as the differ
ence between incident laser energy and 
scattered light energy, divided bv incident 
laser energy. For gold-dink targets, almost 
all the scattered light energy was at wave
lengths near that of the incident green light. 
At most, a few percent was scattered at 
longer wavelengths by the Raman instabil
ity. (In contrast, the amount of Raman-
scattered light from exploding-toil targets 
sometimes exceeded 10% of the incident 
laser energy.) 

We measured the green light scattered 
from the target by means of two diagnostic 
systems. The green-light energy scattered 
into the focus lens was measured with a 
calibrated diode in the output censor oi the 
laser beam. The energy scattered through
out the chambei u a s measured with an ar
ray oi filtered, calibrated photodiod.es. One 
such set ol measurements is shown in 
Eig. 5-0i. The shot shown in the figure used 
3.5 k| of 0.53-um light at an intensity of 
about 4 • Id 1 , W/Vnr. The energy scattered 
bick into the focus lens was h5 1, and the 
u-ial scattered light energy was- MVJ. Vari
ous detectors measured the flue. ••* in 
plane, out ot plane, and in between. The 
ba'-kscattering (defined here as scattering 
Irom 148 to 1*0°) showed azimuthal 
asymmetries ot no moie than a factor ot 2. 
In contrast, the sidescattering (from l1Q to 
148°) was most often strongly out oi plane, 
the backsc a tiering was usually a few times 
more intense than the sidescattering. 

http://photodiod.es
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These angular distributions allow us to 
calculate the total scattered light yield and 
the absorption. The diodes at each polar an
gle ar^ used to define the integral of the 
fluence over azimuthal angle at that polar 
angle. Then these results are integrated over 
polar angle (with the sin 9 weighting to ac
count for the variation in solid angle). The 
diode measurements closest to the lens are 
connected to the fluence scattered into the 
lens through a model distribution. The re
sults were not strongly sensitive to the par
ticular model used. The uncertainties in the 
diode measurements, the modeling, and the 
reflected-energy measurements combine to 
give a total uncertainty in the scattered iight 
energy of ±30 to 50%. For example, be
cause the scattered light energ\ is typically 
about 25%, the resulting absorption is ap
proximately 75% r 8%. 

Absorption results from a number of 
gold-disk experiments are shown in Fig. 5-7. 
The absorption approaches 90% at an inci
dent laser intensity of IO1"1 H' /enr and de
clines gradually with increasing intensity to 
about 70% at 2 \ 10 l h \V/cm : . It is roughly 
75% over a wide range ol intensities. For 
comparison, Fig. 5-8 shows absorption mea
surements from experiments using the Ar
gus laser. Flere the absorption of 2(0 light, 
typically about 80%, tell between that of lw 
and 3(0 light. The absorption measured on 
Nov. tie is similar to that from Aigus for in
tensities below 2 x ]0 ' "W/cm : , but the 
physical mechanisms responsible for the 
scattering probably differ. 

Strong ouf-of-piane sidescattering ac
counted for as much as half the scattered 
light in the Novette experiments. The wave
length and a/imuthal distribution of the 
mattering on Novette suggest stimulated 
Brillouin scattering (SBS). In contrast, this 

out-of-plane scattering was not observed in 
the Argus experiments at 0.53 ^/m, in which 
small laser spots produced relatively steep 
velocity gradients. Presumably, this effect 
prevented stimulated Brillouin stdescattering 
from growing large enough to be observed. 
Similar results have been reported from ex
periments at 1.06 ^ m . 6 

Although the larger plasmas produced by 
Novette allowed simulated Brillouin side-
scattering to grow larger, they also de
creased the amount of scattering by 
reflection of the laser light from the critical 
surface and by other processes occurring 
near critical density. Because the light must 
traverse more plasma to reach the critical 
surface and to escape the plasma after it is 
reflected, mere light is absorbed by inverse 

Fig. 5-6. The angular 
distribution of green 
light scattered from a 
gold-r'isk target in a 
Novette shot. 
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Fig, 5-7. Absorption 
mtMsured in the 
Ncvetle 1-ns gold-disk 
experiments. 
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Fig. 5-8. Absorption of 
lw, lot, and 3o> light 
by gold-disk targets, 
measured in experi
ments on Argus. 
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bremsstrahlung. Apparently, the reduction in 
this source of scattering compensated for the 
increasing SBS, so that both experiments 
produced the same absorption fraction. 

At intensities above 2 x 101 5 V//cm2 the 
absorption measured when Novette was 
used proved to be much greater than that 
measured from Argus. At present, we be
lieve this difference to be real, but we do 
not understand it. Two key differences be
tween the two experiments are: 
1. The Argus focal spot was half or less the 

size of the Novette focal spot (70 /im vs 
150//m at best focus). This difference 
may have allowed more light reflected 
from near the critical density to escape 
the smaller plasma produced by Argus. 

2. Only OL._ potassium dihydrogen phos
phate (KDP) crystal element was used in 
producing the .Argus 2a> beam. I« con
trast the 9 (or 25) crystals used en 
Novette divided the beam into segments 
with different relative phases. The inter
ference of these segments may have al
tered the growth of the SBS instability. 
For the lower-intensity Novette data, the 

plasmas produced are relatively planar. In 
these cases, the one-dimensional flow of 
ions away from the target determines the 
plasma density and velocity gradients. For 
the highest-intensity Novette data (at 
2 x 10 1 6 W/cm2}, the laser spot size deter
mines the gradients. The resisting two-
dimensional plasma expansion and the un
expectedly high absorption remain to be ex
plored in fully 2-D LASNEX modeling. 

Modeling of the lower-intensity points 
is similar to that of the Shiva and Argus 
irradiations.6-7 The disk is modeled one-
dimensionally as either the section of 
a sphere or as a slab with a fixed amount 
of lateral expansion. This "pseudo-two-
dimensional" geometry is used for parameter 
and zoning studies. Fully two-dimensional 
calculations provide a better evaluation of 
the lateral extent of the plasma. They do not 
differ significant!/ frcm the various pseudo-
two-dimensional calculations. 

Some aspects of the modeling were dis
cussed in earlier reports.6"8 Among these are 
the cross-section modeling of inverse 
bremsstrahlimg, which is the dominant 
laser-light absorption mechanism. Non-LTE 
atomic physics is essential for this high-Z 
plasma with its steep temperature and den
sity profiles in the vicinity of the critical 
surface.6 Flux-limited diffusion is used for 
modeling thermal electron transport; this 
procedure is by now routine for this type of 
calculation. Because suprathermal electrons 
have little effect on plasma evolution, :hey 
were not included in much of the modeling. 
This rationale is consistent with the size of 
the experimentally inferred hot-electron 
fraction (on the order of 1%), which is at
tributed to Raman scattering rather than to 
resonance absorption. (See the article "Stim
ulated Raman Scattering and Hot-Electron 
Production," later in this section, for 
more information.) 

The chief improvement in the 1984 mod
eling effort over earlier work is in the 
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treatment of laser-ray propagation and 
scattering. The ray-propagation package is 
now fully three-dimensional (see the article 
"Statistical Model for Light Scattering by 
Density Fluctuations," in Sec. 3). The 1-D 
Brillouin-scattering package used earlier7'8 

has been supplemented by 1-D and 2-D 
scattering packages that model turning-
point scattering over a specified angular 
distribution and simulated scattering in 
underdense plasma by statistical methods.9 

The chief constraints on modeling are the 
experimentally determined laser-light ab
sorption fraction and the x-ray conversion 
efficiency. Matching both these quantities 
requires flux-inhibited transport with a flux 
limiter / of 0.03 to 0.05 and some provision 
for laser-light scattering. With a more classi
cal transport model and/or no scattering 
model, calculated absorption approaches 
an unrealisricalJy high 100%. 

Authors: R. P. Drake and B. E Lasinski 

Major Contributors: D. W. Phillion and 
J. S. Hildum 

Suprathermal Electron Production 
at Short Laser Wavelengths 

Reducing the wavelength of laser light is 
expected to lower the levels of parametric 
instabilities. The adverse effects of these 
instabilities and their attendant supra-
thermal electrons hpve been discussed 
in earlier work.10 To verify the predic
tions of reduced suprathermals, we con
verted one beam of the Novette laser 
to 0.26 //m, delivering up to 1.6 kj of 
ultraviolet energy on target with 0.9-ns 
pulses. The frequency conversion from 
1.05 um is described in Section 2 in the 
articles "Nova Frequency Conversion 
and Focusing Systems Performance" and 
"Operations Summary." 

We used the filter-fluorescer diagnostic11 

to measure the absolutely calibrated x-ray 
spectrum from 9 keV to several hundred 
keV. (The upper energy limit is not more 
specific because the highest-energy instru
ment channels have poor spectral defini
tion.) Only the SRS parametric instability 
was measured, by means of filtered and cal
ibrated photodiodes. These were similar to 

the photodiode array used in the green-
light (0.53-fim) experiments described in the 
next article, "Stii. ulated Raman Scattering 
and Hot-Electron Production." The only dif
ference was a change in filters to accommo
date the shorter wavelengths. The Raman 
light was also spectrally and temporally 
resolved by a diffraction grating-streak 
camera combination.12 

Gold-disk targets a minimum of 5 yim 
thick were irradiated by 0.26-pm light at in
tensifies of 1 x 101 4 to 2 x 10' 5 W/cm2. 
These are average intensities calculated by 
dividing the ultraviolet (UV) energy by the 
pulse length (0.9 ns) and the spot area as 
inferred from x-ray microscope pictures. 
Typical energy on target was 1.5 kj, and 
spot diameters ranged from 300 to 1500/im. 
The incident energy was inferred from the 
1.05-/tm laser light energy and the conver
sion efficiency of the KDP crystals. The en
ergy and pulse width of the UV light from 
the central crystal in the KDP array was 
monitored during some of the shots. Only 
on low-energy shots (150 J) was the pulse 
width noticeably shorter than that of the 
1.05-/tm light. These measurements are dis
cussed in greater detail in the article "X-Ray 
Conversion Efficiency" later in this section. 
We did not attempt to adjust the quoted in
tensities for structure within the beam. Par
ticularly at large spot sizes (1500 pm), the 
x-ray microscope pictures show consider
able structure, so the effective intensities 
may be higher than the average ones. 

The x-ray data fit a two-temperature 
Maxwellian spectrum with a thermal tem
perature of approximately 3 keV and a 
"hot" temperature of 30 keV. An example 
is shown in Fig. 5-9. The energy in hot 

Fig. 5-9. X-ray spec
t rum from gold-disk 
target irradiated with 
0.26-/im light at 
Z3 y J O 1 5 W/cm 2 . 
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Photon energy (keV) 
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Fig. 5-10. Infeired frai.-
ticn of laser energy in 
suprathermal electrons 
as a function of aver
age laser intensity and 
laser wavelength (from 
gold-disk targets on 
Novette). 
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Average intensity (VWcm2) 

(suprathermal) electrons was deduced from 
a thick-target bremsstrahlung formula . 1 3 , 1 4 

This method neglects suprafhermal energy 
lost in hydrodynamic expansion. The results 
are plotted in Fig. i>-10, nlong with data ob
tained during the gold-disk experiments on 
Novette using green light. The figure shows 
the expected reduction in suprathermal 
electrons at the shorter laser wavelength. In 
making this comparison, w e must be careful 
to look only at wavelength effects and not 
at density-gradient thresholds for the vari
ous parametric instabilities. The green-light 
data shown were obtained with up to three 
times as much laser energy than was avail
able at 0.26 u m , and the spot sizes were 
correspondingly larger. The density-gradient 
lengths scale roughly as the laser spot size 
in the transverse direction and, in these ex
periments, as the product of the sound 
speed and the pulse length in the direction 
normal to the target. Examining these fac
tors, we see that the appropriately normal
ized gradient size (density-gradient 
scalelength divided by the laser wave
length) should be similar for both the 0.53-
and 0.26-/rm experiments. 

Ramar'-scattered light was detected only 
during the shots at 2 x 10 ' 5 W/cm 2 . The 
SRS energy was about 7 x 10 ~ 4 of the laser 
energy, with an estimated accuracy of a fac
tor of 3. Interestingly, this is the same order 

of energy inferred to be present in the 
suprathermal electrons. A similar observa
tion was made with higher accuracy and 
over a wider range of intensities during the 
green-light experiments, as described in the 
next article. 

The 0.26-fim experiments lend further 
support to the role of parametric instabil
ities in producing suprathermal electrons 
and the control of these interactions by de
creasing the laser wavelength. 

Authors: R. E. Tamer, R. L. Kauffman, 
R. P. Drake, B. E Lasinski (IXNL); and 
D . R. Bach (Los Alamos) 

Stimulated Raman Scattering 
and Hot-Electron Production 

High-intensity laser light can excite para
metric instabilities that scatter or absorb it. 
One instability that can arise when laser 
Sight penetrates a plasma is sub-quarter-
critical stimulated Raman (SQSR) scatter
ing . 1 * 1 6 It occurs below the quarter-critical 
density of the incident light and involves 
the decay of the incident light wave into a 
scattered light wave and an electron plasma 
wave. The scattered-light wavelength 
ranges from 1 to 2 times that of the incident 
light, depending on the plasma density and 
temperature. This article reports studies of 
SQSR scattering and hot-electron produc
tion in plasmas produced by irradiating 
thick gold targets with up to 4 kj of 0.53-
fim light in 1-ns (FWHM) pulses. These 
studies have important implications for 
laser fusion. Hot electrons attributed to the 
SQSR instability can increase the difficulty 
of achieving high-gain implosions by pene
trating and preheating the fusion fuel. 

From these studies came a number of 
results never observed in earlier work. 
First, we observed SQSR sidescattering of 
the laser light with intensities up to 
0.015 J/(J-sr) and preferential SQSR scatter
ing perpendicular to the plane of the elec
tric vector of the laser beam. We attribute 
these observations to a combination of 
large axial-density-gradient scalelengths 
( > 100 ftm), largo irradiation spots (150 
to 1880//m), hot plasmas ( > 1 keV), and ex
tensive diagnostics. Previous experiments 
have noted SQSR backscattering 1 7 " 2 0 or 
sidescattering that was orders of magnitude 
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less efficient.21 Other experiments in which 
l-//m irradiation was used neither mea
sured the angular distribution22 nor deter
mined the scattering mechanism.23 

Second, our studies produced a total 
SQSR yield of up to several percent—at 
least three orders of magnitude greater than 
reported from previous experiments using 
solid targets.17-20 Efficient SQSR backscatter-
ing (but not sidescattering) has been re
ported from large, low-Z, underdense 
plasmas deliberately produced to minimize 
density gradients.19 ,21 

Third, this is the first report, among ex
periments with submicron laser light, of a 
large yield of suprathermal electrons (up to 
several percent) with a temperature higher 
than 15 keV. This result is important be
cause short-wavelength lasers are being de
veloped to reduce hot-electron production 
in laser fusion targets. The only previous 
hot-electron yields this high that were not 
attributed to resonance absorption were 
produced by 1-^m irradiation." Low yields 
of very-high-energy electrons attributed to 
Raman forward scattering have been re
ported from 10.6-/im experiments.24 

Fourth, these are the first experiments in 
which the total yields of SQSR scattered 
light, 3o/2 light, and hot electrons were 
simultaneously measured. The irradiation 
conditions were varied systematically, so 
we were able lo attribute the hot-electron 
production to SQSR scattering. Thus, our 
results support and complement the previ
ously reported interpretation of results at 
10.6^m (Refs. 19, 25) and 3.06//m (Refs.22, 
26). They also are consistent with a model 
of SQSR scattering and hot-electron produc
tion based on computer simulations of 
Raman backscattering.'0 

The laser used in our experiments was 
Novette, which produced two opposed, lin
early polarized, 74-cm-diam, 0.53-pm beams 
focused onto the target by //4 doublet 
lenses. Output-sensor modules measured 
the energy and pulse history of these 
beams. (The residual intensity of 1.05-^m 
light at the target plane was about 3 x 101D 

W/cm2.) For most of these <;xperiments, 
only one beam was fired, and it struck the 
target while converging tcward best focus. 
The gold targets were at '.east 1200 /Jm in 
diameter and 5/jm thick. X-ray micrographs 
(at x-ray energies of 1 to 3 keV) determined 
the focal spot size. The average intensity 

varied from 10 K W/cm2 to 2 x 10 1 6 Wan2. 
Based on images of the green beam ob
tained by the sensor package, the peak-to-
average intensity variations at the target 
plane were no more than 10 to 2, and the 
intensity over half the area was within a 
factor of 2 of the average. 

An array «f filtered and absolutely cali
brated photodiocles was used to measure 
the SQSR scattering from the target. These 
photodiodes were sensitive to wavelengths 
of 0.59 to 1.0 fim, excluding light near 
1.05 jim. Time-integrated and time-resolved 
spectra of the Raman emissions confirmed 
thav the spectrum was characteristic of 
SQSR. The Raman spectrum peaked near 
900 nm, was less than 200 nm wide 
(FWHM), did not change markedly with ir
radiation conditions, and lasted for most of 
the laser pulse. The time-resolved spectre of 
the sidescattering and the backscattering 
were both similar to the backscattering spec
tra reported from a previous experiment.20 

Figure 5-11 shows a typical angular distri
bution of the SQSR light. Various detectors 
measured the fluence in plane, out of plane, 
and in between. The backscattering (defined 
here as scattering from 148 to 180°) showed 
azimuthal asymmetries of no more than a 
factor of 2. In contrast, the sidescattering 
(from 90 to 14S°) wa« most often strongly 
out of plane. The sidescattering was intense, 
up to 0.015 J/(J'Sr), and strongest at polar 
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Fig. 5-12. Hard x-ray 
spectrum from a gold 
disk. 

Fig. 5-13. The hot-
electron fraction is 
well correlated with 
the SQSR-scattered 
light fraction. 

angles of 120 to 135°. The backscatteiing 
was usually a few times more intense than 
the sidescattering. 

We integrated the SQSR fluence over all 
solid angle to obtain the energy. There are 
enough detectors that the integrated energy 
was not strongly sensitive to the model 
used. For example, the extrapolation to 
6 = 0 implied in Fig. 5-11 is not physical, 
but plausible physical models do not sig
nificantly change the integral. A few SQSR 
measurements obtained by detectors within 
the lens cone support this conclusion. The 
absorption of the SQSR light by inverse 
bremsstrahlung is small (<10%). The abso
lute uncertainty in the SQSR yield is a fac
tor of 2. The yield inferred from the data in 
Fig. 5-11 was 4.4% with about 2/3 of the 
energy as backscattering. This yield was 
typical, but the ratio of backscattering to 
sidescattering varied considerably from shot 
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to shot The tola] SQSR yield increased 
from about 10""1 at an average intensity of 
101 4 W/cm2 to several percent at average in
tensities above 10 1 5 W/cm2. Comparisons of 
the measured yield to thresholds are diffi
cult because the plasma conditions and the 
intensity distribution of the beam are not 
precisely known. 

On an absolutely calibrated, multichannel 
x-ray spectrometer, we used scintillators 
with photomultiplier tubes to measure ener
getic x rays. Some channels were equipped 
with K-edge filters only, and others with a 
prefilter, an x-ray flrorescer, and a post-
fiiter for higher resolution. To evaluate the 
x-ray spectrum, we used an iterative unfold
ing procedure that did not constrain the 
shape of the spectrum.27 The absolute mag
nitude of the x-ray spectrum yields the total 
energy content of the hot electrons that 
produced the x rays to within a factor of 
about 2 (Ref. 28). One source of uncertainty 
is that some hot electrons may escape the 
target without producing x rays. 

Figure 5 12 shows a characteristic x-ray 
spectrum. Each point is plotted at the en
ergy at which that channel received 50% of 
its total signal. The spectrum shows one or 
more low-energy components with tem
peratures below 10 keV and an exponential 
decay with a temperature of 20 to 40 keV. 
These results correspond to a Maxwellian 
electron distribution of the same tempera
ture. We never detected a more energetic 
"superhot" component of the spectrum. 
Any superhot component in the spectrum 
shown in Fig. 5-12 contains less than 
0.003% of the laser energy. (The hot compo
nent represents 0.1%.) 

The SQSJ? yield and the hot-electron 
yield (fhol) increased strongly as the average 
intensity on target approached 10'5 W/cm2; 
however, both quantities show significant 
scatter when compared with the average in
tensity and observed spot size. They corre
late better with one another. The data in 
Fig. 5-13 show / h o l as a function of the yield 
of SQSR light. The line shows the energy in 
SQSR plasma waves for SQSR scattering at 
900 nm (from conservation of energy). 
Within the uncertainties, fhm equals the en
ergy in plasma waves as both quantities in
crease by almost three orders of magnitude. 
Thus, the SQSR yield is sufficient to ac
count for all the hot electrons, although the 
absolute uncertainties would allow another 
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process of comparable magnitude and simi -
lar scaling to contribute. The fact that / h Q t 

and the SQSR yield correlate better with 
each other than with intensity or spot size 
strengthens the case that the hot electrons 
result predominantly from SQSR scattering. 
In addition, the 3eo/2 emissions during 
these experiments correlate less well with 
intensity or fhal than the SQSR emissions 
do. This observation suggests that instabil
ities at quarter-critical density are not 
significant sources of hot electrons in 
these experiments. 

The observed hot electron temperatures 
can also be caused by SQSR scattering. 
When plasma waves undergo Landau 
damping, they produce hot electrons with 
velocities comparable to the phase velocity 
of the plasma waves (which in these experi
ments is highly insensitive to the thermal-
electron temperature). The phase velocities 
implied by the observed spectra and angu
lar distributions correspond to electron 
energies of 14 to 40 keV, which are consis
tent with the observed temperatures of 
20 to about 40 keV. The observed tempera
tures are not a strong enough function of 
intensity to result predominantly from 
resonance absorption. 

These results have important implications 
for laser fusion. The hot electrons produced 
by the SQSR instability are of concern be
cause, by penetrating and preheating the 
fusion fuel, they can make it more difficult 
to achieve high-gain implosions. This insta
bility may be important because it occurs 
throughout large volumes of plasma and at 
low densities (and thus is not easily offset 
by inverse bremsstrahlung). The data from 
10.6-/im, L06-/im, and 0.53-/*m experiments 
(at low-to-moderate IX1) indicate that long 
plasma scalelengths are necessary to pro
duce efficient SQSR scattering from densi
ties below quarter critical. With large 
plasmas, even solid targets irradiated with 
submicron light can produce significant 
scattering and quantities of hot electrons. 
The SQSR yields could be even greater for 
the larger plasmas in a laser fusion reactor, 
especially if the target produces a less-
collisional, low-Z plasma. The important is
sue for laser fusion is the level at which 
SQSR scattering will saturate in very large 
plasmas. Collisional effects may help correct 
the problem by causing the instability to 
saturate more easily when even shorter-

wavelength irradiation is used. Further ex
periments are needed to leam the extent to 
which Raman scattering limits the intensity 
and wavelength of laser light and the 
collisionality of the plasmas needed for 
high-gain systems. 
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Evidence for Collisional Damping 
in High-Energy Raman-Scattering 
Experiments at 0.26 /JHI 

Experiments using 1.6 k] of 0.26-/* m wave
length light to irradiate thin bum-through 
targets show less SRS than similar experi
ments at 0.53/im. At 0.26 /im, the SRS from 
high-Z gold targets is three orders of mag
nitude less than that from low-Z plastic 
(CH) targets irradiated at similar intensities. 
These results are the first direct observa
tions of collisional damping of the Raman 
instability in high-Z targets as predicted by 
theory and simulations. 

SRS 2 9" 3 8 in laser-produced plasmas can 
generate high-energy electrons, which can 
degrade laser fusion target gain. In nearly 
all previous laser-plasma experiments, SRS 
ht •• been limited by steep density gradients, 
which restrict the phase-matching regions 
to relatively small lengths. However, the 
reactor-size targets envisioned for future 
laser fusion experiments will produce much 
longer density-gradient scalelengths. Here 
we report the observation of an important 
alternative limiting mechanism: electron-
ion collisions. 

In these experiments, we used UV laser 
light to irradiate thin films, causing them to 
expand rapidly. At the peak of the 1-ns 
laser pulse, the electron density was near 
resonance (quarter critical) for the Raman 
and two-plasmon-decay (2(0^) instabil
ities. 3 8 , 3 9 Other instabilities that can produce 
hot electrons occur near critical density [nc 

= 102I(1.06 lim/l0)2 e Vcm 3], and are there
fore mostly excluded from these observations. 
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Fig. 5-14. Energy in 
Raman-scattered light 
from low-Z and high-
Z thin-foil targets. In 
all cases intensities are 
- 1 0 1 5 W/cm2. The 
gold data point far 
0.26 /im is an upper 
limit. 

With CH targets, the fraction of the 
incident energy scattered as Raman light 
was five times smaller for irradiations with 
a laser wavelength A0 of 0.26 /jm than with 
a 0.53-um wavelength. When gold targets 
were used, the decrease was more than four 
orders of magnitude. By theory and simula
tion, we show that the suppression oi SRS 
with increasing laser frequency or target Z 
was due to collisional damping of SRS. 

These experiments used one arm of the 
74-cm-aperture Novette laser.40 An array of 
KDP crystals quadrupled the frequency of 
the 1.05-/im laser light to produce up to 
1.6 kj of light with a 026-jim wavelength in 
a near-Gaussian pulse of 0.9 to 1.2 ns 
(FWHM).41 A mask at the center of the lens 
and the chromatic aberration of the //4 fo
cusing iens caused the UV light to focus in 
a region free from residual 1.05-//m and 
0.53-,um light.40 The intensities quoted here 
are the average laser power divided by the 
illuminated area as determined from x-ray 
micrographs (made with x-ray energies of 1 
to 1.5 keV). We define the beam diameter D 
as the FWHM of the x-ray intensity. Al
though the laser beam is known to be non
uniform,42 localized regions of higher 
intensities would be expected to enhance, 
not reduce, the growth of Raman scattering. 

The targets were 6-pm-thick CH or 0.4-
//m-thick gold foils supported on large 
washers. The thicknesses were chosen (by 
means of LASNEX calculations), so that the 
maximum electron density on-axis would 
be slightly less than quarter critical at the 
peak of the laser pulse. The parabolic den
sity scalelen^hs2 9 were calculated to be 500 

- 5 — T 
•"- 0.53-Mm laser 

0.26-fx.m laser 

CH Au 
Atomic number, 2, of target 

to 1000 A0 in both the axial and radial direc
tions for both CH and gold. The targets 
were irradiated at normal incidence, with 
the focus in front of the target. The focal 
spot diameters were 300 to 350 jum, result
ing in average target-plane intensities of 
l t o 2 x 10 I 5W/cm 2. 

A streak camera and optical system, 
mounted orthogonal to the laser beam, pro
vided time-resolved one-dimensional spatial 
images along the laser axis.4? This instru
ment recorded the 0.31-/im bremsstrahlung 
emission from both the front and back ex
panding plasmas. When the plasma was op
tically thin (as in the low-Z, green-light 
experiments), this emission was propon onal 
to the line-averaged value of nzT~l/2. The 
simulation line integrals are in good agree
ment with the experimental observations. A 
time-resolved optical spectrometer measured 
the Raman light scattered it 135° to the laser 
beam. Calibrated photodiodes, filtered to 
look only at SRS from below quarter critical 
density (0.35 um < A0 < 0.5 ftm), measured 
the absolute level of Raman-scattered light 
at various angles (bet'.veen 105° and 169° 
from the laser), Spectroscopy verified that 
all Raman light emissions were within this 
range of wavelengths. 

The results are summarized in Fig. 5-14. 
The error bars encompass all the data ob
tained during the experiments. We estimate 
the absolute accuracy to be within a factor 
of two. The principal source of error arises 
from the finite number of photodiodes (10) 
and the resulting uncertainty in the true an
gular distribution of the scattered light. The 
data analysis is identical to that discussed in 
Ref. 44. Most of the SRS energy was within 
45° of direct backscattering, although no 
measurements were made back through the 
//4 lens. 

Figure 5-14 also shows the d?.ta from pre
vious 0.53-/im experiments44 conducted a.': 
similar average intensities and D'AQ, where 
Atl is the incident wavelength. The foils 
were thinner to allow the density to drop 
below quarter critical for the 0.53-^m light 
before the peak of the laser pulse. These 
green-light experiments produced very large 
amounts oi SRS. The figure shows that at 
these intensities (>10 1 5 W/cm2), the ? 
dependence in the level of Rair.au scatter
ing was small in the 0.53-pm experiments. 
In contrast, the 0.26-^m experiments 
showed that Raman scattering decreases 

http://Rair.au


Novetle Experiments 

greatly with an increase in Z. With CH tar
gets, the energy in the Raman-scattered 
light was approximately 2% of the incident 
laser energy. With gold targets, any SRS 
light present was below the minimum sen
sitivity of the diodes; therefore, the SRS en
ergy could have been no more than about 
10 ~5 of the laser energy. We attribute this 
large drop in SRS to collisional damping in 
the gold plasmas. 

Figure 5-15 shows the Raman light spec
trum from a CH target at two different 
times in the laser pulse. When scaled by 
the wavelength ratio, this spectral shape 
is remarkably similar to that obtained dur
ing the 0.53-um, thin-foil experiments.44 

The w avelength of the SRS implies that it is 
taking place at densities between 0.1 and 
0.2r,c. Assuming that the shortest-
wavelength Raman light is limited by Lan
dau damping of the corresponding plasma 
wave, we estimate the electron temperature 
to be ~ 2 keV. The decrease in the longest-
wavelength Raman at later times is due to 
decreasing plasma density. 

To clearly identify collisional effects, 
an expeiiment must exceed the competing 
gradient-scalelength threshold. Figure 5-16 
is a contour plot from a 2-D LASNEX45 

hydrodynamic simulation of a CH foil, 
showing a large region of relatively 
constan -density plasma. The hydrodvnamic 
calculations are consistent with several indi
rect density measurements: the time- and 
spatially-resolved bremsstrahlung43 and the 

time-resolved SRS spectrum. The calcula
tions were further verifieu in the 0.53-jUrri 
experiments44 by the timing of the emitted 
3co/2 light and of the bum-through of the 
laser light. The SRS was above the density-
scalelength threshold, which is on die order 
of 4 x 10 1 3 W/cm2 for sidescattering in a 
parabolic density profile.2' Plasma turbu
lence, E-Mlouin sidescattering and backscat-
tering. and light filamentation can change 
the thresholds, although these effects are 
difficult to quantify. Time-integrated x-ray 
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Fig. 5-15. Stimulated 
Raman scattering spec
trum from a plastic 
target fj is the peak 
time of the SRS pulse. 

Fig. 5-16. Contour 
plots of density, tem
perature, and laser in
tensity from a 2-D 
tASNEX simulation. 
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microscope pictures at 45°, 75°, and 135° 
from the laser beam show no structures 
that could be interpreted as filaments. The 
theoretical and computational studies here 
and in Kef. 46 indicate that thermal filamen-
tation was stabilized. The diverging laser 
beam contributed to the stabi'ity. 

Electron-ion collision;! reduce SRS by: (1) 
directly damping the electron plasma 
waves, (2) absorbing the scattered-light 
wave that amplifies Raman, and (3) absorb
ing the incident laser light directly. To ex
ceed the collisional threshold33 in a plasma 
of constant electron density n requires: 

r > ( V 2 ) (<op/<osf [(v o i/2)+ vQL] (1) 

where y is the Raman growth rate, o>p 

and (»s are the plasma and scattered wave 
frequencies, respectively; v e L is the elec
tron Landau damping rate; and v d is the 
electron-ion collision frequsnq' relevant to 
high-frequency waves4': 

-.9 x lO-"Z« ln (A) ' l r-3,'2 c (2) 

where In (A) = 31 - In ():"2/To;, Z is the 
average ionization state, TL. is the electron 
temperature (keV), and n in the electron 
density (cm - 3 ) . 

The Raman backscattering growth rate 3 5" 3 7 

is giver, by 

y ~ ( W 4 ) W-Sc [(">/'%) (<V<Vv)f 2 

x [1 - (»/» c )]- 1 / 4 , (3) 

where a> is the electron plasma wave 
frequency, kepw is the wave vector of the 
electron plasma wave as shown below: 

V-^o^lf l -("/"Jj" 

+ [: - 2(«/» c)" 2]" 2) (4) 
Table 5-2. Ratio of col
lision frequency to Raman yield 
Raman growth rate. A0(//m) Target V f (£SRS/£Iaser> 
and corresponding 
Raman yield for vari 0.26 CH 0.2 0.02 
ous targets and laser 0.26 Au 1.8 < 1 0 " 5 

wavelengths. 0.53 CH 0.04 0.10 
0.53 Au 0.2 0.04 

for fclD « 1, and 

/(ww)(-i02 

\1.06 fitnj 
1.2 x 10" CO 

Equations (1) and (3) determine a collisions 1 
threshold intensity: 

l (W/cm 2 )>3 x l O - 1 2 f e ^ V 7 i M 

x v o i ( " f + ^ L ) 0 " ^ " 3 • (6) 

(The wavelength scaling is from the follow
ing analysis.) 

Kinetic simulations38 of Raman backscat
tering with collisions show that when H/HC 

is about 0.2, SRS is severely reduced for 
values of vjy around 0.6 to 0.8. These val
ues are lower than the collisional threshold 
condition of vjy ~ 2 from Fq. (1). 

To calculate vA, one must know T 0 and Z. 
We estimated the electron temperature of 
CH targets using the short-wavelength cut
off of the SRS spectrum and time-resolved 
x-Tay spectroscopic data 4 4 from CH targets 
doped with a small amount of sulfur. Both 
measurements give Te =s 2 keV. LASNEX 
2-D calculations for gold (similar to Fig. 
5-16) show T e ~ 3 keV and Z ~ 56. 
Figure 5-16 indicates that inverse brem? 
strahlung absorption reduced the incident 
laser intensity by a factor of 2 i:o 3 before 
the light reached the density al which most 
of the Raman scattering occurred. (Similar 
effects were observed with the gold targets.) 
Table 5-2 shows the estimated vvi/y for X0 

= 0.26 ftm and A0 = 0.53 Jim experiments. 
Note that for the 0.26-gm cases, vjy = 1 
for gold; for CH, with Z a factor of about 15 
smaller, vjy <K 1. This variation can ac
count for the large difference in the ob
served SRS. 

Finally, we performed LASNEX simula
tions 4 8 , 4 9 of thick gold disks to roughly esti
mate the scaling of vjy. Least-squares fits 
of 7 t. and Z from runs using 1-ns, 450-/mi 
laser spot diameters are: Te — 1.2 
x 10-6I0<5(A„/1.06 Aim)0-85 and Z ~ 
4.4.8J 0 0 6 7(Vl-06 / " " ) - 0 0 6 . These Tc and Z 
values are consistent with the thin-film re
sults shown in Fig. 5-16. T0 and Z also 
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increase with (he spot size and pulse length 
and are sensitive to other geometric factors. 
We used a heat-flux limit / = 0.03 for 
A0 a 0.53 J*rn and f = 0.1 for A„ = 0.26. 
Solving for v d /y from these fits and 
Eq. (2) gives 

v„i / 1 \ - i . i / A 0 \ - " 

T~°'°4llO ,5VV/cmV llOMm/ ' 
(7) 

which is plotted in Fig. 5-17. 
In summary, we have presented experi

mental data comparing reduced Raman 
scattering from low-Z targets irradiated with 
0.26-/im laser light to those irradiated with 
0.53-um light. Raman scattering was not 
observed from Iong-scalelength, high-Z 
plasmas similarly irradiated with 0.26-jUm 
light. These results are consistent with cal
culations and simulations, indicating that 
the suppression of SRS is due to collisions. 
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Exploding Foil Characterization 

Introduction. During 1983 and 1984, we 
conducted experiments with exploding-foil 
targets to produce and characterize large 
plasmas. The fabrication of these targets 
and pi :liminary results of the experiments 
were reported in 1984.w' : l 1 This article 
presents the final results of experiments in 
which we used 0.53-/im light to irradiate 
thin CH foils. Gold foils were also used, 
and the results reported earlier.51 Similar ex
periments with 0.26-/*m light produced evi
dence for coiiisional damping of Raman 
scattering, as discussed in the preceding ar
ticle, "Evidence for Collisional Damping in 
High-Energy Raman-Scattering Experiments 
at 0.26 ^m." 

We perform large-plasma experiments be
cause the plasmas produced by future high-
gain targets will be much larger and more 
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uniform than those produced by current 
disk or implosion targets. Because larger 
plasmas allow more growth of plasma in
stabilities, some processes that are currently 
unimportant might grow to damaging lev
els. This possibility is not a mere presump
tion, but has already been witnessed in the 
case of Raman scattering, as discussed in 
the article "Summary of Parametric Instabil
ities," earlier in this section. To guide our 
choice of laser wavelength, energy, and tar
get design for future experiments, we must 
continue to study appropriately large plas
mas and observe their instabilities. Research 
of this nature will proceed on Nova with 
the goal of obtaining a predictive under
standing of plasma conditions and impor
tant plasma inslabil'ties. 

figure 5-18 illustrates the setup for 
exploding-foil experiments on Novette. One 
of the //4 beams struck the target while 
converging toward best focus. The target 
was a CH foil, 1 to 3/xm in thickness, 
which often included a 300-//m-diam 
microspot in the center. The microspot was 
doped with roughly 4at.% sulfur50 but was 
otherwise identical to the rest of the target. 
The laser energy was typically 3.5 kj, with a 
spot diameter of 600//m and pulse length 
of 1 ns. The average intensity was about 1.2 
x 101 5 W/cm2. Figure 5-18 shows the typi
cal pulse shape of the incident beam, the 
light reflected back into the focus lens, and 
the light transmitted into the opposed focus 
lens. The relative and absolute timing of the 
reflected and transmitted light are only ap
proximate for this shot. The foil exploded 
during the laser pulse, and as the plasma 
density decayed, the reflection of the laser 

Fig. 5-17. Rough scal
ing of the collhhrt 
frequency-to-Raman 
growth rate ratio 
(•ei'tf v s l*5"" wave
length for a variety of 
laser intensities on 
gold disks; v e i is cal
culated for quarter-
critical density. 
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Fig. 5-18. In exploding-
foil experiment a 
Novette beam struck 
the thin CH target 
with the puis* shown 
at the iowfci left. As 
the targ.'t expanded, 
reflection decreased 
and transmission 
increased. 
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light decreased and the transmission 
increased. 

We varied the thickness of the CH foil 
and used the optical emissions from the 
plasma to diagnose the changes in the de
cay of the plasma density. Figure 5-19 
shows data obtained by means of the 
optical/x-ray (OX) streak camera52 from 
foils with thicknesses of 1, 2.1, and 3 pm. 
The bottom row of plots in the figure 
shows the 1.05-jLtm laser pulses used to pro
duce the 0.53-/im light. The width and -en
ter of each pulse are marked. The top row 
of plots shows the emission of light at the 
3/2 harmonic of the incident 0.53-/im laser 
light. These emiss'ons are a signature of the 
quarter-critical surface and disappear when 
the peak plasma density drops below quar
ter critical (H</4). The 1- and 2-pm-thick 
foils both dropped belc .v quarter-critical 
density before the center of the Irser pulse. 
In contrast, the 3-/im-thick foil remained 
above quarter-critical density much longer. 

(Note that only part of the 3-jUm foil need 
have been above quarter critical to produce 
the observed emissions.) Finally, the middle 
row of plots in Fig. 5-19 ^hows the Raman-
scattered light, which WJS emitted from 
densities above 0.1 critical These resu'ts in
dicate that if the Raman light ceases while 
the laser light is still intense,-the density 
has dropped below 0.1 critical. The l-/mi 
foil decayed below 0.1 critical before the 
center of the pulse, but the 2- and 3-,um 
foils did not. In all these cases, the optical 
emissions allow us to diagnose the peak 
plasma density and to see the effects of 
changes in the experiment. 

We also obtained density data from the 
time-resolved Raman spectrum and from 
the bremsstrahlung emissions. The brems 
strahlung data arc discussed in the next 
article, "Optical Bremsstrahlung as an 
Electron-Density Diagnostic tor Laser-
Produced, Exploding-Foil Plasmas." 
The Raman spectrum provides density 
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information as a result of its long-
wavelength cutoff, as indicated in the article 
"Raman Scattering in Exploding foils" later 
in this section. When the plasma decays be
low a certain density, the Raman scattering 
at the wavelength corresponding to that 
density disappears. In the future, we hope 
to obiain additional density data from x-ray 
atomic-line spectroscopy. 

Figure 5-20 compares the density data just 
described with predictions from r-'O runs of 
the LASNEX computer code simulating 2-
/rm-thick plastic foils. The LASNEX calcula
tions were two-dimensional, Lagrangian, 
hydrodynamic simulations with a flux lim-
iter of 0.03. In the two calculations, the en
ergy, intensity, and thickness parameters 
were: 3 kj, 6 x 101 4 W/cm2, and 2.0/jm; 

Fig. 5-*i Timing cf 
3«*/2 and Raaun. 
cmifdons relative to 
the incident laser 
pulse for three foil 
thicknesses. 

Fig. 5-20. A compari
son of LASNEX pre
dictions with 
experimentally mea
sured plasma density. 
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and 3.7 kj, 1.3 x 10' 5 W/cm2 and 2.1 /an. 
The higher-intensity calculation produced a 
more rapid density decay. 

The left half of Fig. 5-20 shows the simu
lated decay of the maximum plasma density 
with time, and the right half shows the 
density profile along the laser axis at the 
center of the laser pulse. Raman-scattering, 
3/2 harmonic, and bremsstrahlung data are 
also shown. Although the shot-to-shot vari
ations are significant, the data support the 
predictions within the uncertainty range. (A 
low-density plume, discussed in the next ar
ticle, is an exception.) The LASNEX code 
correctly predicted the approximate shape 
and decay of the plasma density. It is nota
ble that one of the LASNEX runs shown in 
the figure was performed before the experi
ments and was used to help determine the 
experimental conditions. Thus these experi
ments have given us increased confidence 
in our ability to calculate plasma production 
from exploding foils. 

In addition to the density measurements, 
these experiments produced indications of 
plasma temperature. The short-wavelength 
cutoff of the Raman spectrum, which we 
attribute to Landau damping, implies a 
plasma temperature of about 2 keV, if a 
Maxwellian electron distribution is assumed. 
The temperature implied by the ratio of the 
x-ray lines emitted by the sulfur dopant is 
also near 2 keV. These results and their 
comparison to several LASNEX runs are 
discussed in the articles "X-Ray Line Spec
troscopy on Exploding-Foil Plasmas" and 
"Raman Scattering in Exploding Foils," later 
in this section. The 2-D LASNEX calcula
tions described above predict a temperature 
of 2.5 keV, and additional 1-D calculations 
predict a somewhat higher temperature. 
There are enough uncertainties and difficul
ties in the measurement, interpretation, and 
calculation of temperature that the actual 
value (or the equivalent in terms of mean 
energy) might differ from 2 keV by as 
much as a factor of 2. 

Finally, we observed that large, well char
acterized plasmas p.oduced significant ab
sorption and scattering of the laser light by 
parametric instabilities. Raman scattering 
and stimulated Brillouin sidescattering each 
reflected roughly 10%. (Stimulated Brillouin 
sidescattering produced in these experi
ments was similar to that from disk targets 
described in "Summary of Absorption by 

Gold-Disk Targets" earlier in this section.) 
The 3o>/2 fraction, indicating the two-
plasmon decry instability, exceeded 0.01%; 
this result wi s also similar to those pro
duced with the disk targets. 
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Optical Bremsstrahlung as an Electron-
Density Diagnostic for Laser-Produced, 
Exploding-Foil Plasmas. This article de
scribes a new diagnostic technique employ
ing time-resolved photographic images of 
ultraviolet bremsstrahlung emission from 
hot, optically thin plasmas. This technique 
penrdts the calculation of the plasma elec
tron density profile. It differs from tradi
tional bremsstrahlung diagnostics, which 
are based on emission from dense, rather 
than thin, plasmas. 

The new technique measures the line in
tegral / n\ Z In A/VT^ dx, where n c is the 
electron density; Z is the average ionization 
state; In A is the Spitzer factor or Coulomb 
logarithm (usually between 5 and 10, and 
relative!;' constant); Tc is the electron tem
perature; and x is the distance along the 
path of the line integral. If the temperature 
dependence of the emission is exceedingly 
weak, the line integral can be validly used 
to determine the plasma density profile. 
Furthermore, if Z and T0 do not vary 
greatly, we can deduce the density profile 
without including their variation. 

The new diagnostic was demonstrated in 
exploding-foil experiments conducted to 
study instabilities in plasmas with long den
sity scalelengths.53"56 We obtained a time-
resolvpd, edge-on image of the 0.31-^r-

(0.01-ftm FWHM) bremsstrahlung light 
emitted from plasmas produced^ by irradiat
ing 2.1-/im-thick CH foils. The foils were ir
radiated with 3.8 kj of 053-fim laser light at 
an intensity of 1.3 x 101 5 W/cm2 in 1-ns 
pulses. The foils exploded, producing a 
completely underdense plasma early in the 
pulse. The hydrodynamic measurements we 
obtained through this diagnostic technique 
are in good agreement with computer simu
lations. These measurements are relevant to 
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the laser fusion effort both because they 
test the validity of the LASNEX hydrody-
namic simulation code and because they al
low us to compare plasma instability 
measurements with theoretical predictions. 

A schematic of the experiment is shown 
m Fig. 5-21. A major part of the apparatus is 
an inverse 10 x f/4.7 Cassegrainian tele
scope, which is nearly diffraction-limited. 
The second principal component is an 
LLNL streak camera that has a 500-^m x 
22-mm contact slit and is equipped with an 
RCA S20 streak tube with a sapphire win
dow and an ITr 40-mm-diam microchannel 
plate (MCP) intensifier. The streak-tube 
grid, normally 2.3 kV positive with respect 
to the photocathcde, was biased 2.7 kV neg
ative about 20 ns after the end of the 118-
ps/mm sweep. The bias was introduced to 
reduce background signals from the late-
time target emission. The 500-um-wide slit 
does not degrade the temporal resolution 
since the RCA streak tube is highly 
demagnifying along the time axis when the 
slit is positioned midway between the 
streak-tube grid wires 5 7 Prior to these ex
periments, the focus voltage changed be
cause of the failure of a power supply. This 
change degraded the temporal resolution to 
only 200 ps and the spatial resolution to 
only 200 um at the target. Both types of 
resolution should have been 10 L'lies better. 

We achieved a calibration for the di
agnostic instrumentation that we believe is 
accurate to within a factor of 2. The calibra
tion was carried out as follows. The streak 
camera was first absolutely calibrated at 

0.53 Jim. A ralibration wedge was identi
cally exposed onto every film negative for 
both this calibration and the experiments. 
The film densities at any fixed position on 
the calibration wedges always correspond 
to the same film exposure. However, the 
light we imaged and rime-resolved in these 
experiments was at 0.31 pm. The calibration 
value at 0.31 fim was obtained from that at 
0.53 ̂ m by multiplying by the ratio of the 
dc sensitivities of the S20 photocathode at 
the respective wavelengths. The transmis
sion or reflection coefficients of all the 
optics were measured at 0.31 Jim. This in
formation, combined with the absolute cali
bration of the streak camera, the telescope 
solid angle and magnification, and the 
FWHM of the bandpass interference filter, 
gave us the overall calibration for the in
strument. The accuracy of the calibration— 
to within a factor of 2—corresponds to a \2 
uncertainty factor in the electron density 7ie. 

The streak record in Fig. 5-22 is the 
source of all the experimental data dis
cussed in this article. The figure shows that 
the foil exploded symmetrically except for a 
low-density, high-velocity plume that jetted 
back toward the laser. This symmetry is to 
be expected since the foil plasma became 
underdense very early in the laser pulse, at 
about t = - 700 ps in the calculations. The 
dip in the brightness at the initial foil plane 
is due to obscuration by slow-moving cold 
plasma at large radii. The dip would have 
been much more pronounced except for the 
poor spatial resolution of the streak camera 
and the finite / number of the telescope. 

Fig. 5-21. Experimental 
setup. The streak-
camera slit 5* parallel 
to the laser axis. 
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Fig. 5-22. Streak record 
of the time-resolved 
ultraviolet thermal 
light from an explod
ing plastic foil. Experi
mental conditions: 
2.0-pm CH foil, 
5270 A, 1 ns, 3.8 kj, 600-
fim spot diameter, 
f/i.3 converging beam, 
1.3 x 1 0 1 5 W / W 
peak intensity. 

The CH foil was much larger than the laser 
spot size and was stretched across a thin 
washer. It' the foil had been freestanding 
and exactly the same size as the laser spo* 
the dip would have been absent. Although 
the streak record shown in Fig. 5-22 lacks a 
timing fiducial, we determined the absolute 
timing of the streak camera from other 
streak records for CH foils that had a 0.53-
um fiducial approximately coincident with 
the laser pulse. The fiducial was omitted in 
some cases because it reduces the length of 
slit usable for imaging the plasma. 

Plasma brightness can be characterized 
by a Rayleigh-Jeans c-quivalent temperature 
TRi. This is approximately equal to the 
blackbody-equivalent temperature T^ only 
when the UV photon energy hv is much 
less than /VTR,, where k is the Boltzmann 
constant. The Rayleigh-Jeans brightness 
function B*}(T) is 

x [erg/(s-sr-Hz-cm2)] . (8) 

Here V is the UV photon frequency in Hz, 
and c is the speed of light. If K'lb is the 

reduced inverse bremsstrahlung absorption 
coefficient for the intensity, L is the length 
.of the plasma, and T e is the electron tem
perature, the Rayleigh-Jeans equivalent tem
perature is given by Eq. (9). It follows from 
detailed balance that the right-hand side of 
Eq. (9) is the brightness of the plasma: 

B?(rRI) = [ i-ex P (- ,41.)] B^rj (9) 

BJJ) is the blackbody brightness function: 

BvO) 
' \ c 2 / exp (hv/kT) - 1 

x [erg/(s-sr-Hz-cm2)] . (10) 

All these brightness functions are already 
summed over the two polarizations. The 
advantage of using TB, is that it is propor
tional to brightness and thus to the streak-
camera film exposure. 

The absorption coefficient K^ has a sim
ple form when hv «c kT: 

\ Q m i n / \ H , \ / l - 1I-/M. 
(11) 

Here Q m a x and Q m j n are the maximum and 
minimum momentum rrurtifer in electron-
ion collisions; n e is the electron density; nc 

is the critical density for the observation 
wavelength (0.31 fim); r 0 is the classical 
electron radius (2.818 x 10 _ I 3 cm); /?,,, = 
•JkT^/lm^2), where mc is the electron 
mass; and 

Z = -

2> 
(12) 

is the average charge state of the ion spe
cies i (tij is the ion density). The argument 
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of the logarithm is 

Qm.„ 
Qmin 

1.123 m,,r:3 / kT„ V 2 

aZ/iv l m c 
(12) 

when T] = ZeV(to) » 1, where i> is elec
tron velocity, and A £ \^/(H cr0). Here a is 
the fine-structure constant 1/137.036 and X 
is the UV photon wavelength. 

We assume that the plasma is optically 
thin, so that 1 - exp ( - K'lbL) = K~tbL. Then 

- a KihL (14) 

when liv « kT„. Notice that K',bT,. has a Z 
In A/vfTe temperature dependence. 

Figures 5-23 and 5-24 compare the elec
tron density inferred from the UV brems-
strahlung emission to the actual electron 
density on axis. The path length L in Fig. 
5-24 was derived from fits to simulations by 
the LASNEX 2-D hydrodynamics computer 
code 5 9 , 6 0 and is given by 

1.2 mm + - (15) 

where z is the distance from the plane de
fined by the initial foil position. 

A more meaningful comparison with 
the data was made from a simulated streak 
record produced by the TDG61 post
processor code operating on LASNEX-
produced output files. The TDG simulation 
was treated just as the actual streak record 
data were, including the use of Eq. (15). 

10 2 l f -' 1 ' 1 ' 1 ' 1 • 1 ' h 
r-Experiment 

A / nrOd^Sbv Laser • 
y o r j P ^ ^b jj» beam. 

fin o TDG values 
P ti<?a:ed as data 2 

D 2-D LASNEX • 

, I , I . I . I . 1 i 1 

-800 -400 0 400 800 1200 
Distance from the foil plane, z (fim) 

TDG should have reproduced the actual 
streak record except that it did not simulate 
the poor resolution or finite / number of the 
experimental apparatus. Except for the 
plume, agreement is good. This plume is 
real unless the plasma is somehow para-
metrically generating Q31~firxi light. The 
TDG simulation of the streak record is 
shown in Fig. 5-25. The parameters 
A£ = 0.5 eV and Aft = 0.1 sr are different 
from the experimental parameters, but these 
differences were canceled by normalization 
before Eqs.(8), (11), (13), (14), and (15) 
ware applied to obtain the electron density 
on axis. 

LASNEX performs Lagrangian.. cylindri-
cally symmetric, hydrodynamic simulations. 
It models laser light as a large number of 
rays that must be parallel to or intersect the 
Z axis; no angular momentum is allowed. 
Each ray is refracted according to geometric 
optics and absorbed according to inverse 

Fig. 5-23. Electron den
sity profile vs dbunce 
from the initial foil 
plane at 05 ns after 
the peak of the later 
pulse. 

Fig. 5-24. Electron den
sity vs time at a dis
tance of (a) z = 
0.5 mm, and (b) x = 
1.0 mm, from the ini
tial foil position. Time 
t = 0 is the peak of 
the laser pulse. 
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bremsstrahlung and resonant absorption. 
The absorbed energy is transported both by 
radiation and by electrons with a flux iim-
iter / equal to 0.1. About 700 ps before the 
peak of the laser pulse, the center of the 
foH becomes underdense to the 0.53-/tm 
laser light. By the peak of the pulse, the 
plasma on the center line is quite 
underdense, as can be seen from Fig. 5-26. 
The peak density is II,/8 (HC is the critical 
density, at which the laser frequency equals 
the plasma frequency); Z = 3.3; and the 
temperature varies from 1.6 to 2 keV in the 
region of interest. 

LASNEX saves the emissivity and opacity 
for each photon bin energy and for each 
zone at specified timesteps. TDG then cal
culates the line-integrated emission at a 
specified angle, which in this example is 
perpendicular to the laser beam axis. 

Fig. 5-26. Contour 
plots of the LASNEX-
calculated electron 
temperature Te and 
electron density tte. 

Distance from the foil plane, z (fim) 
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In conclusion, we have compared the 
0.31-^m spectral output from an exploding 
plastic foil with the results of a hydrody-
namic simulation and found good agree
ment. UV bremsstrahlung emission appears 
to be_a good electron-density diagnostic for 
low-Z plasmas. 
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X-Ray Line Spectrosjopy on Exploding-
Foil Plasmas. X-ray line spectroscopy has 
been used to study the dynamics of explod
ing foils in underdense-plasma experi
ments.6 2 Time histories of the x-ray lines 
were modeled and correlate to experimental 
results within 100 ps. A hydrodynamic 
simulation from LASNEX63 served as input 
to a code that solves time-dependent rate 
equations for atomic levels. The rate equa
tions are used to calculate the ionization 
balance and atomic-level population of an 
ion species as it moves through the time-
dependent temperature and density profiles 
of the plasma. The predicted line intensities 
of this model generally agree with the ob
served line intensities, although ionization 
during the early ablation phase of the ex
periment is underestimated. This discrep
ancy might indicate that the high-energy 
tail of the electron distribution penetrates 
the denser plasma. 

X-ray spectroscopy on exploding low-Z 
foils was done by placing higher-Z tracer el
ements in the foil. A concentration of sulfur 
amounting to 4 at.% was placed in the cen
ter 300-um diameter of the CH foil.64 Since 
the spot size of the beam was about 
600 /im, it overfilled the doped region. By 
limiting the sulfur to the center of the ir
radiation area, we minimized any effects 
the edge plasma might have on line intensi
ties. The low sulfur concentration was ex
pected to change the average charge state 
of the plasma by less than 20%. Simula
tions indicate that the sulfur produced a 
negligible perturbation of the foil hydrody
namics and caused minimal opacity in the 
spectral lines. Optical depths were esti
mated to be less than 1, even for the reso
nance lines of the spectra. 

Fig. 5-27. Timc-
rcsolved x-ray apec-
trumfrtHn a tiiin, 
sulfur-doped 'CH foii. 

Hev*-Ly/3 

The time-resolved spectra were measured 
by the x-ray crystal streak camera (XCSS) 
on Novette.65 An example of the data is 
shown in Fig. 5-27. The data were taken 
with a potassium acid phthalate (KAP) crys
tal at a principal Bragg angle of 10.1°. The 
dispersion was 74 eV/mm at the slit, and 
the resolution was 7eV. The II = 2 to n = 1 
(a) and )i = 3 to n = 1 (/?) features from 
the He-like and Lyman series were re
corded. The resolution was not sufficient to 
distinguish the He-like intercombination 
line (3P,) from the resonance line ('P,). 

Time histories for the Hea and Lya lines 
are shown in Fig. 5-28, in which the time 
resolution is ~-50 ps. Both time histories ex
tend approximately 350 ps (FWHM)— 
considerably shorter than the 900-ps laser 
pulse. They show similar structure during 
the rising part of the pulse. On the trailing 
edge, however, the Hea intensity decreases 
more rapidly than the Lya, presumably 
when the foil burns through and becomes 
underdense to the 0.53-jjm laser. A contin
uum emission appearing late in the pulse 
around the Hea line was subtracted from 
the data. As a result, only an upper limit 
could be set for several data points after 
burn-through. 

Calculated time histories are compared 
with experimental data in Fig. 5-28. These 
data have no absolute timing marker, so the 
time axis was normalized to the calculations 
at the half-intensity point on the leading 
edge of the Hea line. The peak of the laser 
pulse is at t = 0. The overall agreement 
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Fig. 5-28. Time history 
of the Hea and Lya 
lines of sulfur torn-
pared with computer 
simulations. 
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between the data and the calculations is 
quite good; the widths of the time histories 
agree to within 100 ps. The Lya time-history 
shows a leading edge that starts earlier than 

calculations predict and decays more rap
idly than predicted. 

The Lya-to-Hea ratio is shown in Fig. 
5-29. The large scatter in the data is due 
to the low signal levels and the inherent 
noise in the streak camera. The ratio is less 
than 1 early in the pulse and rises quickly 
to about 2. When the foil burns through, 
the ratio quickly increases to about 4 before 
the Hea signal is lost in the continuum 
noise. If one uses a simple, collisional, 
steady-state model assuming uniform tem
perature, the ratio would indicate a plasma 
temperature around 1.5 keV at early times 
and 2 keV before bum-through. After burn-
through, the inferred temperature would be 
2.5 to 3.0 keV—in approximate agreement 
with temperature estimates derived from 
Raman spectra. 

The calculated ratio is also shown in 
Fig. 5-29. The calculation underestimates the 
ratio at early times as shown by the early 
rise in the data for the Lya line. After bum-
through, the line ratio plateaus as the 
charge states are frozen into the underdense 
plasma. Comparisons were made for two 
flux multipliers in LASNEX, / = 0.03 and 
/ = 0.1. The principal difference between 
the two results is higher coronal tempera
ture in the underdense plasma as demon
strated by the higher ratio of Hea to Lya 
for / - 0.03. This value is in better agree
ment with the data, although the / = 0.1 
curve is within the uncertainty range. The 
smaller flux multiplier also predicts a longer 
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time for burn-through in relation to the 
peak of the pulse. Since the XCSS has no 
absolute fiducial, the absolute burn-through 
time could not be measured. The predicted 
shapes of the time histories from both flux 
multipliers are similar, and both agree with 
the data as shown in Fig. 5-28. 

Although the modeling predicts the over
all time history of the line intensities and 
ratios, Lytf intensity increased more rapidly 
than calculated. This result may be evi
dence for nonlocal transport of electrons 
into the denser solid. The early presence of 
the Lytt signal is related to the ionization of 
the sulfur as it moves through the heat 
front. As the ion moves through the steep 
gradients, it requires a finite time to equili
brate with the local plasma temperature 
and density. This time is related to the colli
sion frequency, which in turn is related to 
the ionization energies for He-like and H-
like sulfur—3.2 and 3.5 keV, respectively. 
Electron energies two to three times these 
ionization energies are necessary to ionize 
the sulfur to a higher charge state. 
Throughout the hes h front, the model as
sumes a Maxwellian distribution for the 
thermal electrons at the local temperature. 
In the model, the electron temperature is 
greater than 1 keV only in the underdense 
corona, where the electrons have enough 
energy to efficiently ionize the K-shell; 
however, the plasma density decreases rap
idly in the corona, and the ion quickly 
decouples from the plasma. On the other 
hand, electrons with energies greater than 
6keV can travel from the outlying corona 
through the heat front and ionize the sulfur. 
This movement increases the time during 
which the sulfur ions sample the energetic 
electrons and leads to faster equilibration. 
For example, the range of a 10-keV electron 
in cold matter is comparable to the total 
thickness of the foil. Penetration of such en-
ei-getic electrons from the tail of the electron 
distribution can significantly preionize the 
sulfur. The possibility of this effect indicates 
that better nonlocal el^^^ron transport mod
els are needed. 

In summary, the time histories of the 
x-ray lines from sulfur confirm the hydro-
dynamic modeling of the thin-foil experi
ments. The line ratios favor a flux multiplier 
of 0.03, although a flux multiplier as high 
as 0.1 cannot be ruled out. The data show 

evidence of nonlocal electron transport; bet
ter electron-transport modeling may be 
needed to predict ionization of the sulfur 
by energetic electrons traveling through the 
ablation re$on. 
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Raman Scattering in Exploding Foils. 
Exp'oding-foil experiments allowed us to 
study parametric instabilities in plasmas 
with a Iarge-scalelength density gradient. 
This article reports time-resolved spectro
scopic measurements of SRS obtained dur
ing irradiation of foil targets with 0.53-jum 
light. The (diagnostics we used were de
scribed previously,66 Foil experiments with 
0.26-^m light are discussed in the article 
"Evidence for CoIIisional Damping in High-
Energy Raman-Scattering Experiments at 
0.26 jUm," earlier in this section. 

Figure5-30 shows the time-resolved SRS 
spectrum from a CH foil target irradiated 
with green light at 1015 W/cm2, We ana
lyzed its features as described below. 

From the laser frequency and SRS-
frequency measurements, we inferred the 
plasma wave frequency by using the SRS 
phase-matching relationships.67 From the 
plasma wave frequency we estimated the 
density of the plasma at the density of 
the plasma at the site where scattering 

6 

Fig. 5-30. Time-
resolved SRS spectrum 
from a CH foil target 
irradiated with green 
light at 10 1 5 W/cm2. 

0.60 
5 (^m) -
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Fig. 5-31. Maximum 
observed SRS wave
length as a function of 
lime for three shots ir
radiating CH targets. 

occurred. We consistently found that the 
highest-frequency (shortest-wavelength) 
SRS light from the CH targets was about 
0.67o)0, The corresponding electron density 
is 0.09HC, where ft)0 is the laser frequency, 
and nc is the critical density. The highest-
frequency SRS observed from gold targets 
was O&COQ, corresponding to a density 
of0.12»c. 

The phase-matching relations plus the ex
perimental geometry (measurements weie 
at 135° from the laser beam) enabled us to 
calculate the wave number k of the plasma 
wave associated with a particular scattered 
light wave. The highest-frequency SRS light 
was associated with the plasma wave that 
had the largest wave number. We would 
expect this plasma wave to be strongly 
Landau-damped if the Debye length Z D , a 
function of electron temperature and den
sity, were very large. Calculating the den
sity as described above and assuming that 
higher-frequency SRS is not observed be
cause of Landau damping, we set (£AD)2 = 
0.1, the Landa*.\-damping limit. From this 
expression, we obtained an estimated upper 
limit for the plasma ten perature 7 e . For CH 
targets, Te was 2 keV, and for gold targets, 
it was 3.5 keV. The CH result is in good 
agreement with temperatures inferred from 
the x-ray spectroscopy described in the pre
ceding article, "X-Ray Line Spectroscopy on 
Exploding-Foil Plasmas." Both temperatures 
are in reasonable agreement %vith LASNEX 
calculations. Further confidence in this tech
nique comes from the measurement of SRS 
from thin foils irradiated in the x-ray laser 
experiments. The Raman spectrum obtained 

0.96 

0.10 

from these experiments predicted an 800-eV 
temperature limit, and LASNEX predictions 
were again in agreement. 

The long-wavelength (low-frequ3ncy) 
limits of the SRS specirum showed two 
interesting features. First, the lowest-
frequency SRS observed was 0.54ft)tv cor
responding to an electron density of 0.2HC. 
Even though the foil plasma was overdense 
initially, we observed no SRS light from the 
region just below and including the quarter-
critical density. Similar observations have 
been reported from virtually all other SRS 
measurements; at present, there is no 
satisfactory explanation. 

The second feature to note in the low-
hequency end of the SRS spectrum is that 
the presence of the longest observed wave
length decreases with time. Because longer-
wavelength SRS comes from higher plasma 
densities, the simplest explanation is that 
the plasma expands to lower densities and 
excludes longer-wavelength Ramen pro
cesses. In Fig. 5-31, the maximum observed 
SRS wavelength is plotted versus time for 
three separate shots. Because the diagnostic 
sicked an absolute time reference, the time 
scales for each shot were adjusted to over
lap. The right-hand vertical scale shows the 
densities that correspond to these peak 
wavelengths. The inferred expansion rate is 
in good agreement with tne hydrodynamic 
simulations described in the article "Optical 
Bremsstrahlung as an Electron-Density Di
agnostic for Laser-Produced, Hxploding-Foil 
Plasmas," earlier in this section. 

A question remains about the absence of 
SRS enhancement near the maximum den
sity, where the gradient vanishes. There are 
at least two possible explanations. First, 
since we do observe convective SRS below 
the density plateau, we are obviously well 
over its threshold. Therefore, we must ad
dress the more difficult problem of deter
mining the (nonlinear) saturation levels of 
Raman scattering at various densities. The 
second explanation relates to the finite time 
resolution of the instrument. Considering 
the hydrodynamic expansion rate, we esti
mate that a given frequency has high SRS 
gain in the plateau region for only a few 
picoseconds. The instrumental response, 
which is on the order of 50 ps, will smear 
out the SRS from the plateau region, so 
that this SRS signal can be noticeably stron
ger than the convective SRS below the 
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plateau only if it is at least an order of mag
nitude stronger to begin with. Given the 
strength of the convective SRS signal (up to 
10% of the laser energy) a much higher-
strength signal from the plateau region 
seems unlikely. 

Author: R. E. Turner 

Major Contributors: R. P. Drake, 
R. L. Kauffman, E. M. Campbell, and 
J. M. Auerbach 

X-Ray Cor; i'srsion Efficiency 

On Novette, we measured x-ray conver
sion efficiencies at 0.53 # m and 0.26 /im. 
The laser's higher power permitted larger 
focal spots and higher intensity than was 
possible with Argus. With larger spots, 
pJasma expansion tends to be planar, and 
the plasma undergoes less lateral energy 
transport and spherical divergence. With 
smaller spots, plasma expansion is more 
spherical, resulting in steeper density gradi
ents, and there is a larger proportion of rel
atively cooler edge plasma. Cooler plasma 
emits lower-energy thermal x rays. It can 
also absorb emission from hotter parts of 
the plasma if the cooler portion is along the 
observation line of sight. The Novette re
sults at 0.53 /im agree with the Argus data 
for intensities 1 0 u W/cm2 and greater. At 
3 x 10' 3 W/cm2, the Novette conversion ef
ficiency is significantly higher than that on 
Argus. Novette conversion efficiency at 
0.53 //m continues to increase with decreas
ing laser intensity, more in agreement 
than Argus data with simulations. Two-
dimensionai simulations are in progress to 
study the effect of spot size at low intensi
ties. The 0.26-jUm experiments on Novette 
extended the wavelength scaling study to 
shorter wavelengths. The conversion effi
ciency with 0.26-pm light was significantly 
greater than with 0.53-/tm light for similar 
intensities. At 101 4 W/cm2, the x-ray conver
sion efficiency was over 80% for 0.26-/im 
light and 60% for 0.53-,um light. Above 
1015 W/cm2, the difference is not so 
great; we observed approximately 60% effi
ciency for 0.26-tim light compared to 45% 
for 0.53-^m light. 

The x-ray conversion efficiency was mea
sured by irradiating flat goid foils with one 
beam of the Novette laser.71 The foils, 
which were more than 5 [im thick, re
mained opaque to the laser for the irradia
tion conditions. The incident 1-ns pulse 
shape was nominally Gaussian before pass
ing through the frequency-conversion crys
tals. The converted laser pulse (^ both 
0.53-jUm and 0.26-/rm light had a width of 
about 900 ps (FWHM). The peak of the 
0.26-jUm laser pulse appeared flattened, 
probably because of nonlinear effects 
iK the conversion process at the highest 
intensities. For 0.53-^m light, the inci
dent intensity varied from 3 x 101 3 to 
3 x 10' 5 W/cm2. Data for 0.26-fim light 
were taken at two intensities: 1 x 10 w and 

In Novette experiments, we measured the 
conversion efficiencies for x rays emitted 
from gold-disk targets. We extended the ex
perimental conditions to shorter wave
lengths, larger spot sizes, and higher 
intensities than possible in earlier measure
ments with the Argus laser. X-ray conver
sion efficiency is defined as the energy Ex 

emitted by a target in thennal (0.1 to 
1.5 keV) x rays normalized by the absorbed 
laser energy Ea[iS- The conversion efficiency 
is a sensitive measure of the coupling 
of laser energy to high-density matter. 
Modeling of the conversion efficiency is 
an integrated test of assumptions in laser 
absorption physics, hydrodynamics, and 
radiation physics. 

X-ray conversion efficiency was studied 
extensively using Argus. Efficiencies were 
measured for incident-light intensities from 
3 x 10 1 3 to 1 x 1015 W/cm2 at 1.06, 0.53, 
and 0.35 pm, in 600-ps pulses on targets 
with various atomic numbers.6 8"7 0 In gen
eral, the Argus results showed that the con
version efficiency increases with decreasing 
wavelength and with decreasing incident 
light intensity. For 0.53-^m and 0.35-jum 
light, the conversion efficiency decreased or 
remained constant when the intensity was 
below 1 x 1014 W/cm2; but with 1.06-/im 
light, the conversion efficiency continued to 
increase with decreasing intensity. Further
more, at 3 x 1013 W/cm2, the conversion ef
ficiency for 0.53-// m light was lower than 
for 1.06-/im light. Simulations predict that 
the conversion efficiency would continue lo 
increase with decreasing laser intensity (for 
the range covered in the experiments) and 
that shorter-wavelength light would always 
result in a higher conversion efficiency. 
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Fig. 5-32. Measured 
and calculated x-ray 
conversion efficiency 
from gold disks for 
laser wavelengths 
from 1.06 to 0.26/(m. 

10 M 10 1 5 

Intensity (VWcm2) 

2 x 10 1 5 W/cm 2 , by fixing the energy at 
1.5 kj and changing the focal spot. (For 
more information, see the article "Opera
tions Summary" in Sec. 2.) Each data point 
for 0.26- and 0.53-^m light, as shown in 
Fig. 5-32, represents the average of at least 
two measurements except at the highest in
tensity of 0.53-fim light. 

The quoted incident intensity is the 
average intensity, defined as the total 
incident energy divided by the illuminated 
area and pulse width. Locally the intensity 
can vary significantly because of hot spots. 
We used x-ray microscope images of the 
target to make a qualitative assessment 
of the beam uniformity. Focal spots less 
than 500 p m in diameter showed little 
structure. Spots over 1000 jum in diameter 
showed near-field structure from obscura
tions due to the crystal array and the split 
in the disk amplifiers. In the 0.53-/im ex
periments, the area of the obscurations was 
small, so it is reasonable to use the outside 
diameter of the spot as an estimate of the 
illumination region. Ir, the 0.26-jim experi
ments , the x-ray emission region was 
highly structure^, and obscurations ap
peared to be much larger than at 0.53 ^ m . 
If the x-ray intensity is assumed to be 
proportional to the incident i'aser intensity, 
the average laser intensity is approximately 

1.5 x 10" War?. By using the outside 
diameter of the laser spot and roughly cor
recting for the unirradiated, area from the 
x-ray images, we estimated the irradiation 
intensity to be 9 x 10 1 3 W/cm2. The 
error limits for the intensity shown in 
Fig. 5-32 indicate the range of variation 
in the spot as well as errors in determining 
its average value. 

The absorbed laser energy was deter
mined for 0.53-/im light by subtracting the 
reflected energy from the incident energy. 
The incident energy was determined from 
1.05-fim calorimetry and crystal conversion 
efficiency curves. The reflected energy was 
measured by an array of scattered light di
odes, as described in the article "Summary 
of Parametric Instabilities." earlier in this 
section. Errors in the absorbed energy mea
surement are estimated to be about ± 10%. 
For 026-fim light, errors were larger be
cause of the measurement technique. An 
incident-light calorimeter measured 0.26-^m 
light directly, but sampled only part of the 
beam as described in the article "Operations 
Summary" in Sec. 2. These errors are esti
mated at about 15%, resulting in larger er
ror bars for the 0.26-/im data points in 
Fig. 5-32. Shots in which the entire beam 
was sampled were used to "calibrate" this 
procedure. The reflected energy for 0.26-/1 m 
light was not measured and is assumed to 
be small. Absorption of 0.26-/J m light in 
short pulses (<200ps) was greater than 
90% at intensities between 3 x 10" and 
1 x 101 5 W/cm2 with a variety of targets.72 

Absorption is expected to be at least as 
high when pulses are longer. The assump
tion of 100% absorption should introduce 
errors smaller than those in the incident-
beam calorimetry. 

The x-ray spectrum was measured by 
means of a 10-channel Dante spectrom
eter.73 Two systems, Dante A and Dante H, 
were used. Dante A was 75° from the west 
Novette beam, and Dante H was 90° from 
both beams. Most observations were made 
at 60° from the disk normal by rotating the 
disk normal 15° from the west beam to
ward Dante A or 30° from the east beam 
toward Dante H. For 053-fim light at an in
tensity of 3 x 1015 W/cm2, the disk was 
normal to the west beam, and Dante A 
viewed it at 75° from the disk normal. For 
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0.26-pm light, only the east beam and 
Dante H were used. X-ray spectra were un
folded from the Dante data by means of 
calibrated channel responses.74 Some 
changes in the Dante x-ray diode response 
calibrated before and after the experiments 
were observed in portions of the spectral 
region. These changes in calibration re
sulted in a ±10% change in the integral of 
the unfolded spectrum and are within the 
uncertainties of the measurement. 

The x-ray conversion efficiency from the 
Argus experiments is also shown in Fig. 
5-32. The unfolded spectra were integrated 
from 0.1 to 1.5 keV. The Novette measure
ments were made at only one viewing an
gle, in contrast to the angular distribution 
measured on Argus, The angular depen
dence of the x-ray emission in the Novette 
experiments is assumed to be Lambertian, 
implying that the disk source is flat, so that 
the angular distribution varies as the cosine 
of the viewing angle with respect to the 
disk normal. Most of the data were taken 
at a 60° observation angle—the viewing an
gle shown by simulations and simple mod
els to be the least sensitive to the plasma 
shape.7 5 The x-ray measurement at 60° 
is the same whether the source is spherical 
or Lambertian.75 

The vertical error bars in Fig. 5-32 include 
errors due to uncertainties in the x-ray spec
tral measurements as well as the energy 
normalization. These include uncertainties 
in detector calibration and in the unfolding 
of the x-ray spectrum. Uncertainties due to 
integration of the Argus angular distribution 
are not included. Relative uncertainties 
among the Novette data points are less 
than indicated by the error bars by about 
\/2 because the detection system was 
similar for the entire data set. 

Conversion increased dramatically when 
the wavelength was changed from 0.53 /jm 
to 0.26 pm. The increase is much greater 
than observed at Argus when the wave
length was changed from 0.53 pm to 
0.35 //m. This increase implies much better 
coupling of energy to higher densities for 
0.26-pm light. Critical electron density for 
0.26-/irn light is 1.6 x K P c n T 3 compared 
with 4 x 102 ) cm " 3 for 0.53-pm light. 

The x-ray conversion efficiency was mod
eled by LASNEX, and the results are also 

shown in Fig. 5-32. This modeling was done 
in a pseudo-two-dimensional fashion with a 
transport-inhibiting flux limiter / of 0.03 
(Ref. '70). Calculations for 1.06-, 0.53-, and 
0.35-pm light were used to model the ear
lier Argus results,,68'69 while the modeling 
for 0.26-;um light was done more recently. 
Although there are some differences in 
physics, the x-ray conversion efficiency 
for the two sets of modeled results should 
be similar. 

The modeling is generally accurate in 
predicting trends in the data. The large in
crease in x-ray conversion efficiency with 
0.26-jim light is correctly predicted. The 
x-ray conversion efficiency also agrees with 
observations and is insensitive to the flux 
limiter at 1 x 101 4 W/cm2 when / is 
changed from the transport-inhibiting value 
of 0.03 io more classical transport. At 
2 x 101 5 W/cm2, the predicted x-ray conver
sion efficiency changes from 0.54 to 0.72 
when the flux limiter changes from inhib
ited to classical transport. These calculated 
values bracket the observed result of 0.62, 
and both are within the uncertainty range 
of the data. The simulations of the 0.26-pm 
irradiation are relatively insensitive to the 
flux limiter because moat of the laser light 
is absorbed by inverse bremsstrahlung at 
relatively high electron densities near criti
cal (1.6 x lO^cm" 3), and l'ttle transport oc
curs. At intensities of 1014 W/cm2, the data 
agree with the simulation, since most of the 
x-rays are emitted and absorbed in the 
same region. Their limited transport makes 
the x-ray conversion efficiency insensitive to 
the flux limiter. At 2 x 101 5 W/cm2, how
ever, some light reaches critical density, 
and more emission comes from densities 
greater than critical; thus, the x-ray conver
sion efficiency becomes more sensitive to 
the flux limiter. 

The measured x-ray spectra are compared 
with calculations in Fig. 5-33. The data 
points from individual detectors are plotted 
at the energy where 50% of the detected 
signal originates from lower energy and 
50% comes from higher energy. The solid 
curve is a smoothed fit of the spectrum. For 
an intensity of 1 x 10 1 4 W/cm2, the spec
trum is nearly flat from 0.2 to 0.8 keV, 
while for 2 x 101 5 W/cm2, the spectrum 
strongly peaks above 0.5 keV. The region 
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Fig. 5-33. low-energy 
x-ray spectra from 
gold disks irradiated 
in 1-ns pulses with 
0.26-/im light at two 
intensities. 
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above 0.5 keV is characterized by N-band 
emission from ionized gold. The ionization 
balance in the emission region greatly af
fects the intensity of the signal. LASNEX 
modeling predicts the overall spectral 
shape. It shows the peak at 2 x 10 1 5 W/cm2 

due to the N-band emission, although the 
peak is calculated at slightly higher energy 
than observed. The calculations seem to 
predict a higher temperature in the emis
sion region than the experiment indicates. 
Such temperatures would cause the gold to 
strip to higher charge states and would shift 
the resulting emissions to higher energies. 

The 0.53-^m data from Novette agree 
with the Argus results and with simulations 
for intensities greater than 101 4 W/cm2. At 
3 x 1013 W/cm2, the conversion efficien-.-y 
measured on Novette continued tc increase 
with decreasing intensity, but on. Argus the 
data peaked around 101 4 W/cm2 and de
creased at lower intensity. The Novette data 
are in better agreement with simulations. 
The principal difference between Novette 
and Argus is the energy available for ir
radiation. Novette had 100 times more en
ergy than Argus, thus allowing irradiation 
diameters to be an order of megnitude 
larger. This differen-e in spot size may ex
plain the difference in conversion efficiency 
at 5 x 1013 W/cm2. No spot-size depen
dence was observed at the higher intensity, 
even though the spot diameter increased by 
a factor of 5 from Argus to Novette. On Ar
gus, the spot size was varied at an intensity 
of 3 x 101 3 W/cm2, and some differences in 
conversion efficiency were observed; how
ever, they were within the uncertainty 
of the measurements and were deemed 
not significant. 

The spectra from Novette and Argus are 
plotted in Fig. 5-34 for intensities of 
3 x IQ1 3 and 3 x 10." W/cm2 of 053-jKO. 
light. The data are normalized to the inci
dent laser energy. The points represent data 
from the individual detectors, and the 
curves are smoothed to fit the data. At 
2 x 10'4 W/cm2, both sets of data have 
similar shapes. The Dante system on Argus 
had only one channel measuring the spec
trum below 0.25 keV. A significant portion 
of its signal came from energies above 
0.25 keV. The steep -ollover in the Argus 
data is due to the signal from this one 
channel. The rollover is not significant be
cause of the uncertainties in unfolding the 
response of this channel. 

For an intensity of 3 x 10'3 W/cm2, the 
spectra show large differences, especially 
between 0.7 and 0.9 keV. X-ray intensity in
creases in this region as the spot diameter 
increases. This is the region influenced 
greatly by N-band emission in gold. The 
spot size appears to affect ionization in the 
gold plasma. With smaller spots, the gold 
ionization from the emission region does 
not strongly excite these bands at such low 
irradiation intensities. With a larger spot, 
these bands are more strongly excited. This 
difference in band emission may be a result 
of changes in energy balance due to expan
sion. For large spots, plasma expansion is 
nearly planar, but for small spots, the ex
pansion is more spherical. Spherical expan
sion allows more energy to be conducted 
laterally from the irradiation area. Although 
the energy loss is estimated not to be large, 
it may be sufficient to change the ionization 
balance and thus the emission of the gold. 
Another explanation for the variation in 
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band emission with spot size is that the ra
diation dynamic;; may depend en spot size. 
Optical depths ar.d line trapping may de
pend on plasma size. In turn, they can 
change the ionization in the plasma. At the 
higher intensities, spot-size effects are not 
observed, perhaps because the gold is suffi
ciently ionized that small changes in the 
plasma dynamics do not affect the band 
emission. At higher intensities, the emission 
between 0.7 and 0.9 keV is high for both 
spot sizes, so energy loss due to lateral 
spreading or opacity effects may have 
little impact. 

In summary, Novette experiments ex
tended x-ray conversion efficiency measure
ments to higher intensities, larger spots, and 
shorter wavelengths. Conversion efficiency 
at 0.26lira was significantly higher than at 
0.53 ft m for intensities below 3 x 1015 W/cm2. 
The difference in conversion efficiency be
tween 0.26-^m light and 0.53-/tm light on 
Novette was much greater than observed 
between 0.35-/im light and 0.53-um light 
on Argus. The high conversion efficiency 
with 0.26-/im light was predicted by model
ing and indicates an efficient coupling of 
short-wavelength laser light with high-
density matter. Novette results with 
0.53-;um light do not exhibit the rollover 
at low intensities observed on Argus. The 

spectral shapes indicate '.'.mi the conversion 
efficiency at low intensity is very sensitive 
to spot size, especially between 0.5 and 
0.9 keV. Since this is the region at which 
gold N-band emission appears, this sensi
tivity indicates that spot size affects the ion
ization balance in the emission region. 
Simulations are in progress to examine 
this effect. 

Author: R. L. Kauffman 
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Implosion Experiments 

Ablatively driven, high-density implosions 
are essential for high-gain ICF targets.76 

The success of such implosions depends 
critically on the nature of the laser-plasma 
coupling, fluid instabilities, and drive sym
metry. In recent years, numerous theoretical 
and experimental studies havj demon
strated the strong dependence of laser-
plasma coupling on laser wavelength.77 

Increases in target absorption/ 8 ' 8 1 x-ray 
conversion efficiency,31,82 mass ablation 

Fig. 5-34. Low-eneigy 
x-ray spectra from 
gold disks irradiated 
with 033-um light al 
(a) 3 x 10" W/cm2 

and (b) 3 x 1013 

W/cm2 for different 
laser spot sizes. 
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rates and pressures, 8 3 - 8 6 and reduction in 
fast-electron generation83'86 have been 
observed during target irradiation at submi-
cron laser wavelengths. These improve
ments suggest that short-wavelength lasers 
can drive ablatively imploding DT fuel mix
tures to thermonuclear ignition conditions. 
The minimum laser energy required for 
successfully driving high-gain targets to ig
nition will depend on the effects of asym
metry and fluid instabilities on the final 
fuel conditions. 

Despite the improved coupling observed 
with pybmicron light, few systematic implo
sion experiments have been performed be
cause of the relatively low laser energy and 
power available at submicron wavelengths 
(£ < 500 J, P < 0.5 TW). Furthermore, for 
directly illuminated, electron-driven targets, 
inadequate symmetry due to the limited 
number of beams or the focusing geometry 
has also restricted the scope of the experi
mental implosion studies. 

In this article, we report the results of 
target implosion experiments with the 
multi-kilojoule, 0.53-prn Novette6,7 laser. 
Comparison with the results from the 
1.06-/tm Shiva experiments shows im
proved target compression with decreasing 
laser wavelength.88 

Indirect-drive (x-ray-driven) targets were 
used in these experiments. These targets 

. nsisted of DT fuel capsules mounted in
side high-Z radiation cases, which were 
heated directly by the laser. The target con
figuration provided an alternative to direct 
illumination of the fuel pellet. Instead the 
focused laser energy was converted into 
soft x rays, which ablated the pellet's exter
nal surface. Successful production of a uni
form radiation environment around the fuel 
capsule can result in a very symmetrical im
plosion, even in a two-beam laser system 
like Novette. furthermore, since the pellet 
does not directly see the laser light, the op-
a-ai focusing scheme used to deliver beam 
energy to the target does not necessarily 
play a pivotal role in the target perfor
mance. Thus, the targets used in the 
indirect-drive experiments on Shiva and 
Novette were configured in a nearly identi
cal manner, although optical parameters dif
fered greatly. (On Shiva, 1.06-^m radiation 
was focused with two 10-beam clusters. The 
individual beams had an / number of 6, 

and the effective / number of the clusters 
was 1.2. Novette was a two-beam, 053-jnn 
laser with an / number of 4.) To complete 
the reduction of independent variables to a 
single parameter, the laser wavelength, we 
also kept the laser output energy and the 
pulse length approximately constant auring 
both series (~7 to 9 kj and 0.7 to 1.1 ns 
FWHW, respectivelyj. To optimize the con
version of focused laser energy into soft 
xrays, irradiation focal spots were set to 
produce beam intensities that optimized 
light absorption and x-ray conversion effi
ciency at each wavelength. 

Capsule performance was characterized 
by measuring the 14.1-MeV neutron yield 
from DT fusion and the compressed pusher 
areal density integrated over the burn time. 
The neutron yield was measured with an 
absolutely calibrated Pb activation system, 
me pusher areal density p&r was obtained 
by detecting the acti"ity of : 8A1 created by 
neutron activation of a ^ i tracer in the 
pusher via the ^Siin.p) 28A1 reaction. 8 9 9 0 

The pusher areal density, sampled over the 
bum time (calculated to be <100ps), is re
lated to the MA1 activity by the expression90 

pArJ = 466 

W* 

H i V '°(1 
. (16) 

where pArjJ is the pusher area! density in 
(g/cm3), A* is the 28A1 decay constant 
(0.309 min" 1), i j d and TJC are the detector 
and target-debris collection efficiencies, re
spectively, N* is the total number of nu
clides that are counted in the experiment, 
V is the neutron yield, t0 is the delay time 
bei-veen the implosion and the start of 
counting (approximately 0.5 min), and At is 
the counting interval (5 min). The detector 
efficiency is -easured by the f3-y coin
cidence counting of the 2 8A1, and the target 
debris efficiency is determined by the ^Na 
tracer technique.91 

The pusher areal density measures the 
compression of the pusher and is related to 
the imploded fu»l density (or areal density). 
Jbr an ideal one-dimensiona! implosion, us
ing arguments of mass conservation and 
continuity of pressure and temperature at 
the fuel-pusher interface at stagnation, and 
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assuming no mixing and uniform densities 
at burn time, one can show that 5 2 

rf C(M p,M f,Z p) 

G(Mp,M„Zp) 

(pAr)b

p 

3MK4^" 2 

(17) 

1 + ^ Y / 3 - ! (18) 

where M p and M, are the masses of the 
pusher and fuel respectively, Z p is the aver
age charge state of the pusher, pf and pf 
are the respective initial and bum-time fuel 
densities, (pAr)p and (pAr); the pushei ini
tial and burn-time areal densities, and a is 
the ratio of the pusher density to the fuel 
density, which is determined by the degree 
of ionization of the pusher. In our experi
ments, 0; ^ Z Realistic radial density pro
files of the compressed target do not alter 
Eqs. (17) and (18) significantly. Equation (17) 
agrees well with models of gas-filled cap
sules, in which the entire hydrt dynamic 
history of the implosion is simulated by 
means of the LASNEX code.93 The relation 
between the measured pusher areal density 
and the inferred fuel density does depend 
upon the configuration of the imploded tar
get. While one can show that departures 
from spherical symmetry do not signifi
cantly alter the interpretation of the results, 
pusher-fuel mixing can raise the pAr at a 
given fuel density.92 For example, if ap
proximately 5% of the pusher mass is uni
formly mixed with the fuel, then the actual 
fuel density is 40% lower than the value 
inferred from the neutron-activation 
measurement. 

In Fig. 5-35, we summarize the results of 
compression experiments performed on 
both Novette (0.53 pm) and Shiva 
(1.06 pm). These data, represented by c'osed 
and open circles, include only experiments 
in which neutron activation was used. The 
figure also includes representative data from 
high-intensity, electron-driven compression 
experiments. These experiments are in
cluded to demonstrate the sensitivity of the 
pusher areal density to target performance. 

Figure 5-35 shows that the 0.53-pm x-ray-
driven targ-.ts reached higher final pusher 
areal der-sr.ty ratios than targets similarly 
imploded at a laser wavelength of 1 pm. 
For the data shown here, the average areal 
density ratio of the Novette targets is about 
54, approximately 3 times the corresponding 
average from the highest 1.06-um experi
ments. If we substitute the measured aver
age pusher areal density ratio at ea<-h 
wavelength into Eq. (17), we obtain for the 
Novette experiments an average bum-time 
fuel density of approximately 120 times the 
density of liquid DT (p = 0.2 g/cm3). For 
the Shiva experiments, the result is 5C times 
the density of liquid DT. A more rigorous 
analysis, using LASNEX simulations, con
firms that the 0.53-pm data shown in Fig. 
5-35 are consistent with the 50-fold increase 
in pAr that one would expect from a target 
that is 100 times the density of liquid DT. 
The fuel densities inferred from the highest-
compression Novette experiments are con
sistent with the measured ablation pressures 
and the fuel a-.iiabat, which is determined 
by shock heating of the DT due to the 
rapid rise of the driver pulse. High-energy 
x-ray measurements show that target pre
heating by fast electrons is negligible. The 
fuel density inferred from Eqs. (17) and (18) 
is insensitive to modest levels of x-ray pre
heating of the pusher. 

Figure 5-35 shows that the neutron yields 
of the high-density Novette experiments are 
comparable to those achieved in the 
highest-density Shiva implosions. LASNEX 

Fig. 5-35. Ratios of 
compressed to initial 
target pusher area] 
densities. Experi
ments with x-ray and 
electron-driven targets 
are included. 
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and a simple model for the neutron yield 
suggest a mass-averaged ion temperature of 
500 to 600 eV for both sets of experiments. 

The neutron yields obtained in the 
Novette experiments with the largest 
pusher areal density had yields that were 
a factor of 3 to 10 lower than our one-
dimonsi-inal simulations predicted for the 
measured driving conditions. For ion tem-
peiatures < 1 keV, the neutron yields scale 
approximately as if. This sensitivity to Ts 

makes the yield dependent on many details 
of the experiment such as implosion sym-
meiiy and pusher-fuel mix. None of these 
fea rures were adequately monitored in 
the experiments, for example, computer 
simulations show that the ion temperature 
(and neutron yield) can be modeled by mix
ing a sufficient amount of pusher material 
with the DT. Future experiments are 
planned on the Nova laser to investigate 
such issues. 

As mentioned previously. Fig. 5-35 also 
shows representative data obtained at Shiva 
from experiments with two types of directly 
illuminated targets. The first was a high-
yield, thin-walled, exploding-pusher target 
with a wall thickness of 1.5/im and a di
ameter of 300 urn. It was filled with 2 
mg/cm3 of DT and illuminated with a high-
intensity, 100-ps pulse.9 0 The second type of 
target was an intermediate-density glass 
microballoon 140/fm in diameter and 5/xm 
thick.94 The target was coated with 15 fim 
of CFj 2 containing 10 mg/cm3 of DT and 
was irradiated with 15 to 20 TW of 1.06-/im 
light in a 200-ps (FWHM) pulse. Neither 
type of target achieved high compression 
because both the pusher and fuel were im
ploded on a high adiabat. The implosion 
adiabat of these targets is set by fast-
electron preheat resulting from the short-
pulse, high-tt 2 irradiation {IX1 > 3 x 101 5 

W/cm2'jim2). In contrast to the x-ray-
driven targets, the relatively small increase 
in pusher areal density observed in these 
experiments demonstrates the modest com
pressions that were achieved. The ratio of 
the compressed pusher areal density to 
its initial value was only -~1 for the explod
ing pusher target and ~ 5 for the thicker-
walled targets. 

In conclusion, we have presented labora
tory data that show increased target com
pression at submicron laser wavelengths. 
Thf: increase can be directly attributed to 

improvements in laser-plasma coupling 
such as a reduction in hot-electron preheat
ing associated with short laser wavelengths. 
The pr& mating levels observed on Novette 
are consistent with the requirements for the 
implosion of targets on the Nova laser that 
are hydrodynamically equivalent to Jiigh-
gain targets. We believe that the low neu
tron yields in the submicron-wavelength 
experiments may have been the resul* of 
inadequate drive symmetry or hydrody-
namic instabilities. The data suggest that 
problems of mix and asymmetry need to be 
resolved through further experiments. 

Author: F.Ze 

Major Contributors: L. J. Suter, 
E. M; Campbell, and S. M. Lane 

X-Ray Laser Experiments 

Introduction, In mid-1984, after more than 
four years of effort, we succeeded in obtain
ing laser amplification of soft x rays. With 
Novette as the pump source, we conclu
sively demonstrated lasing action at XUV 
wavelengths. These experiments, which 
were prefaced by the experimental valida
tion of computer code predictions at KMS 
Fusion, Inc., are described in the next 
article, "Collisional-Excitation Laser 
Scheme." We also tested a recombination 
scheme and a resonant-photopumping 
scheme, which are described in the subse
quent articles, "Exploding Foil Recombina
tion Laser" and "Resonant Photoexcitation 
Laser Experiments." Using the successful 
collisional-excitation scheme, we completed 
112 shots. Only 11 shots were fired on 
the recombination scheme, and 10 on the 
resonant-photopumping scheme. Our work 
with recombination and photopumping, al
though not successful in demonstrating 
lasing, will improve our knowledge of 
physics and help us to design better tesis 
in the future. 

The success of these experiments 
and the important potential of this re
search for both civilian and military 
applications motivated us to add a two-
brim target chamber to the recently com
pleted Nova facility. The chamber (which 
is actually the existing chamber that 
was used on Novette) will utilize 2 of 
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Nova's 10 beams. It will be fully com
patible with all of the x-ray laser diagnos
tics now on hand. Because this hardware 
is already developed, we will be able to 
resume our experiments by late summer 
1985 with Nova. Although we plan even
tually to use the full energy and power 
of the 10-beam Nova system, there are a 
number of near-term x-ray laser goals 
that we can most efficiently pursue with 
the 2-beam chamber. Some of these 
goals are: 
1. Operate the selenium soft x-ray laser 

with a longer plasma so as to achieve 
gain saturation. 

2. Characterize the coherence and diver
gence of this x-ray laser scheme. 

3. Demonstrate applications. 
4. Develop and demonstrate a cavity 

oscillator. 
5. Continue to model and experimentally 

test schemes that produce shorter-
wavelength lasers. 

6. Develop techniques or designs to increase 
the efficiency of producing an x-ray laser 
in order to facilitate the transfer of this 
technology to the private sector. 

Author: D. L. Matthews 

Collisional-Excitation Laser Scheme. For 
over a decade, researchers sought a way to 
produce amplification of XUV (or soft x-ray) 
radiation. Numerous papers review the his
tory of these theoretical and experimental 
efforts.95"102 Prior to 1985, the literature 
contains many investigations, but lacks 
conclusive evidence that such amplification 
was actually produced. In this article we re
view some proposed methods for producing 
XUV amplification and describe the first 
experiments in which amplification was 
conclusively demonstrated. 

One proposed method of producing an 
XUV amplifier calls for a high-power opti
cal laser to heat a plasma directly. Elton1 0 3 

first suggested that XUV lasing could be 
accomplished by the collisional excitation 
of n = 3 levels in carbon-like ions that are 
produced in a laser-heated plasma. Later 
Zherikhin, Koshelev, and Letokhov104 de
scribed a mechanism for obtaining an in
version between the 2p53p and 2p53s levels 
in neon-like ions. A subsequent experi
ment on Ca XIX claimed lar- ••; at 600 A. 1 0 5 

Vinogradov and coworkers have written a 

series of papers 1 0 6 1 0 7 refining the theoretical 
description of the neon-like scheme. Ac
cording to these papers, the n = 3 excited 
levels are populated initially by electron-
impact excitation from the ground state 
Pp 6) of the neon-like ions, which is itself 
produced in the plasma heated by an opti
cal laser. The population inversion between 
the 2p53p and 2p53s levels develops because 
of the large difference between the radiative 
decay rates. The 2p53p levels cannot decay 
to the ground state because of electric di-
pole selection rules, and the 3p-3s de-
excitation rates are low compared to the 
high radiative rates out of (2p53s)j,,. Because 
the collisional excitation rate for the (2p 6 ) ; = 0 -
(2pi / 23p1/2);,o monopoie transition is appar
ently hifth, the greatest gain Is predicted to 
occur for the (2p5/^p 1 / 2) ; = 0-{2pf / 23s) ; = ] tran
sition,1 0 6"1 1 3 although transitions from some 
of the other 2p53p sublevels also experience 
significant amplification. 

Hagelstein,108 Feldman etal., 1 0 9-" 0 and 
Apruzese and Davis 1 1 1 applied this neon
like excitation scheme to higher-Z ions, in 
which the wavelengths of the lasing transi
tions approach the soft x-ray or XUV re
gime. Dahlbacka etal., 1 1 2 Stewart,113 and 
Matthews et al. 1 1 4 have reported experi
ments on neon-like krypton and selenium 
using a Z-pinch 1 1 2 , 1 1 3 and a laser-produced 
plasma,1 1 4 respectively. In our previous 
work, 1 1 4 the plasma had a steep electron-
density distribution, which may have com
promised the experiment because of the 
effects of refraction on the transport of soft 
x-ray photons through the gain medium. 
Our most recent efforts suggest an amplifier 
design intended to minimize the effects of 
refraction,"5 and we have completed ex
periments to verify the attainment of the 
desired plasma conditions. 

Recently, we reported the first results 
from a new set of experiments on a 
neon-like selenium collisional excitation 
scheme.1 1 6 We described the first conclusive 
demonstration of a macroscopic-sized gain 
medium that exhibits substantial amplifica
tion of soft x-ray transitions. We observed 
amplification of at least four 2p53p-2p53s 
transitions. The highest gain was observed 
for the / = 2 to 1 lines at 206.3 and 209.6 A. 
The transition with the highest predicted 
gain, the / = 0 to / = 1 line at ~183 A, has 
not been unambiguously identified. More
over, no line in that wavelength region 
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Fig. 5-36. Placement of 
the principal diagnos
tics used in measuring 
XUV transitions. 

exhibited significant amplification in com
parison with the / = 2 to 1 transitions. 
These conclusions are based on reproduc
ible observations in over 100 separate 
laser-irradiated target experiments. Our 
experimental method uses a variety of so-
phi.c Seated x-ray spectroscopic instruments 
to measure the time-resolved absolute 
brightness of the amplified spontaneous 
emission (ASE) and to demonstrate the 
nonlinear (nearly exponential) increase of 
the emission with increasing length of the 
gain medium. The anisotropy of the ASE 
was also verified by comparing the relative 
intensity of amplified line emission from 
the end of the amplifier (on axis) with that 
from a line of sight far off that axis. 

These experiments were conducted on 
the Novette laser-target irradiation facility. 
A schematic representation of the experi
mental arrangement is shown in Fig. 5-36. 
The special exploding-foil target design is a 
product of experiments done on long 
density-scalelength plasmas produced in 
ICF research.115 The target was composed of 
a 750-A layer of selenium, vapor-deposited 
on one side of a Formvar foil that is 1500 A 
thick. The foil was stretched across a gap 
0.08 cm wide and nominally 1.1 cm long, 
and was supported by an aluminum super
structure. The target foil was illuminated by 
a line focus (0.02 x 1.12 cm) of 2a)0 light 
(A = 0.53 jUm) with a nominal pulse length 
of 450 ps and a typical irradiance of 
5 x 10 1 3 W/cm2. 

Targets were irradiated in two different 
geometries: single-sided, in which the 

TGSS-EM 

vertical center of the foil was hit by only 
one laser beam, and double-sided, in which 
opposing laser beams irradiated a common 
target area. Using the single-sided geome
try, we illuminated targets up to 2.4 cm long 
by displacing the two beams horizontally. 

Target x-ray emission in the two axial di
rections was measured by means of a 
grazing-incidence spectrograph (GIS) and a 
transmission-grating streak spectrograph 
(TGSS-EM). The GIS has high spectral 
resolution (A/AA =* 1800) and a line-
radiation-threshold detection limit of 
6 erg/sr. It utilizes a microchannel plate 
contoured to the Rowland circle for detec
tion of the x-ray spectrum. Gating of the 
microchannel plate detector by an Auston 
switch allowed viewing of the spectrum for 
a limited period of 250 to 750 ps, thereby 
oUscriminating against background spectral 
emissions that occurred late in the experi
ment. The TGSS-EM has a spectral resolu
tion of A/AA = 200 to 300, a threshold 
Detection capability of 3.9 x 10 " 3 W/A (ra
diated into a collection solid angle of —1.1 
x 10" 4 sr), and a temporal resolution of 20 
to 30 ps. This instrument contains an ellip
soidal mirror for efficient x-ray collection, 
an x-ray transmission grating with a 2000-A 
period for dispersion, and a soft x-ray 
streak camera for time-resolved detection. 

In addition to x-ray emissions along the 
target axis, we monitored isotropic emis
sions from the directly illuminated target 
foil. A second identical GIS viewed the en
tire target along an axis 77° off the target's 
longitudinal axis. An x-ray crystal streak 
spectrograph (XCSS) coupled to another 
x-ray streak camera viewed the target from 
30° off axis and provided time-resolved 
spectra of the n = 3 to n = 2 transitions in 
sodium-like, fluorine-like, and neon-like se
lenium in the 7- to 9-A region. 

Our measurement strategy was to vary 
the selenium foil thickness (750 to 3000 A), 
laser intensity (1.2 x 101 3 to 2.5 x 10" 
W/cm2), and pulse lengths (120 to 750 ps), 
and search for neon-like selenium transi
tions with certain characteristics. The pa
rameter combinations we used were 
determined by computer modeling.115 We 
sought transitions that were brighter and of 
shorter duration than nearby spontaneous 
emission lines, and displayed strong angular 
anisotropy, as determined by comparison of 
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relative line intensities recorded by (he two 
GIS diagnostics, one on and one off axis. 
Recognizing that the above criteria are only 
qualitative indications of amplification, we 
also measured the brightness of the transi
tions and brightness versus the length of 
the target Both of these measurements can 
be used to roughly determine the amplifier 
gain. Our experimental method does not 
depend on any single criterion to demon
strate amplification. 

In the course of more than 100 target 
shots, we found that 750-A-thick selenium 
targets, pulse lengths of 450 ps or longer, 
and irradiances of ~ 5 x 10" W/cma, in the 

case of double-sided irradiation, and —3 
X 10" W/cm2, in the case cf single-sided 
irradiation, are optimal for producing ampli
fication. Because of the limited range of pa
rameter space studied, we may not have 
witnessed me ultimate performance of 
these amplifiers. 

We verified the strong anisotropy of cer
tain lines emitted from these targets. Fig
ure 5-37 illustrates spectral data from one or 
the time segments monitored by *he two 
GISs. Note the presence of sodium-like se
lenium resonance transitions (not expected 
to be amplified) both on and off axis, 
whereas the strong transitions at 206.3 and 

(a) 

Off-axis 

600 

400 

200 

0 

120 

^ 80 

40 

H*%, 

.to 

o 

• (b) 

On-uds 
1 1 1 1 1 r——i 1 T 

b**h*«*JL 
Off-axis 

W W 

i I 
.01 D 

i n r H'lr 

300' - ( d ) Uu-

* - ' • 

Max gain 

j JL-
'14D 150 160 170 180 190 200 HO 220 230 240 250 260 

Wavelength (A) 

Fig. 5-37. (a) Film data 
from the time-gated 
GIS. fb) and (c) Cor
responding spectra for 
less than maximum-
gain target shots. A 
cafciuV/ed spontaneous-
emission spectrum of 
neon-like celenium is 
shown upside down 
in (c). it!) f; 3ctrum 
obtained from a 
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Table 5-3. Present ex
perimental wave
length? anH previous 
results for the sodium
like transitions of sele
nium and yttrium. 

209.6 A are seen only on axis. Based on 
ab initio calculations and isoelectronic ex
trapolation117 from lower Z, these lines are 
positively identified as the (2p 3 / 2 3p 3 / 2 ) ; = 2 -

(2P3/23S)/-1 a n d (2Pl/23P3/2)/-2-(2Pl/23s), = 1 

transitions of neon-like selenium, respec
tively. With the exception of the 3d3 /2-3p3 /2 
transition at 178.6 A, the sodium-1'ke lines 
are optically thick and appear brighter off 
axis because the spectrograph sees a larger 
surface area of the plasma in that direction. 
None of the significant lines observed in 
these spectra can be attributed to diffraction 
into second order. 

Table 5-3 indicates that the wavelengths 
of the sodium-like transitions obtained in 
this work agree well with data published 
previously.1 1 8 , 1 1 9 Also identified, and listed 
in Table 5-4, are the strong neon-like lines 
caused by the transitions 2pD3p-2p53s and 
?p53d-2p53p with level degeneracy times 
oscillator strength (g/ values) greater than 
0.15 (Ref. 117). 

Figure 5-37(c) shows a theoretical 
spontaneous-emission spectrum of neon
like transitions calculated under the 

Selenium (A) Yttrium (A) 
Transition Present Previous 3 Present Previous*5 

3 s - 3 p 1 / 2 239.7.1 239.23 196.09 196.19 
3 s _ 3 P 3 / 2 201.06 201.07 151.00 151.00 

178.64 178.64 148.43 148.35 
174.19 174.12 141.89 141.92 

3 P l / 2 _ 3 d 3 / 2 156.47 156.47 — 120.97 

"Taken from E. Y Kononov et al., Phys. Scri. 19, 328 (1979). 
'Taken from B. Edlen, Pln/s. Scri. 17, 565 (1978). 

assumption of an optically thin plasma in 
steady state at Te = 1.0 keV and n„ = 10 2 1 

c m - 3 . In the experimental spectrum in the 
same figure, the 206.3- and 209.6-A lines 
are much stronger than all of the other 
nonlasing neon-like transitions, even 
though some of the nonlasing transitions 
have higher g{ values, e.g., the 2ps3d -2p53p 
lines at 191.5,188.4, and 169.2 A (Ref. 117). 
The two / = 2 to 1 lines dominating the 
spectrum were observed in about ?"0 laser 
shots. Furthermore, their intensity relative to 
other lines varied strongly, depending on 
the length of the foil target. 

Figure 5-37(d) demonstrates the degree of 
amplification we can achieve and illustrates 
other 2p53p-2p53s lasing lines at longer 
wavelengths. In this case the target was 
subjected to single-sided i'lumination, nit 
with the beams displaced to give a total 
amplification length of 2.2 cm. There are 
few identifiable lines other than the neon
like / = 2 to 1 transitions at 206.3, 209.6, 
and 262.9 A and the / = 1 to 1 transition at 
220.2 A. All of these are predicted to have 
substantial gain. It is important to note that 
we do not observe a strong line near 183 A, 
the predicted position of the transition with 
largest calcula^-d gain [(3p 1 / 23p 1 / 2), = 0-
(3p 1 / 23s),B,]. If there were little or no ampli
fication of that line, it would not be seen 
because of its relatively small gf value (0.1). 
vVe do see two weak lines in the axial CIS 
spectrum at 182.0 and 182.4 A, but their as
signment to Se XXV is not conclusive.117 

Table 5-4. Identifica
tion of the strongest 
lines observed in the 
spectrum of neon-like 
selenium and yttrium. 

Selenium (A) Yttrium (A) 
Transition ; /' Measured Calculated Measured Calculated 

2 p 3 / , ? o - 2 p 3 / 2 3 p 1 / 2 1 2 _ 262.85 216.82 217.06 
2 f t / 2 3 s _ 2 P 3 / 2 3 P 3 / 2 1 1 220.20 220.22 16537 165.35 
2 P3/2 3 s " 2 P3/2 3 P3/2 2 3 211.54 211.61 158.44 158.59 
2 p 1 / 2 3 s - 2 p , / 2 3 p 1 / 2 1 2 209.64 209.74 157.08 157.19 
2 P l / , 3 s - 2 p 1 / 2 3 p 1 / 2 0 1 208.06 208.22 — 156.72 
2 P3/2 3 s " : ! P3/2 3 P3/2 1 2 206.30 206.40 154.90 155.03 
2 P3/2 3 P3/2 _ 2 P3/2 3 d 5/2 2 2 204.50 204.31 168.53 168.49 
2 p 3 / 2 3 s - 2 p 3 / 2 3 p 3 / 2 2 2 196.95 196.87 148.43 148.55 
2P3/2 3P3/2~~ 2P3/2 3 d5/2 3 4 191.45 191.42 156.58 156.73 
2P3/2 3P3/2~ 2P3/2 3 d5/2 1 2 188.93 188.95 154.25 154.43 
2 Pl/2 3 P3/2- 2 Pl/2 3 l i5/2 2 3 188.36 188.27 153.86 153.96 
2 P3/2 3 P3/2 - 2 P3/2 3 d 5/2 2 3 187.96 187.88 153.49 153.60 
"T". . ' 3 P3/2- 2 P3/2 3 d 3/2 1 2 184.30 184.22 — 151.28 
2P3/2 3P3/2- 2P3/23 d5/2 3 3 176.19 176.14 144.32 144.10 
2 P3/2 3 Pl /2 _ 2 P3/2 3 d 3 /2 1 1 169.90 169.93 131.90 131.65 
2 P3/2 3 Pl/2~ 2 P3/2 3 d 3/2 2 3 169.18 169.17 130.70 130.45 
2 P3/2- s - 2 P3/2 3 P3/2 1 0 16855 168.39 — 125.08 
2 P l / 2 3 P l / 2 - 2 P ] / 2 3 d 3 / 2 1 2 167.41 167.58 — 129.19 
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Time-resclved spectra from the TGSS-EM 
are shown in Figs. 5-38 and 5-39. Figures 
5-38(a) and 5-39(a) show raw data from two 
representative target shots; Fig. 5-38(a) 
shows a 1.0-cm-long target displaying mod
erate amplification and a rich x-ray spec-
:rum, and Fig. 5-39(a) shows a 2.2-cm-lcng 
target for which the amplification is intense 
and the background spectrum is hardly ob
servable because of the filtration required to 
keep the signal wi:\... the dynamic range 
of the instrument. In Fig. 5-38(b), the tem
poral profile of an amplified line at 209.6 A 
is compared with that of the 201.1-A transi
tion in the sodium-like ion. Although both 
lin _s have a similar rise time (10 to 90% in 
250 ps at 209.6 A and 280 ps at 201.1 A), the 
amplified emission is significantly con
tracted relative to the puWe width of the 
pump laser, whereas the spontaneous emis
sion it 201.1 A decays much more slowly 
(TFWMM = 450 ps for the pump laser, 340 ps 
for the 209.6-A emission, and 950 ps for the 
201.1-A emission). In general, we observed 
that, with increased amplification, the pulse 
widths of the lasing lines tend to decrease. 
Figure 5-39(b) is a spectral profile taken at 
the time of peak ASE for the 2.2-cm-long 
target. The emission at 206.3 A has a peak 
power of —360 W. The width of the line, 
which is source-size broadened, is AA 
= 1.0 A, indicating a source region roughly 
200 /im in diameter. As indicated above, the 
lasing transitions in this case have narrower 
pulse widths of approximately 160 ps. 

The very intense emission shown at 206.3 
and 209.6 A in Fig. 5-39 is a strong indica
tion of nonequilibrium spectral conditions 
in the plasma. If we assume that the line is 
Doppler-broadened with a width of 0.04 A 
(7"ion = 400 eV) and that the source area has 
a 200-jUm diameter, we obtain —30 to 50 
keV for the equivalent radiation tempera
ture of the line at 206.3 A. In contrast, the 
brightness temperature observed for the 
sodium-like nonlasing line at 201.1 A is 
only —0.1 keV. All evidence indicates that" 
the maximum electron temperature in the 
laser-irradiated medium is approximately 
1 keV.115 

The final and most quantitative evidence 
for amplification—the line-energy vs target-
length data—are shown in Fig. 5-40. These 
results come from the axial GIS and are 

integrated over the line widths of the 206.3-
and 209.6-A transitions. The data from both 
the single-sided and double-sided irradia
tion geometries exhibit a very nonlinear de
pendence on the length of the amplifier. 
The output intensity (integrated over length, 
frequency, and solid angle) emitted by a 
one-dimensional homogeneous gain me
dium of length L under steady-state condi
tions is given by 

x exp[a(a>„)L] power 
unit area 

(19) 

Fig. 5-38. Moderate-
gain target shot (a) 
Film data ffian Hie 
TGGS-EM. <b) Time 
history of power radi
ated by the neon-like / 
= 2 to 1 laser line at 

209.6 A and the 
nonlasing sodium-like 
resonance line at 
201.1 A. 
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where dA is the detector area, fi)0 is the 
laser frequency, n 2 is the upper-laser-level 
population density, J4 2 1 is the transition 

probability, <«((»„) is the line-center gain co
efficient, and X is the distance to the detec
tor. Equation (19) is valid when «(<»o)' 
a 2. Fitting the data from double-sided tar
get shots to Eq. (19) yields a gain coefficient 
of 5 5 ± 1.0 cm" 1 for both the 206.3- and 
209.6-A lines. Calculations of the length de
pendence shown by Eq. (19) for two differ
ent gains, 5cm" 1 and 6 c m - 1 , are illustrated 
in Fig. 5-40(a). Although the data obtained 
with single-sided irradiation demonstrate 
significant amplification—up to 700 times 
spontaneous levels—the complexity of the 
target irradiation geometry precludes a sim
ple application of Eq. (19). The rapid rise of 
the signals shown in Figs. 5-40(a) and 
5-40(b) indicates that the amplifier was still 
below saturation. 

In addition to verifying the gain, we 
have taken the first tentative steps toward 
second-generation x-ray laser experiments. 
Multilayer x-ray rnirrors were used at nor
mal incidence to attempt a double-pass am
plifier̂ —a precursor to an x-ray cavity 
oscillator. We have also conducted prelimi
nary experiments to scale the observed 
amplification to shorter x-ray wavelengths. 
In particular, we shot yttrium targets to ob
serve the analogous 2p53p-2p53s neon-like 
transitions. Figure 5-41 shows the spectrum 
taken with the GIS for an 800-A yttrium/ 
1500-A Formvar foil irradiated at TL 

= 450 ps and I L = 1.5 x 101 4 W/cm2. The 
effects of time-gating the GIS are essential 
to simplify the spectrum and highlight the 
neon-like transitions. The wavelengths and 
the assignments of the observed 2p 53p-
2ps3s and 2p53d-2p53p transitions of neon
like yttrium are also listed in Table 5-4. The 
/ = 0 to 1 transitions were not seen, while 
the / = 2 to 1 transitions at 154.9 and 

Fig. 5-39. Maximum- a 
gain target shot, (a) 
Film data from the 
TGSS-EM. (b) Spec
trum of power vs 
wavelength. 

Fig. 5-40. integrated 
intensity of / = 2 to 1 
neon-like selenium 
transitions vs ampli
fication length for (a) 
double-sided and (b) 
single-sided optical 
laser irradiation 
conditions. 
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160 170 
Wavelength (A) 

157.1 A exhibited strong anisotropy and a 
pulse-width behavior similar to that seen 
for the selenium lines. We measured a 
brightness temperature of -^5 keV for the 
154.9-A transition. We conclude that these 
lines are also being amplified. 

By using an optical laser to produce a 
population inversion in a simple exploding-
foil plasma, we have demonstrated substan
tial amplification of spontaneous emission 
at soft x-ray wavelengths. The goals for fu
ture experiments are to optimize the gain, 
achieve saturation, measure coherence, 
spectroscopically characterize the kinetics, 
develop a cavity oscillator by using partially 
transmitting, multilayer mirrors, and extend 
our work with this and other inversion 
schemes to even shorter wavelengths. 

Authors: D. L. Matthews, P. L. Hagelstein, 
M. D. Rosen, M. J. Eckart, N. M. Ceglio, 
A.U. Hazi, H.Medecki, B.J. MacGowan, 
J. E. Trebes, and E. M. Campbell 

Major Contributors: B. L. Whitten, C. W. 
Hatcher, A. M. Hawryluk, R. L. Kauffman, 
L. D. Pleasance, G. D. Rambach, J. H. 
Scofield, G. F. Stone, and T. A. Weaver 

Exploding Foil Recombination Laser. In 
addition to experiments using the 
collisional-excitation approach to a soft 

x-ray laser, we tested a recombination-
pumped laser scheme. Intense (/L — 2 
x 101 4 W/cm2) 0.53-jUm light of 100- to 

200-ps duration from the Novette laser 
was used to fully ionize a magnesium 
exploding-foil target. After the peak of the 
laser pulse, the plasma cooled rapidly due 
to expansion, electron conduction, and radi
ation. In the regime of high electron density 
(—1020 cm" 3) and low electron temperature 
{—100 eV), three-body recombination pref
erentially populates the upper levels of the 
hydrogen-like magnesium ion. The popula
tion of the lower levels is depleted by fast 
radiative decay. This process can result in a 
population inversion on the n = 4 to 3, 
130-A transition. The basic concept for this 
type of laser was originally proposed by 
Gudzenko and Shelepin 1 2 0 ' 1 2 1 in 1964. 
Since then, there have been numerous at
tempts to make an x-ray laser using this 
scheme, 1 2 2" 1 2 5 including an experiment 
at LLNL.126 

In our latest attempt, an improved target 
design was used to optimize the recombina
tion pumping process. The target consisted 
of a thin foil of magnesium (1100 A or 
2200 A) sandwiched between 1000-A layers 
of Formvar. The Formvar layers performed 
se\ wral functions. First, they prevented the 
magnesium from being ionized during the 
rising portion of the optical-laser pulse 

Fig. 5-41. Spectral 
representation of on-
axis data for an 
yttriixm/Formvar tar
get. The top spectrum, 
taken with the time-
gated GIS, shows two 
/ = 2 to 1 lasing tran
sitions absent in the 
bottom spectrum from 
an ungated GIS. 

5-45 



Novette Experiments 

Fig. 5-42. Relative in
tensity as a function of 
time fur the Lyy it = 4 
lo 1 and Ly/J rr = 3 to 
1 transitions. The 
dashed arrow indicates 
the time at which 

when the intensity was low because the 
laser had to bum through the Fbrmvar first. 
Only when the laser pulse was near its 
peak intensity did the magnesium ionize. 
This effect maximized the density of the 
magnesium plasma and minimized the time 
required to ionize it. Secondly the mass of 
the Formvar plasma inhibited the expansion 
of the magnesium plasma and kept the 
density high. Finally, the Fbrmvar plasma 
allowed for electron-conduction cooling of 
the hotter magnesium plasma. As with the 
selenium collisionally pumped laser, the 
thin-foil target minimized refraction losses. 

We modeled the ta»v.' performance 
by using the kine. _s computer code 
RATION,127 which calculates the ionization 
balance, level populations, and gain coef
ficients. The temperature and density evolu
tion for these calculations were provided 
by the LASNEX128 code. Small-signal gain 
coefficient:; as high as 3 c m - 1 were pre
dicted. Because of its relative simplicity 
compared with other x-ray laser schemes, 
the hydrogenic recombination laser was ex
pected to provide a sensitive test of our 
modeling capability. 

The experimental setup was similar to that 
used for the selenium collisionauy pumped 
laser experiment described in the preceding 
article. A total of 11 shots were fired in the 
experimental sequence. No clear demonstra
tion of lasing was observed on the n = 4 to 
3.. 130-A line. However, x-ray spectra consis
tent with a population inversion were ob
tained. Figure 5-42 shows the time-resolved 
intensities of the n = 4 to 1 and n = 3 to 1 
transitions in hydrogenic magnesium. These 
indicate that a population inversion ratio 
(tiigs/ngi) of up to 2 ± 1 occurred after the 
peak of the laser pulse. The x-ray spectra 
also indicated that full ionization of the 
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plasma was never achieved: helium-like res
onance lines were observed along with the 
hydrogen-like resonance lines. Substantial 
lasing would not be expected in this case. 

Experiments are planned co improve the 
possibility of achieving lasing with this 
scheme. Current plans call for changing the 
target construction to correspond more 
closely with the model. This change in
volves using a narrow ribbon of magnesium 
surrounded on all sides with Fbrmvar rather 
than having Rjrmvar on only two sides. 
The new configuration would allow better 
cooling of the plasma after the peak of the 
laser pulse. In addition, a higher pump-iaser 
intensity with a faster rise will be used to 
ensure that the magnesium plasma is fully 
ionized during the laser pulse. 

Authors: J. E. Trebes, R. W. Lee, 
M. D. Rosen, and K. G. Estabrook 

Major Contributors: D. L. Matthews, 
M. J. Eckart, E. M. Campbell (LLNL), 
and B.J. MacGowan (Imperial College) 

Resonant Photoexcitation Laser Experi
ments. This article summarizes work done 
in 1984 at KMS Fusion, Inc., Ann Arbor, 
Michigan, in support of resonant photo-
excitation (RPE) x-ray laser experiments 
later conducted on Novette. The results 
of the Novette experiments are summarized 
in the article "Design of a Photoreso-
nantly Pumped Fluorine X-Ray Laser," in 
Section 3. 

Following a preliminary series of flash-
lamp experiments on Shiva in 1981,129*130 

we conducted a series of high-resolution 
spectroscopy experiments at KMS in 1982. 
Their purpose was to certify to ± 0.2 eV the 
coincidence of candidate pump lines in a 
number of RPE schemes. Although the 1982 
experiments were performed with high 
resolution, their interpretation in some cases 
was compromised by corrections for Dopp-
ler shifts and by artificial line broadening, 
which was due to target repositioning errors 
and to the need to integrate multiple shots 
to obtain detect ble intensities. 

In 1984, we repeated these experiments at 
KMS with improvements in the experimen
tal method and the instrument sensitivity. 
Two sets of experiments were conducted. In 
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this article, they are called the "winter" se
ries and the "spring" series. These experi
ments had the following goals for six 
potential RPE lasing line pairs: 
1. To determine the energy coincidence of 

pump (flashlamp) lines with pumped 
lines to within 0.15 eV (1 to 2 mA). 

2. To determine (to within 0.20 eV) the en
ergy non coincidence of pump lines that 
would reduce the population inversion by 
populating the lower staie of the lasing 
transition. Such noncoincidence causes 
so-called "poison" transitions. 

3. To determine Doppler shifts of the pump
ing spectral lines. 

4. To determine the rate of collapse of flash-
lamp material into the laser channel (in-
terferometric measurements). 

5. To verify the production of the lasing 
spectral lines in an actual gas target when 
a line-pair coincidence is found and to 
make a time-resolved observation of 
the flashlamp being absorbed by the 
coincident lasing line ("pillbox" 
measurements). 
Line-Coincidence Measurements. We made 

the following improvements over the 1.982 
series of line-coincidence measurements: (1) 
the use of intensified spectrographs that 
eliminated the need for overlaying spectra 
for different shots and reduced associated 
problems; (2) the reduction of plasma emis
sion or source size; (3) the use of an x-ray 
streak camera to measure the Doppler 
shifts; and (4) the use of spatial resolution 
to record spectra from adjacent metal 
comparison targets irradiated together 
in one shot. 

We measured line coincidences to the 
specified precision using up to four flat-
crystal spectrographs per shot. Two of these 
spectrographs were intensified, and one was 
time-resolved. See Fig. 5-43 for details of 
this setup. We used a fifth spectrograph em
ploying a curved KAP crystal as a survey 
instrument. The two intensified spectro
graphs and the survey spectrograph viewed 
the target at right angles to the laser axis in 
order to minimize Doppler shifts. The time-
resolved streak spectrograph viewed the 
target on axis for some shots and at right 
angles to the axis on other shots. 

We examined six line-pairs for coin
cidence and their corresponding poison line 

, Laser beam Streak crystal 
spectrograph 

(position 2) 

•MicroChannel-plate flat-
crystal spectrographs 

pairs for noncoincidence. We used spectral 
lines from other elements for wavelength 
calibration. In all, 29 line-pair combinations 
were examined in 224 shots, as shown 
in Table 5-5. 

We remeasured spectral lines of manga
nese and chromium that were previously 
found to coincide with the fluorine X n = 3 
to 1 and fluorine IX n = 3 to 1 lines to 
within 3 to 5 mA. 1 3 1 Our measurements 
showed these lines to be in coincidence at 
12.643 and 14.458 A, respectively, within 
± 1.5 mA. This higher level of accuracy re
sulted not only from the experimental im
provements mentioned above, but also 
from our extensive theoretical interpretation 
of boron- and beryllium-like transitions in 
manganese and chromium reported ear
lier.131 The corresponding fluorine Lya line 
at 16.806 A is devoid of manganese poison 
lines. The fluorine Hear line at 14.988 A is 
likewise devoid of any poison transitions 
of chromium. 

An additional criterion for a line to be a 
pump candidate is its inherent strength. 
The manganese line appeared to have the 
required intensity, but the chromium line 
was extremely weak and therefore not 
considered for further testing as a 
pumping source. 

Doppler Shift Measurements. In the coin
cidence measurements, we minimized 
Doppler shifts by recording spectra in direc
tions at right angles to the laser and plasma 

Fig. 5-43. Placement of 
spectrographs in target 
chamber. 
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Lines Pump Poison 
to be wavelength wavelength 

pumped (A) (A) 

Pumping or poison candidates 
for wavelength comparison 

(candidate/substrate) 

F (He0) 

F (Hea) 

F<1*8> 

F(Ly/J) 
Ne (He/)) 

Ne (Hea) 

Ne (Ly« 

Ne (Lya) 

O (He0) 

O (Hea) 

O {Lyffl 

O (Lya) 

Fe/Formvar—CaF2/Formvar 
Mn/Formvar—OF2/Formvar 
Mn/Formvar~Fe/Formvar 
Mn/Formvar—Cr/Formvar 
Cr/Fbrmvar—Fe/Formvar 
Mn/Formvar—CaF2/Forrnvar 
Mn/Formvar—Ti/Formvar 
Mn/Formvar- -CaF2/Formvar 
Mn/Formvar—Cr/Formvar 
Mn/Formvar—Fe/Formvar 
Ni/Formvar—Fe/Formvar 
Ni/Formvar—Mn/Formvar 
Ni/Formvar—Ne/Be 
Mn/Formvar—Ne/Be 
Ni/Formvar—Ne/Be 
Ni/Formvar—Cr/Formvar 
Zn/rormvar—Co/Formvar 
Zn/Formvar—V/Formvar 
Zn/Formvar—Ne/Be 
Zn/Formvar—Fo/Formvar 
Zn/Formvar—Ne/Be 
V/Parylene—Fomivar 
Ti/Parylene—Fbrmvar 
V/Parylene—Formvar 
V/Parylene—Formvar 
V/Parylene—Formvar 
V/Parylene—Fe/Formvar 
V/Parylene—Formvar 
Ti/Parylene—Formvar 

Table 5-S. Line-
coincidence 
measurements. 

blowoff axis. By comparing spectra from 
front and back side radiation, we found the 
relative line shifts to be less than 1 mA. 

We also measured Doppler shifts along 
the laser axis because they play an impor
tant role in determining the feasibility of 
the resonant photoexritation scheme. The 
x-ray streak spectrograph was used to make 
these measurements. The shifts recorded in 
the winter series of experiments were of the 
same order as the distortions y roduced by 
the streak camera's electron optics, and we 
attempted to correct these distortions. Our 
final results showed that the manganese 
lines were blue-shifted by about 2 mA over 
a time interval of 50 ps. Late in time they 
slowly reverted to a red shift. 

I the spring series of experiments, we 
continued to analyze the Doppler shift of 
the manganese lines of interest by digital 
image-processing techniques. We found that 
the line shifts depended heavily on the ac
curacy of image registration when the film 
was digitized. To achieve the required accu
racy, we devised a manual procedure em
ploying precise-registration templates and 
tested it for repeatability. We measured 
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pincushion distortion effects on a calibration 
shot and removed them from subsequent 
images. We then used signal-enhancement 
and peak-analysis routines to trace out the 
spectral lines of interest. 

Using Formvar substrates 2000 A thick 
and silicon nitride (Si3N4) substrates 1500 A 
thick, we observed blue shifts up to 6 mA 
in 100 ps during the laser pulse. By increas
ing the Fbrmvar thickness to 8000 A, we re 
duced the line shifts typically by 40%. 
Similarly, by increasing the Si 3N 4 thickr ess 
to 2300 A, we reduced the shifts by 8'.'%. 

Interferomeaic Measurements. We mea
sured the rate at which the flashlamp mate
rial expands into the laser channel by using 
holographic interferometry to record the fol
lowing intervals: from the time the laser 
pulse strikes the flashlamp material to the 
rime the plasma strikes the gas-cell wall; 
and from the latter time to the time the 
plasma appears beyond this wall. 

Two types of targets were developed for 
these measurements. One was designed to 
view the vacuum region between the flash-
lamp material and the gas-cell wall, while 
the second was designed to view the inside 
gas-cell surface and the region beyond it. 

Double-foil experiments performed dur
ing the winter series showed that with laser 
intensities of 8 x 10 M W/cm2 incident 
on a first foil (with an areal density of 60 
.Ug/cm2), the foil's plasma intruded into the 
second foil too early in the laser pulse. Ac
cording to "_ASNEX simulations, this intru
sion in ".i actual RPE-gain experiment 
wouK prevent tne optimal buildup of the 
h;<.-ogen-!ike state in the fluorine lasant 
gas by prematurely increasing its tempera
ture above the allowed 3 eV. 

In view of these findings, LASNEX pre
dicted acceptable performance for an in
creased manganese flashlamp thickness of 
87 ug/cm2 on a Si 3N 4 substrate that also 
has an increased thickn .as of 119 fig/cm2. 
Half of the Si 3N 4 target substrates provided 
by LLNL were coated with the appropriate 
thickness of manganese. They were then 
assembled with the uncoated substrates to 
form doubie-foil targets. The downstream 
side of the second foil was available to the 
holographic probe beam. 

In the spring series, we irradiated the 
targets with 053-fim light on the manga
nese side. However, instead of an //6 spher
ical lens, we used an //1.8 parabolic mirror 
to focus the laser light onto the target. 
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The pulse length was maintained nominally 
at 160 ps, so that a spot-size diameter 
of 300 fim and laser energy of about 
20 J produced a target irradiance of 1.8 
x 10" Wan2. 

In the spring series, new optics gave four 
interferograms per shot spaced 125 ps apart. 
Each was of 20-ps duration. The four frames 
allow the evolution of the target plasma to 
be followed. This capability reduces the 
number of shots required and the problems 
associated with shot-to-shot variations. 

The first frame of a multiframe set is 
timed with respect to the peak of the irradi
ating laser pulse (f =» 0;. This timing was 
varied from - 90 to -10 ps, providing 
probe exposures at - 90, - 50, -10, 35, 75, 
115,160, 200, 240, 285, 325, and 365 ps for 
the nine target shots. 

A preliminary analysis of the data Indi
cated that the added mass of the first foil 
did, inder '. delay the intrusion of its 
plasma into the second foil, compared with 
the earlier double-foil series. There was 
some indication that the second foil plasma 
began to appear at the peak of the target-
irradiating laser pulse; however, it was mov
ing very slowly with almost no appearance 
of fringes, indicating a density higher than 
the critical density. On the basis of these 
findings, we recommended for Novette ex
periments that the first foil be made thicker 
and/or that its distance from the second foil 

be increased to make sure the interaction 
takes place much later in the laser pulse. 
However, the thicker substrates reduce the 
ionizing and pump radiation incident on the 
lasant gas. 

Cos-Cell "Pillbox" Measurements. A 
special target (genetically called a "pillbox" 
and shown in Fig. 5-44) was designed to 
contain a lasant gas (e.g., fluorine as SFj). 
The gas was pumped by the x radiation 
emitted by the pumpuig element (e.g., man
ganese), which was coated onto Formvar 
and placed at a distance of 50 /rm from the 
gas container. 

Time-resolved measurements were made 
by using the streak spectrograph foir two 
purposes: to observe the absorption of the 
manganese pump li;_2 (at 12.643 A) by the 
lasant gas (hydrogen-like fluorine); and to 
record the fluorescence of the lasant gas 
lines produced by the x-ray emission of the 
pump element. Lasant gas pressures were 
varied from a few raTorr to 300 mTorr. 

From a total of eight pillbox shots with 
the streak spectrograph set up to record ab
sorption of the pump line, only one shot 
indicated that. 'jsorption occurred. Of 
four shots with the streak spectrograph 
arranged to record the lasant gas fluores
cence, none showed any fluorescence. 
There are several possible reasons why the 
pillbox target experiments did not produce 
the expected results. For one, the metal 

300 Torr SF t 

Steak 
crystal 

spectrograph rf|j jrfc 

t 
Streak 
crystal 

spectrograph 

Fig. 5-44. Gas-cell 
target. 
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manganese and its Formvar substrate may 
have been too thin. This would lead to an 
earlier-thin-expected interaction of the 
blowoff plasma with the gas container, 
which would heat the lasant gas to a higher 
temperature than required for appropriate 
level density populations. Another possibil
ity is that the pump radiation flux was in
sufficient to pump the lasant gas. 

In the spring series, we repeated the 
gas-cell pillbox experiments to examine 
the effect of the target changes on the spec
troscopy of the RPE scheme. With the new 
double-foil target parameters, one of our 
principal objectives was to determine 
whether the manganese flashlamp would 
pump the fluorine gas. That is, would the 
beryllium-like manganese line at 12.643 A 
preferentially excite the Ly/J line of fluorine 
.n a pillbox target configuration? A second
ary objective was to measure the absorption 
of the manganese pump line. 

Target plans for the Novette experiments 
called for Si3N4 to contain the gas and to 
be used as the substrate for the flashlamp 
material. However, for the spring pillbox 
shots, the time available to complete the 
experiments was not sufficient for a major 
redesign and fabrication effort. The cell 
containing fluorine gas was made with 
Formvar rather than Si3N4. The manganese 
flashlamp was deposited on Si 3N 5 

substrates (provided by LLNL) and placed 
on the pillbox 50//m from the cell. 

The laser-to-target irradiating optics were 
configured with a cylindrical lens to provide 
a line focus at the target flashlamp. The line 
was oriented to give a minimum source size 
as seen by the streak spectrograph. 

The shot matrix included the follow
ing variations on nominal target and 
shot parameters: 
1. A pulse length of 160 ps. 
2. A laser intensity of 2 x 10" W/cm2. 
3. Flashlamp thickness corresponding to an 

areal density of 87 /Jg/cm2. 
4. A Si3N4 substrate with an areal density 

ofl l9ug/cm 2 . 
5. An SF6 gas pressure of 50 Torr. 
Shot iter,,L:jns included changes in flash-
lamp and substrate thickness, pulse length, 
and gas pressure. 

We configured the streak spectrograph to 
view the side window of the pillbox targets 

in order to record fluorescence of the 
helium- and hydrogen-like fluorine lines 
excited by the manganese flashlamp. To in
crease the resolution of the spectrometer, 
we used the second-order x-ray diffraction 
from a lead stearate crystal dispersion ele
ment. Because of '•': increased areal density 
of the pump foil compared with that in the 
winter experiments, the expected fluores
cence was definitely (though weakly) ob
served, well ahead of the plasma emission 
from the manganese flashlamp. After recon
figuration to first order and reduction of the 
sweep speed to obtain greater sensitivity, 
the helium- and hydrogen-like lines were 
more clearly observed. A preliminary com
parison of these line ratios showed the fluo
rine LyP line to be more intense than 
expected for a thermally emitting plasma. 
Such intensity indicates possible additional 
excitation of the line by the manganese 
pump line. 

Two null shots were also performed to 
rule out other excitation processes. In one, 
the SF6 gas was not introduced into the cell. 
In another more significant test, the manga
nese flashlamp was replaced with nickel. In 
both tests, the fluorine Ly/J line intensity 
was considerably reduced. These results 
support the inference that the fluorine Ly/3 
line was enhanced in the regular shots. 

Attempts to measure the absorption of 
the manganese pump line by the fluorine 
ions in the pillbox were unsuccessful due to 
equipment malfunctions. The Csl photo-
cathode sensitivity apparently was poisoned 
by high humidity. 

Authors: D.L. Matthews (LLNL), 
G. Charatis (KMS), and B.J. MacGowan 
(Imperial College) 
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Introduction 

In developing diagnostic techniques for 
the LEAD Program, we traditionally main
tain a strong commitment to advancing 
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technologies. In 1984, we strengthened our 
technical base with highly advanced facili
ties to aid the development of new mea
surement techniques. These additions to our 
laboratory are described in the article 
entitled "Facilities." 

Our short-pulse laser facility provides 
precise measurement and testing capabilities 
in the 1- to 10-ps range. This laser will be 
used in the development of time-resolved 
instrumentation. A new microfabrication 
laboratory allows us to apply the rapidly 
advancing technology of microelectronics to 
x-ray optics. The laboratory is the only one 
of its kind at LLNL that is accessible to uni
versity and industrial research teams; thus it 
allows collaboration in this area of research. 
We also acquired a computer-controlled fa
cility for reconstructing optical images, 
which allows rapid processing of coded im
age data. Finally, in cooperation with the 
MIT Center for Space Research, we devel
oped a new charge-coupled x-ray camera 
system, which improves our capability to 
characterize reflected and transmitted x rays. 
This diagnostic is described in the article 
"X-Ray CCD Camera." 

Much of our effort in 1984 was focused 
on developing new measurement capabili
ties for the first experiments on the Nova 
laser. Early compression experiments will 
benefit from our work in devising the mea
surement techniques described in the article 
on "Advanced Neutron Measurements." 
These techniques are designed to: 
• Characterize the pr of the compressed 

fuel. 
• Image the compressed core. 
• Provide time-resolved information about 

the thermonuclear bum. 
To accommodate experiments on the sta

bility of compressed laser fusion targets, we 
are continuing work on appropriate di
agnostics: the x-ray streak camera, described 
in the article "Improvements in Streak 
Camera Electronics," and the x-ray framing 
camera, described in "Development of an 
X-Ray Framing Camera." The goals of this 
work are to achieve more stable, absolutely 
timed streak measurements and to obtain 
sequences of two-dimensional images of 
dynamic implosion processes. 

A satisfying example of the return on our 
investment in measurement technology is 

the TGSS-EM. This instrument is described 
in the next article, "TGSS-EM: A Time-
Resolved Imaging Spectrometer for the 
Measurement of Amplified Spontaneous 
Emission at Soft X-Ray Wavelengths." 
Consolidating our experience with grazing-
incidence reflection optics, transmission 
x-ray optics, and x-ray streak cameras, the 
TGSS-EM provided the first time-resolved 
measurement of ASH at soft x-ray wave
lengths in a series of .v-ray laser experi
ments on the Novette facility. 

Author: N. M. Ceglio 

TGSS-EM: A Time-Resolved 
Imaging Spectrometer for the 
Measurement of Amplified 
Spontaneous Emission 
at Soft X-Ray Wavelengths 

In some ot its most significant experiments 
of 1984, the LEAD Program achieved the 
production of amplified spontaneous emis
sion (ASE) at soft x-ray wavelengths in 
laser-produced plasmas. Experiments of this 
nature are sufficiently different from con
ventional laser-plasma experiments to cause 
us to rethink our philosophy of x-ray mea
surement. To meet the unique challenge 
posed by ASE measurement, it is necessary 
to redesign instrumentation and to devise 
ne:*' techniques. 

In particular, the distribution of ASE in 
angle, wavelength, time, and intensity have 
significant impact on diagnostic design and 
measurement philosophy. Because of the 
strong anisotropy of ASE, target-instrument 
coalignment becomes critically important. 
Likewise, aaisotropy makes the solid angle 
of collection a signal-to-noise issue and sug
gests divergence measurement as a method 
of gain verification. The spectral characteris-
tirc of ASE are similarly consequential. The 
extre mely narrow width of amplified lines 
puts a high premium on spectral resolution 
and makes instrument resolution a signal-
to-noise and threshold-detection issue. The 
typically low energy of the ASE photons 
relrelative to the mean electron energy in 
the parent plasma (i.e., hv <K kTe) demands 
instrumental discrimination against higher 
spectral orders. Along with spectral 
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Fig. 5-45. Layout of 
the time-resolved im
aging spectrometer, 
TCSS-EM. 

discrimination, flexibility is an important re
quirement for future experiments. Our in
strumentation must have a broad and easily 
adjustable spectral range to investigate a va
riety of population inversion schemes over 
a wide band of wavelengths. Finally, the 
short duration of the ASE demands time-
resolved measurement, and the strong 
nonlinearity of these emissions requires 
measurement capability with a broad 
dynamic range. 

Instrument Description. From these 
measurement issues evolved a transmission-
grating streak spectrograph with an ellipsoi
dal mirror (TGSS-EM). The primary 
components of the TGSS-EM are its mirror, 
a transmission grating, and a streak camera. 
This instrument was used as a principal di
agnostic on the recently completed Novette 
x-ray laser experiments. (See the article 
"Collisional-Excitation Laser Scheme," ear
lier in this section for more information on 
its use.) A schematic representation of this 
time-resolved spectrograph is presented in 
Fig. 5-45. Its ellipsoidal mirror reflects the 
output of the x-ray laser target (placed at 

one focus) onto the photocathode of the 
x-ray streak camera (piaced at the comple
mentary focus). An x-ray transmission grat
ing, placed in the path of the focused 
x-ray emission, disperses the spectrum 
along the slit of the streak camera. The 
streak camera can be moved along the dis
persion direction in the detection plane 
to sample the desired portion of the spec
trum. Table 5-6 summarizes the TGSS-EM 
performance specifications. 

The ellipsoidal mirror is an annular sec
tion of an ellipsoid of revolution with major 
and minor axes of 122 and 8.69 cm, respec
tively, and an interfocal distance of 
121.7 cm. The mean grazing-incidence re
flection angle used in the x-ray laser experi
ment was ~4.1°, providing a cutoff for 
x rays above ~700 eV. The mirror substrate 
is aluminum p^ted with electroless nickel. 
The figure was diamond turned to a slope-
error specification of <100/irad and pol
ished for 90 h to a low-scatter finish (with 
surface roughness <25 A rms). The mirror 
was characterized by means of carbon Ka 
x rays. It exhibited spatial resolution of 50 

Transmission 
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to 7Dj«m, an image magnification of 1.35, 
and a reflectivity greater than 60%. 

The dispersion element of the TGSS-EM 
is a free-standing gold, transmission grating. 
The grating period is 2000 A with ~1:1 
line-to-space ratio. The linear dispersion of 
the grating at the streak-camera detection 
plane is —3.2 A/mm. The grating is the 
limiting aperture of the TGSS-EM. Its active 
area is a 6-mm-diam circle, which provides 
a collection solid angle of ~1.1 x 10" 4sr. 

The streak camera is a standard LLNL 
soft x-ray camera with a demountable pho-
tocathode. The cathode used in the x-ray 
laser experiments had slit dimensions of 
500 ̂ m x 17 mm. It was 250-A aluminum 
supported by 800-A-thick Formvar. The 
special range covered by the 17-mm cath
ode slit dimension was 55 A, adjustable by 
simple camera movement over a wave
length band from 0 to 260 A. The 500-/tm 
slit dimension allowed the entire output ap
erture of the x-ray laser target to be imaged 
onto the photocathode. As a result, there 
was a slight loss in temporal resolution 
from 20 to —40 ps. 

Alignment Procedure. Alignment of 
the TGSS-EM with the x-ray laser target 
is a critical aspect of ASE measurements. 
The alignment procedure in the Novette 
x-ray laser experiments included three 
main operations: 
1. Bench alignment of the target (Fig. 5-46). 

In this procedure, a retroreflecting refer
ence mirror is placed perpendicular to 
the lasant-material channel. A ring 

interferometer is then installed with a 
high-magnification telescope at one view 
port and an autoreflecting telescope at the 
other. Once the interferometer is bal
anced, the x-ray target is inserted 
into the interferometer's beam path. The 
attitude of the target is adjusted until 
the images of ?he two opposing ends of 
the laser channel overlap when viewed 
with the high-magnification telescope. 
The reference mirror is then adjusted 
to achieve retroreflection with the 
autoreflecting telescope. 

2. Bench alignment of the TGSS-EM optical 
ensemble (Fig. 5-47). In this procedure, 
the target-chamber geometry is simulated 
by establishing a preferred line of sight 
between an autoreflecting telescope and a 
point light source (mock target). The axis 
of the ellipsoidal mirror is aligned parallel 
to this line of sight, and a reference mir
ror with a centering cross hair is aligned 
perpendicular to the same line of sight. 
The diffraction grating is centered on the 
image of the beam that originates from 
the point source and is reflected from 
the mirror. 

3. Chamber alignment of the target-TGSS-
EM system (Fig. 5-48). In this procedure, 
the target and the TGSS-EM ensemble 

Table 5-6. Performance 
specifications for the 
TGSS-EM. 

Temporal resolution —40 ps (source-size limited) 
Spectral resolution —1A (source-size limited) 
Collection solid angle ~ l t f - 4 s r (grating-aperture limited) 
Dynamic range alO 3 (streak-camera limited) 
Maximum sensitivity 50 W/sr (photocathode dependent) 
Spectral range M r — 55 A (adjustable over range 0 to 260 A) 

Autoreflecting 
telescope 

-Lasing 
channel 

Fig. 5-46. Bench align
ment of the x-ray laser 
target. 

Mirror 
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Fig. 5-47. Alignment of 
the TGSS-EM 
ensemble. 
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•AutocoUimating 
and centering mirror 

Image B 

Fig. 5-48. Chamber 
alignment of the target 
and the TGSS-EM 
system. 
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are aligned along the preferred line of 
sight between the autoreflecting telescope 
and the center of the target chamber. The 
lasant-material channel is first aligned 
along the preferred line of sight by 
means of a retroreflecting mirror. The 
TGSShM ensemble is then situated on 
the same line of sight by retroreflection in 
its reference mirror and centering on its 
cross hair. The location of the streak cam
era's photocathode along the dispersion 
line is verified by rotating the TGSS-EM 

ensemble about its vertical axis (preset 
perpendicular to the ellipsoidal axis) and 
observing whether the image of the pho
tocathode is centered on the cross hair of 
the reference mirror. 
By using these methods and additional 

support procedures, we were able to align 
the spectrometer and the target laser chan
nel with an accuracy better than ± 1 mrad. 

TGSS-EM Data. A typical TGSS-EM 
data record is shown in Fig. 5-49. It was 
produced from a selenium x-ray laser target 
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illuminated by Novette. The strong ASE 
from neon-like selenium at 206 and 209 A is 
dearly visible. A strong continuum emission 
occurs later at ~ 2 ns. Without temporal 
discrimination, the late-time continuum 
emission would have interfered with the 
detection and identification of the amplified 
lines. The record also shows two fidudals at 
the long-wavelength end of the spectrum. 
The bright edge is the second-order K-edge 
of a thin beryllium filter. It serves as a 
wavelength marker at 222 A. The dark line 
adjacent to the beryllium edge is the 
shadow of a thin wire used as a spatial 
resolution check. 

Two more data records are shown in 
Figs. 5-38 and 5-39 earlier in this section. 
Figure 5-38(a) shows the spectrum, from a 
1-cm-long selenium x-ray laser target. 
Easily seen are 206-A, neon-like ASE lines 
(marked A), a sodium-like line at 201 A 
(marked B), and other spectral features. 
Figures 5-38(a) and 5-38(b) show the con
trast between the temporal shape of the 
ASE and the spectrum. The FWHM of the 
209-A line is ~250 ps, significartly shorter 
than the 450-ps Novette laser pulse, 
whereas the width of the 201-A line is 
about 1 ns. Figure 5-39 shows the heavily 
filtered spectrum of a 2-cm-long selenium 
x-ray laser target. The photocathode was fil
tered to keep the ASE lines within the dy
namic range of the streak camera. The peak 
power at 206 A was measured at slightly 
greater than 3 MW/sr. 

The TGSS-EM is a synthesis of our ca
pabilities in time-resolved x-ray detection, 
grazing-incidence reflection optics, and 
microfabrican'on. It shows a generous return 
on our long-term investment in x-ray mea
surement technology. 

Author: N. M. Ceglio 

Major Contributors: H. Medecki, 
R. L. Kauffman, and D. G. Stearns 

X-Ray CCD Camera 

A balanced development program in x-ray 
optics must include goals for improving 
x-ray detection. Newly developed charge-
coupled devices (CCDs) make it possible to 

Wavelength • 

detect x rays electronically with low noise, 
high sensitivity, good spatial resolution, 
real-time readout, and extreme positional 
stability. Such devices provide a significant 
advantage over x-ray film, with its com
bined problems of quality control, high 
grain noise, limited sensitivity, and slow 
data turnaround. 

We have developed a direct x-ray-
imaging CCD camera designed to test and 
characterize reflection and transmission 
x-ray optics. It covers a spectral range from 
~05 to >15 keV, and its high sensitivity 
allows the use of low-brightness laboratory 
x-ray sources. The front-illuminated virtual-
phase CCD, made by Texas Instruments, 
Inc., has a 390- x 584-pixel array. Since 
each pixel is 22 ̂ m square, the total active 
detector area is 8.6 x 12.8 mm. The pixel 
capacity is 4 x 105 electrons. The CCD op
erates in a temperature range from - 60 to 
- 100°C. It has an equivalent noise of ~30 
electrons (rms) and exhibits a dark current 
less than 0.05 nA/cm2. 

The camera system is a stand-alone unit 
with three components: the camera head, 
the front-end electronics, and the main 
computer. The camera head contains a CCD 

Fig. 5-49. Typical 
TGSS-EM data record 
from a selenium x-ray 
laser target. 
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Fig. 5-50. Schematic 
layout of the CCD 
camera system includ
ing the camera head, 
the front-end control 
electronics, and the 
main computer with 
peripherals. 

chip, which is the active imaging e lement 
and the CCD pre-amplifier board, all in a 
vacuum environment cooled by a liquid ni
trogen reservoir. The Dewar design of the 
cooling apparatus allows for universal ori
entation of the head. The cooling apparatus 
can hold the temperature below - 100°C 

for more than 16 h. The front-end electronic 
components are the heart of the camera 
system. They monitor and contro! the CCD 
temperature, drive the clocks that shift the 
charge out of the CCD, perform low-noise 
amplification, do analog signal processing, 
convert the output signal from analog to 
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digital, and transmit the digital data to the 
main computer. Eight circuit hoards make 
up the front-end electronics. They are listed 
below and represented schematically 
in Fig. 5-50. 
1.1802 Cosmac microprocessor. 
2. Cosmac memory. 
3. Digital-to-analog converter. 
4. Temperature control. 
5. Programmable sequencer. 
6. High-speed clock driver. 
7. Analog signal processor. 
8. High-speed serial link. 

The main computer, a Pacific Microcom
puter Model 68000, is also represented with 
its peripherals in Fig. 5-50. Image data trans
ferred over the high-speed serial link can be 
analyzed by this computer, displayed by 
the AED 512 color graphics terminal, and 
stored on the 20-megabyte Winchester disk 
system or on 1/2-in. magnetic tape by 
means of the Cypher tape drive. 

Major improvements to the CCD camera 
are under way. By early 1986, we expect 
to extend CCD sensitivity to longer x-ray 
wavelengths (carbon Ka =* 280 eV). Further
more, a new camera is being built with an 
d00- x 800-pixel array and pixel dimensions 
improved to 15 jUm square. Finally, we are 
designing a compact, thermoelectrically 
cooled camera head that will be easier to 
handle and require less cooldown time. 

Author: N. M. Ceglio 

Major Contributors: G. Ricker, J. V. 
Vallerga, and G. Luppino (Massachusetts 
Institute of Technology) 

Development of an X-Ray 
Framing Camera 

This article describes the development 
of a framing camera capable of recording 
an x-ray image with a time resolution of 
-—100 ps and a spatial resolution of 
—25 fim. The potential applications of such 
an instrument have been described previ
ously.112 The x-ray framing camera (XFC) 
will allow the direct observation of instabil
ities and asymmetries that can degrade the 
performance of fuel-pellet implosions. In a 
typical experiment, the imploding fuel pellet 
will be backlit by an intense laser-induced 

x-ray source, and the framing camera will 
record a radiograph of the implosion event 
through an x-ray microscope. Since the 
frame duration of 100 ps is much shorter 
than the duration of the implosion (>1 ns).. 
the image will be a "snapshot" of the 
pellet at a particular stage of compres
sion. Hence the XFC should be an ideal 
tool for diagnosing the dynamics of the 
implosion process. 

Performance Requirements. If the XFC 
is to be a useful experimental instrument, it 
must meet severe requirements imposed by 
the laser fusion processes that are io be 
studied. In a fuel-pellet implosion, the ra
dial velocities can be as great as ™-3 x 10' 
cm/s. Nonuniform]ties of the pellet surface 
are expected to grow because of Rayleigh-
Taylor instabilities, with maximum growth 
at a wavelength approximately equal to the 
shell thickness. Since it is important to re
solve these fine-scale nonuniform!ties, the 
spatial resolution of the XFC should be sev
eral microns at the source. In order that the 
image blur associated with the rapid implo
sion not exceed a spatial resolution of sev
eral microns, the frame duration should be 
no longer than 100 ps. 

The limited intensity of available x-ray 
backlighters imposes further constraints. For 
instance, an aluminum backlighter (1.4 keV) 
used in conjunction with an 8 x Kirkpatrick-
Baez (K-B) x-ray microscope (viewing a 
solid angle of — 10" 7sr) can provide on the 
order of 10s x-ray photons to the input of 
the camera during a 100-ps interval. If an 
imag.2 consists of —100 x 100 = 104 pixels, 
an exposure of 100 photons per pixel 
(which implies a statistical noise level of 
10%) would require the XFC to have a de
tection efficiency of at least 1%. In this re
gime of signal-limited imaging, it is 
essential that the XFC be able to detect 
single x rays? with high efficiency. 

Another important requirement for the 
XFC is an adequate signal-extinction ratio— 
the ratio of the detection efficiency in the 
"open-shutter" condition to that in the 
"closed-shutter" condition. Any backlighter 
illumination or target self-emission recorded 
outside the frame interval must not reduce 
the dynamic range of the framed image. If 
significant x-ray emission exists for 1 ns and 
a dynamic range of 100:1 is desired, the ex
tinction ratio must be better than 1000:1. 
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Fig. 5-51. The x-ray 
framing camera de
sign. Framing is 
achieved by gating a 
photocathode built 
into the strip trans
mission line. 

Finally, the field of view of the XFC must 
be large enough to conveniently image 
reactor-size fuel pellets of up to 1 m m in 
diameter. An x-ray optic well matched to 
the XFC is the 8 x K-B microscope. This 
component satisfies all optical requirements 
and is simple to operate. The 8 x magnifi
cation factor requires that the field of view 
of the camera be ~ 1 x 1 cm. The require
ment that the XFC have a spatial resolution 
of several microns at the source translates 
to a spatial resolution at the image plane of 
at least 50 ^ m . Thus the 1-cm2 field 
of view implies an image array of ~ 2 0 0 x 
200 pixels. 

[n view of the considerations presented 
above, ihe following are realistic perfor
mance requirements for the XFC: 
^Temporal resolution: ~10Dps. 
• Spatial resolution: <50 jum. 
• Dynamic range: >100:1. 
• Detection efficiency: > 1 % in the energy 

range 1 to 5 keV. 
• Detection sensitivity: single x rays. 
• Extinction ratio: >1000:1. 
• Image size: — l x l cm. 

Framing Camera Design. The design of 
the camera we are fabricating is shown in 
Fig. 5-51. The x-ray image is incident on a 
transmission photocathode composed of Csl 
deposited on a ~25-;zm beryllium window. 
The photocathode is incorporated into the 
upper half of a strip transmission line. The 
conducting strip is composed of a film of 
gold ink deposited on a ceramic substrate. 
The width of the strip is 25 mm, and the 

transmission-line gap is 1 m m ; these dimen
sions yield a characteristic impedance of 
15 Q. In the closed-shutter condition, a 
reverse-dc bias of 500 V prevents the photo-
electrons from leaving the surface of the 
photocathode. To record an image frame, a 
5-kV gate pulse is generated by a GaAs 
photoconductive switch and propagated 
across the photocathode. The GaAs switch 
is activated with a short light pulse of mod
erate intensity (—0.25 mj) coupled in 
through a fiber-optic light guide. The width 
of the gate pulse is twice the length of the 
charge line. The rise time of the gate pulse 
is largely determined by the temporal width 
of the trigger light pulse and by broadening 
due to transmission-line dispersion. The 
gate pulse travels along the transmission 
line and is eventually dissipated in a thick-
film terminating resistor. The width of the 
gap underneath the resistor is decreased to 
maintain a constant line impedance, which 
minimizes reflections. 

Throughout the time that the gate pulse 
travels across the photocathode, photoelec-
trons are accelerated toward the ground 
plane. A thin microchannel plate (MCP) is 
built into the ground plane directly below 
the photocathode. The MCP is not electri
cally biased, but acts solely as an electron 
collimator. Computer simulations indicate 
that the electrons are deflected in the 
transmission-line gap by magnetic fields as
sociated with the propagating electromag
netic wave. The angle of the channels (3.8° 
with respect to normal) is chosen to allow 

Light pulse 
trigger 

CCD 
(RCA SID-S01) 
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most of the electrons to pass through the 
MCP. Meanwhile the background signal of 
x rays that are transmitted through the 
nearly transparent photocathode impinges 
on the MCP at normal incidence, and the 
x rays are absorbed without being detected. 

The photoelectron image is directly de
tected by an RCA SID-501 CCD placed 
within 1 mm of the bottom of the MCP, 
The image area consists of a 320 x 512 ar
ray of 30-//m-square pixels. Because the 
CCD is thinned for back-side optical illumi
nation, it is particularly suitable for direct 
electron bombardment. Previous studies of 
the direct electron bombardment of CCDs 
have demonstrated that the devices are very 
linear and have high sensitivity for detect
ing electrons with sufficient energy to pene
trate the dead layer.133-134 

The performance of this XFC was studied 
by means of a computer simulation that in
corporated all the basic camera components. 
Monte Carlo calculations of individual elec
tron trajectories were used tc generate sim
ulated images. The calculations predict that 
the width of the point-spread function will 
be within a single CCD pixel, i.e., <30 £tm. 
The simulation also shows that XFC effi
ciency is limited to the quantum efficiency 
of the Csl photocathode, which is 1 to 5%. 

Evaluation Facilities. Conceptually, the 
XFC is a simple instrument. However, there 
are several critical aspects of the design that 
have not yet been tested. One assumption 
crucial to the successful operation of the 
camera is that a high-voltage pulse com
posed of purely transverse electromagnetic 
(TEM) modes can be generated and propa
gated a short distance along the transmis
sion line, even though the wave contains 
frequency components well above the 
transverse electric (TE) and transverse mag
netic (TM) cutoff frequencies. Another im
portant consideration is the response of the 
CCD to direct bombardment by relatively 
low-energy (4.5-keV) electrons. In order to 
optimize the performance of the XFC, it is 
necessary to investigate the behavior of the 
transmission line and the CCD thoroughly. 
We are setting up two laboratory facilities to 
perform these evaluations. 

The transmission line will be character
ized on an electrooptical sampling system, 
based on a technique originally developed 
by Valdmanis etal. 1 3 5 This sampling system 

is shown schematically in Fig. 5-52. A small 
birefringent crystal (LiTa03) is suspended 
inside the transmission line gap. A light 
pulse lasting 3 to 5 ps (available from the 
short-pulse laser facility) is used to trigger 
the photoconductive switch and probe the 
crystal after a variable delay. As the linearly 
polarized beam passes through the crystal, 
the Pockels effect rotates the plar e of po
larization by an amount proportional to the 
instantaneous strength ot the electric field. 
By analyzing the polarization state of the 
transmitted beam, the electric field strength 
can be measured with a temporal resolution 
equal to the width of the light pulse 
(<5 ps) and with a spatial resolution equal 
to the size of the crystal (~-0.5 mm). The 
delay oi the probe beam and the position of 
the crystal are controlled by a computer 
that can rapidly map temporal and spatial 
profiles of the propagating voltage pulse. 

The response of the CCD to direct elec
tron bombardment will be studied using a 
scanning electron microscope (SEM) as the 
electron source. We are installing digital-
beam-scanning and high-speed beam-
blanking capabilities on a Nanolab 2100 
SEM. The microscope is being modified to 
allow for the mounting and operation of a 
standard CCD package inside the sample 
chamber. This fa-ility will make it possible 
to bombard the CCD with an electron 
beam of variable flux and duration with en
ergy varying from 750 to 30 000 eV and a 
spatial resolution of better than 1 /im. The 
system will be used to characterize impor
tant off*"-'.-» such as the magnitude and uni
formity v/i the dead layer and the extent of 
signal spreading inside the CCD. 

Fig. 5-52. The con
figuration of the 
electrooptical sam
pling system, capable 
of measuring voltage 
waveforms inside the 
transmission line with 
picosecond resolution. 
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These facilities will allow us to study the 
critical components of the XFC separately. 
Such investigations will provide a thorough 
understanding of XFC operation,, which is 
essentia] to the development of an effective 
and versatile instrument. 

Author: D. G. Steams 

Advanced Neutron Measurements 

Advanced Neutron Diagnostics for the 
Nova Laser Facility. Implosion experiments 
performed on Nova are expected to pro
duce an increased yield of thermonuclear 
neutrons compared with that of earlier ICF 
experiments. This yield will make feasible a 
number of neutron-based measurements 
heretofore not possible. 

Laser fusion neutron diagnostics can be 
divided into two categories: invasive and 
noninvasive. Invasive techniques require the 
placement of a tracer material in an inter
esting region of the target to be activated by 
the thermonuclear neutrons, The degree of 
activation indicates the location or the areal 
density ((pr)) of the tracer material at the 
time of neutron emission, which in turn is 
indicative of some aspect of target perfor
mance. This technique is attractive because 
it is passive and can be made quite sensi
tive. Disadvantages stem from the require
ment for specially fabricated targets and 
possible effects on target performance. The 
compressed (pr) of various target compo
nents and values related to pusher-fuel mix
ing are the quantities that can be expected 
to be measured by these techniques. 

Noninvasive techniques involve the en
ergy, spatial, or temporal analysis of the 
neutrons emitted from the target. These 
techniques take advantage of the large 
mean free path of the neutrons, which al
lows the easy transport of information out 
of the targets. Noninvasive techniques re
quire no specially prepared targets, and the 
measurement does not affect target perfor
mance. The target parameters measured in
clude the total yield, compressed fuel (pr), 
bum history, core symmetry, ion tempera-
tuie, and interval time between the laser 
and neutron peaks. 

After examining a host of diagnostic op
tions from both categories for Nova, we 
have decided to pursue the following ideas: 

1. We are planning to develop two diag
nostics—an invasive radiochemical tech
nique and a noninvasive measurement 
of the neutron energy spectrum to obtain 
the compressed fuel (pr). These diag
nostics will apply to a range of Nova 
target designs. They will have an ap
proximate (pr)-yield threshold of 105 

neutrons-g/cm2. The next article on 
the facing page, "Measurement of the 
Fuel (pr) of Nova Targets/' discusses 
these techniques. 

2. We are also designing a streak-camera-
based instrument capable of measuring 
neutron production as a function of time 
with a resolution of 15 to 20 ps. This in
strument will also be able to measure the 
ion temperature and the interval time be
tween the laser and neutron peaks. We 
expect the detection threshold for such an 
instrument to be in the range of 109 to 
101 0 neutrons. These measurements will 
be made with an optical streak camera 
coupled to a stack of uranium, foils inter
leaved between thin layers of plastic scin
tillator. It is crucial that the rise time of 
the scintillator be less than the desired 
resolution of 15 to 20 ps. The article "Fast-
Scintillator Measurements" describes the 
rise-time measurements of several candi
date scintillator materials as well as the 
instrument itself. 

3. With yields of 10" and greater, we can 
begin to consider neutron imaging. Imag
ing the thermonuclear-neutron source re
gion with a spatial resolution of 5 to 
10 p.n\ will require the fabrication of a 
very high-aspect-ratio aperture. Such a 
structure will have dimensions or 
tolerances on the order of the desired 
resolution in one direction and dimen
sions comparable to a significant fraction 
of the neutron mean free path in the 
other direction. Furthermore, to operate at 
these yields, the aperture must have a 
larger collection area than a simple pin
hole, the only aperture considered thus 
far. We are performing simulations to ex
amine a number of devices and tech
niques, including high-aspect-ratio zone 
plates, uniformly redundant arrays, and 
penumbral imaging. This last technique is 
described in the article "Penumbral Imag
ing for Neutrons." 

Author: S. M. Lane 
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Measurement of the Fuel (pr) of Nova 
Targets. In 1984, we investigated two meth
ods for determining the compressed fuel 
(pr) of Nova targets: 
• Neutron activation of a tracer material 

placed in a target. 
• Measurement of the neutron energy 

spectrum. 
The neutron-activation method requires 

that a special tracer material be placed 
in a relevant region of the target. This is an 
established radiochemical technique that 
lias the advantage of being passive; that is, 
it is insensitive to target-produced x rays, 
electrical noise, and gamma rays. Because 
the amount of tracer can be adjusted, this 
method can be made quite sensitive. 

The neutron-energy method takes advan
tage of the fact that the predominant inter
actions of the fusion neutrons before they 
leave the target are with the fuel. Thus, a 
direct determination of the fuel (pr) can be 
made by measuring the neutron energy 
spectrum. This technique is not straightfor
ward because of the low fuel areal density 
(pr < 300 mg/cm2) expected from Nova 
targets where only a few percent of the neu
trons interact with the fuel. Therefore they 
must be measured in the presence of the 
large number of noninteracting neutrons. 

We studied a number of methods of mea
suring the neutron spectrum and • oncluded 
that a time-of-flight technique employing a 
detector made of a large number of inde
pendent cells was the most attractive. Alter
native techniques we considered include: 
1. Threshold detectors. 
2. The use of plastic nuclear track detectors 

or a magnetic analyzer to measure the 
energy and direction of charged recoil 
particles produced when neutrons im
pinge on a radiator material. 

3. Time-of-flight measurements by means of 
a neutron streak camera, a neutron-
sensitive gated transmission line, gated 
microchannel-plate detectors, or a single 
large scintillator detector. 

These techniques were eliminated because 
of low sensitivity, low energy resolution, or 
complex data reduction requirements (in the 
case of track detectors). 

Neutron Activation. Neutron activation of 
silicon in the pusher is a standard LEAD 
Program (pr) diagnostic.136"138 In general, 
our neutron-activation techniques employ a 
tracer element that is activated by fusion 

neutrons. The tracer can be mixed uni
formly with the fuel, placed in a thin layer 
between the fuel and the pusher, or (least 
desirably) mixed with the pusher. The latter 
two tracer locations yield an indirect mea
surement of the fuel (pr) and require com
puter modeling support The number of 
tracer atoms that are activated is propor
tional to the neutron yield (which must be 
measured independently) and to the bum-
averaged (pr) of the tracer. After the implo
sion, a known fraction of the activated 
atoms must be collected and then counted. 
Counting can be done by a detector system 
in the chamber or in a remote, shielded en
closure. The fraction of collected debris is 
determined by including a known amount 
of a second radioactive tracer in the target. 

Using an excessive amount of the tracers 
can cause problems such as hydrodynamic in
stabilities, fuel preheating or quenching of the 
bum. The degree of these problems can be 
partially quantified by measuring neutron 
yield as a function of tracer concentration. 
Another difficulty is the need to develop tech
niques for the collection of tracer debris and 
the determination of the fraction collected 

There are several advantages to neutron-
activation techniques. First, they can be com
paratively sensitive. For instance, a 80Kr tracer, 
enriched to 90% in an amount equal to 0.1 
at% of the fuel and mixed uniformly with 
the fuel, requires a yield of only 2 x 10s neu
trons to measure a (pr) of 0.05 g/cm2 when 
1% of the 80Kr is collected following the im
plosion. 80Kr is an attractive tracer candidate 
because of its anticipated solubility in liquid 
DT. We expect that a uniform mixture of l0Ki 
and DT can be achieved in directly driven 
cryogenic targets containing liquid fuel layers. 
If neutron yields are high enough, it is possi
ble that different tracers could be placed in 
separate regions of the target to obtain simul
taneous fuel and pusher (pr) measurements 
or even mix measurements. 

Neutron Energy Spectrum Measurements. 
The dominant interactions of fusion neu
trons with the target are elastic scattering 
and (n,2n) reactions with the DT fuel. These 
interactions cause the neutrons to lose some 
of their energy. An example of the resultant 
energy distribution is given in Fig. 5-53. The 
intensities of the fusion neutrons in the fig
ure are normalized according to the yields 
given in Table 5-7. The total intensity from 
elastic scattering and (n,2n) reactions in the 
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Fig. 5-53. Neutron 
spectral distribution 
in an equimolar fuel 
mixture. 

Table 5-7. Character
istics of fusion reac
tions assumed in 
spectral calculations. 
(Mean plasma tem
perature is 5keV.( 

Fusion reaction Rate (relative) Weight 

DT 
DD 
TT 

1.00 
4.14 x 10 ~ 3 

2.87 x i O " -

1 
1 
2 

Neutron reaction 
;,• fuel 

Cross section at 
E„ = 14 MeV 

(b) Weight 

D(n,n)D 0.638 1 
D(n,2n)D 0.177 2 
T(n,n)T 0.932 1 
T(n,2n)T 0.048 2 

fuel was assumed to be 1% of the DT neu
tron yield. The fraction of neutrons / inter
acting in this manner is given by 

/ = 0.22<pr(g/cm2)> (20) 

for a target having a 1:1 DT fuel mixture. 
Nova targets are expected to achieve <pr) 
values sufficient to cause 1 to 10% of the 
neutrons to interact. If the energy spectrum 
of neutrons emitted from the target were 
measured, the fraction of neutrons interact
ing with the fuel, and thus the fuel (pr), 
could be estimated. 

The tritium-tritium TT reaction is a po
tential source of interfering neutrons. (The 
TT yield is roughly 0.6% of the DT yield 
at an ion temperature of 5 keV.) With an 
optimal fuel mixture—about 90% D to 10% 
T—the total yield will be reduced by about 
a factor of 3, whereas the TT yield will be 
reduced by a factor of 25. 

Besides the TT yield, there are other po
tential sources of interference. One consists 
of scattered neutrons resulting, from interac
tions with structures other than the fuel. 
Structures inside the target chamber, such 
as the target manipulator and the cryogenic 
shroud, are capable of scattering vastly 
more neutrons than the fuel. Although 
these neutrons may be partially shielded or 
discriminated against on the basis of time of 
arrival at the detector, it is critica< that they 
be well characterized to avoid confusion 
with fuel-scattered neutrons. Because of the 
complex geometry of the target chamber 
and associated hardware, the non-fuel-
scattered neutrons must be characterized by 
experiment as well as by computer simula
tions. Such experiments could be performed 
by using targets with high yields and very 
low fuel densities, such as exploding-pusher 
targets. Alternatively, a small neutron gen
erator could be used to produce neutrons at 
the chamber center. 

Another type of interference is caused by 
full-energy neutrons—those that have not 
interacted with the target or have interacted 
but have lost very little eneigy. The detector 
must have sufficient energy resolution 
to distinguish between the large quantity 
of these neutrons and the relatively few 
neutrons that have lost a substantial 
amount of energy in the fuel. For / = 1%, 
Doppler broadening alone limits the ob
servable portion of the spectrum to below 
13.5 MeV, if ,ve assume a Gaussian line 
shape having a width appropriate for a 
5-keV ion temperature. Instrument broaden
ing will reduce this region even further. Al
though computer predictions confirm that 
the Gaussian line shape is a good approxi
mation even at 0.001 of the peak value, 
non-Gaussian shapes may arise in the 
course of experiments. 

Because .he emission of neutrons from 
the source is essentially a delta function in 
time and space, the energy spectrum can be 
obtained bv measuring the relative time of 
arrival of neutrons at a detector. Such a de
tector might usefully be placed anywhere 
from 10 cm to 10 m from the target. The 
closer dcteccors are placed to the target, the 
shorter is the required resolving time, and 
Lhe more sophisticated the detection system 
must be. For reference, the arrival times of 
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14-, 13-, 8-, and 3-MeV neutrons at a detec
tor 1.0 m from the target are 19.4, 20.1, 25.7, 
and 41.9 ns, respectively. 

We selected a 1.0 m flight path inside the 
5-m-diam Nova target chamber because a 
short target-to-detector distance makes it 
possible to discriminate against some non-
fuel-scattered neutrons on the basis of ar
rival time. For instance, a detector placed 
about midway between the target and the 
chamber wall will detect a 3-MeV neutron 
before a 14-MeV neutron has time to 
bounce off the nearest wall and return to 
the detector. 

A major difficulty with a time-of-flight 
system is detector saturation. The detector 
must not be saturated by the burst of 
14.1-MeV neutrons that arrives ahead of 
the slower neutrons scattered in the fuel. 
The detector system used in this applica
tion must be able to recover rapidly or 
remain active immediately following the 
14-MeV burst. 

By using a detector made of a large num
ber of identical cells, we can increase the 
ratio of downshifted to full-energy neutrons 
observed by each cell, even though the ra
tio emitted by the target may be very low. 
This ratio increases with the number of 
cells to the point at which, on average, a 
single cell detects either 0 or 1 downshifted 
neutron and some number of full-energy 
neutrons. Cells that detect no downshifted 
neutrons can be ignored; thus the ratio of 
downshifted to full-energy neutrons is in
creased in the remaining cells. We call this 
approach the multi-hit technique. By in
creasing the number of cells even more, a 
limit can be reached when no full-energy 
neutrons are detected in some cells; thus 
they are available to detect one down-
snifted neutron. This is the single-hit 
technique. With either of these techniques, 
each cell typically detects neutrons in a 
pulse mode. This allows measurement of 
each neutron's energy individually rather 
than counting an undetermined number of 
neutrons at once. 

The single-hit approach requires a large 
number of cells in the detector array. For an 
estimate of this number, consider a case in 
which the downshifted neutrons make up 
1% of the neutron spectrum. If the neutron 
yield and single-cell detection efficiency are 

such that an average of one neutron per cell 
will be detected, about 60% of the cells in 
the array will be hit by one or more full-
energy neutrons and become "dead." This 
leaves about 40% of the cells "alive" for the 
incoming 1% component of downshifted 
neutrons. Thus there would be a 4 x 10 " 3 

probability that a downshifted neutron is 
detected in a "live" cell. In order to con
struct an energy spectrum, it is desirable to 
detect at least 100 downshifted neutrons; 
therefore, 25 000 cells are required. 

The multi-hit configuration takes advan
tage of the fact that the downshifted neu
trons do not all arrive simultaneously, bu* 
over a 20-ns period following the full-
energy burst. This delay allows sufficient 
time for many cells to recover. By using the 
multi-hit technique, the number of required 
cells is reduced to about 1000. 

Monte Carlo computer simulations using 
realistic neutron spectra and realistic cell-
response functions yield substantially the 
same detection efficiencies as described 
above. Single-hit signal processing is sim
pler and easier to implement than multi-hit 
systems, but its cost may be p- ->hibitive. We 
are trying to determine the optimized cost 
per channel for both configurations. 

Conclusion. To measure the fuel (pr) on 
Nova targets, we will focus on a time-of-
flight system consisting or an array of small 
detector cells placed approximately halfway 
between the target and the chamber wall. 
This system can be made quite sensitive, it 
will use existing technology, it requires no 
special targew. ind it can provide a rapid 
and direct measure of the fuel (pr). The 
major risk lies with x rays, electrical noise 
from the target, and neutrons scattered by 
structures inside the target chamber other 
than the fuel All of these might tend to 
overwhelm tl.e fuel-scattered neutron sig
nal. Simple analysis of the emitted neutron 
spectrum suggests that a 90% D to 10% T 
fuel mixture is optimal. An appropriate de
tector system might consist of an array of 
silicon detectors placed on a chip using in
tegrated circuit technology. 

We also plan to implement some form of 
neutron -activation technique. This method 
is established, passive, and potentially very 
sensitive. We are analyzing methods of in
corporating appropriate tracer materials into 
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Fig. 5-54. Experimental 
configuration used at 
the LLNL linac to 
measure scintillator 
rise times. 

Fig. 5-55. (a) Sample of 
streak-camera data re
corded with the in
strument configuration 
shown in Fig. 5-54. (b) 
Temporal response of 
scintillator (SG1S0) 
taken at X = 0.38/im. 

the target Experiments are being conducted 
at LLNL and at the University of Roches
ter's Omega Laser Facility to develop debris-
collection techniques and to determine the 
tracer's effect on target performance. 

Authors:". M. Lane, M. D. Cable, W. K. 
Graves, R. A. Lerche, D. R. Slaughter, C L. 
Wang (LLNL); and S. G. Prussin (Univer
sity of California, Berkeley) 

Fast-Sdntillator Measurements. We are in
vestigating scintillators because their fast 
timing properties may be applied to the 
development of neutron diagnostics. Mea
suring the history of a target bum by direct 
observation of DT neutrons requires a time 
resolution of 20 ps. An instrument designed 
to measure the plasma ion temperature by 
neutron time of flight, when the flight path 
is r£l m, requires a detector system with 
resolution of 60 to 100 ps. 

Fast plastic scintillators like NE111, 
BC-422, and SG180 typically have decay 
constants of about 1400 ps. With quenching, 
the decay constant can be decreased to 
about 700 ps—still too slow for the instru
ments that we would like to build. One yet-
unexploited property of fast scintillators is 

m/t Mirror 

4, 
Light 

Lens 5 ^ -
v? 

Lens / Electron 
beam 

Scintillator sample 

Streak 
camera Spectrometer 

their rise time, if a scintillator's rise time is 
short and its decay time is long relative to 
the particle time distribution being mea
sured, then the distribution of particle ar
rival times is approximately the time 
derivative of the light output Accurate rise-
time information for fast sdn'illators has 
been unavailable in the literature. Using a 
200-ps (FWHM) burst of soft x rays, Cheng 
el: al. estimated the 10 to 90% rise time of 
their samples to be about 100 ps. 1 3 9 Other 
eccperimenters suggested that the rise times 
of fast plastic scintillators are greater than 
100 ps. 1 4 0 Previous scintillator studies were 
designed to measure sample decay times 
greater than several hundred picoseconds. 
In each study, either the excitation pulse or 
the detector-system response made it diffi-
cjlt to determine a sample rise time less 
titan 100 ps. 

Rise-Time Measurements. In 1984, we be
gan experiments designed to measure scin
tillator rise times. For our application—the 
measurement of target bum histories—we 
are especially concerned with the temporal 
iridth of the sample excitation pulse, the 
temporal resolution of our measurement 
system, and the need to characterize the ex
citation pulse and the scintillator output 
simultaneously. Our initial work was done 
at the LLNL electron linear accelerator 
(linac), which provides a beam of 120-MeV 
electrons to excite the scintillator sample. A 
beam pulse consists of 1 to 100 micropulses 
spaced at intervals of 350 ps. The width of a 
micropulse is 30 to 40 ps. 

Figure 5-54 shows the experimental con
figuration we used to measure scintillator 
time response as a function of spectral 
wavelength. The electron beam from the 
linac is focused onto a 1-mm-thick scintilla
tor sample at a point several centimeters 

1500 

•j? 1000 
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past the end of the linac vacuum pipe. Ap
proximately 0.5 MeV of energy per electron 
is lost as the beam travels through a 1-mm-
thick sample. Cerenkov light generated in 
the sample and sample scintillation are col
lected with a spherical lens and relayed by 
a turning minor to a cylindrical lens, which 
focuses the light onto the input slit of a 
spectrometer. The spectrometer output is re
corded by an LLNL ulto.fast optical streak 
camera with an S20 photocathode. The 
temporal response of this arrangement is 
about 25 ps (FVVHM). The spectrometer has 
a 20-ps (FWHM) response due to its 1-cm-
wide, 600-line/mm diffraction grating, and 
the streak camera has less than a 10-ps 
(FWHM) response. 

Figure 5-55(a) shows stress-camera data 
recorded with this arrangement using a 
sample of SG180. The long-lived scintillator 
output around 0.38 /jm is easily distin
guished from the fast broadband Cerenkov 
background pulses. A Cerenkov pulse is a 
measure of the sample-excitation pulse, 
since it is formed only as the electrons pass 
through the sample. Figure 5-55(b) shows 
the temporal response of the scintillator at 
the wavelength of peak light output with 
the Cerenkov background subtracted. Pre
liminary analysis indicates that the rise 
times of several samples, including BC-422, 
are less than 50 ps. Our measurements ap
pear to be limited by the response of the 
measuring system aind the width of the 
excitation pulse. Our work in this area 
is continuing. 

Application to the Measurement of Target 
Burn Histories. A fast plastic scintillator is an 
important component in the design cf an 
efficient neutron streak camera. The design 
calls for a stack of many 15-//m x 
1-mm x 1-mm sheets of plastic scintillator, 
each separated by a. 10-um layer of a ura
nium oxide. Dimensions are approximate 
and must be optimized for maximum detec
tor efficiency. The scintillator stack is placed 
against the slit of an optical streak camera, 
so that light leaving the edge of the plastic 
layers couples into the camera. Neutrons 
traveling through the uranium oxide layer 
cause fission. Fission products leave the ox
ide layer and deposit much of their energy 
in the adjacent scintillator layer. This design 
provides high energy magnification and ef
ficient energy collection for each absorbed 
neutron. The time for energy transfer from 

the fission product to the scintillator is esti
mated to be several picoseconds. As a pulse 
of neutrons passes through the scintillator 
stack, the light output for periods shorter 
than the decay time of the scintillator will 
increase to a level proportional to the total 
number of neutrons passing through the 
detector. If the scintillator response is fast 
relative to the temporal width of the burst 
of neutrons, the derivative of the leading 
edge of the streak-camera output will be 
the shape of the neutron pulse. 

Authors: W.R. Graves, D.R. Slaughter, 
and R. A. Lerche 

Major Contributors: R.L. Griffith, 
T. P. Stack (IXNL); K. Gifford and 
C.WilkefBendix) 

Penumbral Imaging for Neutrons. In early 
laser fusion experiments, we were able to 
image the fuel bum region by means of a 
particles emitted from the target.1'"'142 How
ever, as the targets became larger and were 
driven to higher density by more powerful 
lasers, the a-particles no longer escaped the 
target and could not be imaged. On the 
other hand, thermonuclear neutrons are 
penetrating enough to image the burn region 
without significant attenuation or distortion. 

We first studied the possibility of using 
a simple pinhole-camera geometry for 
neutron imaging. With this device, we 
concluded that a source intensity of 10 1 4 

neutrons would be needed to obtain images 
of useful quality and 10-pm resolution.143 

Since the neutron flux expected from a 
Nova target is at most ~10 1 4 , it is impor
tant to develop a nev.' technique to image 
neutrons at lower fluxes. 

We considered two approaches to this 
goal: (1) using multiple pinholes, and (2) 
applying to neutronj the penumbi-?l imag
ing technique144 developed for x rays by 
Nugent and Luther-Davies at the Australian 
National University Laser Physics Labora
tory. By means of large-aperture penumbral 
imaging, these authors obtained good-
quality, high-energy x-ray images that could 
not be obtained using a conventional pin
hole camera because of low x-ray fluxes. 
Thus they have already solved the x-ray 
analog of our neutron problem. In spite of 
differences from the x-ray case arising from 
the large mean free path of the neutrons 
and from neutron scattering in the pinhole 
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Fig. 5-56. Simulation 
geometry for pinftole-
aperture neution pen
umbra! imaging. 

J;ig. 5-57. Simulations 
using (a) the pinhole-
aperture ^'jmetry of 
Fig. 5-56 and a source 
intensity of 10 1 5 neu
trons, and (b) the 
cylindticii-apet ture 
geometry of Fig. 5-58 
and a source intensity 
of 5 x 10 1 2 neutrons. • 
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collimator material, r.ve decided that the 
most efficient way to test the concept of 
neutron penumbral imaging was to apply a 
simulation code developed by the Austra
lian researchers. At our request they con
ducted a simulation and concluded that 
10-/ini resolution can, in fact, be obtained 
with a source intensity of •—1013 neu
trons. 1 4 5- 1^ They also found that the thresh
old can be lowered to ~ I 0 1 2 neutrons if the 
apertures are arranged in arrays of 3 x 3. 
These findings are important enough to 
warrant further study. 

Because the Australian code takes into ac
count only neutron absorption and not scat
tering in the collimator material, we carried 
out Monte Carlo calculations with the neu
tron transport code TART.147 Once these 
simulated images are deconvolved with the 
Australian code, we should be able to assess 
the effect of the scattering on the spatial 
resolution ana the quality of the image. 

Figure 5-56 shows the geometry used in 
the simulation. The neutron source, consist
ing of two point sources separated by a 
variable distance of 10 to50jjm on the 
x axis, has its center of gravity at the origin. 
A quantity of 800 000 neutrons is generated 
within a cone of 0.03° with respect to the z 
axis. This corresponds to ~10 ' 3 neutrons 
emitted isotropically from the source. The 
tapered aperture 10 cm from the source 
casts the penumbral shadow of the neu
trons on the detectors 20 m away. The de
tectors form a one-dimensional array in the 
x direction and are assumed to be 100% ef
ficient in detecting 14-MeV neutrons. The 
simulated one-dimensional penumbral im
ages of the two point sources are shown in 
Fig. 5-57(a). The change in the images as a 
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function of source separation can clearly be 
seen. These images will be deconvolved by 
means of the Australian code. 

In y-ray shadowgraphy, the edge of a 
large solid cylinder is used to provide maxi
mum one-dimensional isoplanatism in the 
penumbral images, i.e., the aperture shape 
in one direction appears the same regard
less of the source position in that direc
tion.1 4 9 We used this principle in a second 
simulation, the geometry of which is illus
trated in Fig. 5-58. Two point sources sepa
rated by a variable distance of 10 to 50 urn 
are placed at or near the level of the top 
edge of a large cylinder, which casts pen-
umbral shadows at the detector 20 m away. 
A quantity of 400 000 neutrons is generated 
in a small cone, corresponding tc 5 x 101" 
neutrons emitted isotropically from the 
sources. The result of this simulation is pre
sented in Fig. 5-57(b). 

Authors: C. L. Wang, D. K. Kwabi, and 
LVI. A. Russoto 
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B. Luther-Davis (both from the Australian 
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Ultrafast Spectrometer Gating 
Using a Photoconductive Switch 

Recent x-ray laser experiments conducted 
on the Novette facility employed instru
mentation new to the LEAD Program. Two 
of these instruments—a microchannel-pla:e, 
grazing-incidence spectiomeier (McPIGS) 
and a slitless, intensified-readout, gated 

spectrometer (SIRGAS)—had been used 
elsewhere, but either ungated or with rela
tively long gates. In order to detect the 
short burst of laser x rays in the presence of 
a long-lived background, these instruments 
must be gated shortly after the laser x rays 
arrive. A fast-gating capability was devel
oped and implemented on Novette,1 4 9 pro
viding a gate-off time less than 200 ps. Tw.» 
McPIGS and one SIRGAS were used in the 
x-ray laser experiments. 

McPIGS and SIRGAS have very similar 
detectors: open-faced MCPs with microstrip 
electrodes plated onto the front surface. 
There are three electrodes on each MCP, 
each having a characteristic impedance of 
25 Q. Whenever the MCP electrode is biased 
to about - 1 kV, photoelectrons freed by in
cident x rays are multiplied along a channel 
and accelerated into a phosphor screen in 
fiber-optic contact with film. Reducing the 
bias voltage sufficiently (below about 500 V) 
results in gating the MCP "off." 

The grating system consists of three prin
cipal parts: 
1. An optical relay system over 175 m long. 
2. A "slow" pulsed bias supply, producing a 

negative 1-kV, 1-us pulse. 
3. A silicon photoconductive switch and 

wideband pulse-distribution network. 
The photoconductive switch illumination 

is derived from a laser amplifier near the be
ginning of the Novetie laser chain. An opti
cal relay system was constructed to delay 
the beam so that it arrives properly timed 
to the x rays and maintains a good beam 
profile. The relay system is shown schemat
ically in Fig. 5-59. Multiple reflections 

Fig. 5-58. Simulation 
geometry for 
cylindricataperture 
neutron penumbral 
imaging. 
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Fig. 5-59. Five-pass 
trigger beamline relay 
and folding system. 

between plane mirrors fold 120 m of 
beam path length into only 25 m of space. 
P pair of lenses with a 6-m focal length 
provides image relaying. Near the target 
chamber, the beam is split into five separate 
beams, one each for the three spectrometers 
and two for purposes of monitoring. Optical 
trombones provide timing adjustment for 
each beam path. 

The leakage current of a silicon photo-
conductive switch will result in thermal 
runaway if it is dc-biased to 1 kV. To pre
vent this, a pulsed bias supply that pro
duces - 1 kV in a few hundred nanosec
onds was developed. The switch bias is 
present for less than 1 /Js, gating the spec
trometer MCP "on" until the switch snorts 
out the bias voltage. The bias pulse is re
moved well before the photoconductive 
switch recovers—in about 100 /is. 

Incoming 10-mm 
collimated beam 
from polarizer . 

(4 focal lengths) 

A silicon photoconductive switch 1 5 0 was 
chosen for three reasons: 
1. It provides switching speed essentially 

limited only by the incident-light 
pulse width. 

2. It can readily switch 1 kV. 
3. It can be implemented in a low-

impedance geometry. 
Figure 5-60 is a schematic of the fast-gate 
circuit. Each spectrometer consists of three 
25-JJ traismission-line electrodes. A fourth 
25-£2 output was implemented as a monitor. 
The resulting configuration is a 6.25-fi 
(6-mm wide) strip line, fanned out into four 
25-0 strip lines. The switch functions by 
rapidly shorting the pulsed bias voltage 
to ground. 

The three gating signals are carried to 
the spectrometer over semirigid 25-C1 cable. 
Turn-off times staggered by 250 ps provide 
some time resolution. Similar cables are 
used to carry the gating signals from the 
spectrometer to a terminator/monitor mod
ule. This module minimizes electrical 
reflections and provides a means for moni
toring the continuity and quality of each 
signal path. 

This gating scheme provides a gate-off 
transition of less than 200 ps. It has proven 
to be extremely stable and reliable, and has 
significantly improved the detection capabil
ity of these spectrometers. 

Authors: I. D. Wiedwald, D. G. Nilson, 
and D.J. Christie 

Major Contributors: R. B. Wilcox, R. L. 
Hanks, L. G. Seppala, E.J. Smith, 
M. J. Eckart, M. Gerassimenko, and 
D.L. Matthews 

Fig. 5-60. Fast-gate cir
cuitry utilizing photo
conductive switch. 
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Improvements in Streak 
Camera Electronics 

We improved the performance of the 
avalanche transistor sweep circuitry in the 
streak cameras that are used for target and 
laser diagnostics by reducing trigger-timing 
drift, adding a circuit to monitor trigger de
lay, replacing the trigger transistor with a 
more reliable type, and adding a plug-in 
option that increases the sweep time to 
50 ns. These changes make the camera data 
more reliable and extend the recording pe
riod to cover longer laser pulse and fusion 
experiment durations. 

Avalanche Transistors.151 In the past, 
trigger-to-sweep-output delay timing drift 
and timing jitter were excessive in some of 
the streak cameras. Our investigation 
showed that this delay drift 1 5 1 , 1 5 2 is a func
tion of the u..stable breakdown voltage of 
some avalanche transistors. Plots of the trig
ger drift in optical camera No. 12 with a 
new set of 18 avalanche transistors show 
— 1 ns of drift during the first day after in
stallation and an initial 1-h warm-up period 
[Fig. 5-61(a)J, and additional drift of 3 ns by 
the end of the first week [Fig. 5-61 vb)]. In 
contrast, the well burned-in set of transis
tors normally used in this camera had been 
stable within a fraction of a nanosecond for 
over two years. We determined that the 
riming drift in camera No. 12 v/as caused by 
breakdown voltage instability in an 
avalanche-transistor collector. Then we 
measured the change in breakdown voltage 
with time in more than 150 samples (in sets 
of 20 at a time) of the transistor we have 
used for ever 10 years, the National Semi
conductor 2N3700. The breakdown voltage 

in 2 to 3% of the transistors dropped by 
20 to 70% in the first two weeks of testing 
and thos^ transistors were discarded. The 
voltage drift in the remaining samples was 
between + 1.8 and +5.2% per month. A 
voltage change of +5% results in a change 
in trigger time of <200ps; this is accept
able, and thus the +5% per month rate of 
drift in voltage appears to be tolerable for 
most of our applications. 

We instituted a regular, long-term bum-
in procedure in 1984 to select only the most 
stable transistors for the sweep circuit. 
Burn-in tests now eliminate transistors 
with breakdown voltage instability before 
they are installed in the streak camera?. We 
also discard the transistors that have more 
than 600 mV of collector-noise voltage 
(peak-to-peak), and we bias the remainder 
(—90%) into breakdown at 90/iA for about 
two months. The breakdown voltage is 
monitored every few days for the first 
week, and then weekly until the test is ter
minated. Transistors that drift more than 
10% in the first week or 10% per month 
thereafter are eliminated. Our confidence is 
high that this approach is adequate because 
we have sever*! .rVeak cameras with sets of 
transistors that have been in use for 2 to 
5 years. Their triggering stability is excel
lent: <500 ps change in timing occurs 
over months of operation after a 0.5-h 
\varmup period. However, burn-in testing is 
manpower-intensive. We designed a fully 
automated burn-in tester operated by a 
small computer to reduce labor time; this is 
now under construction. 

Trigger-Timing Monitor. The monitor is 
used primarily to set up and check the tim
ing of streak cameras in the Nova electrical 
triggering system. A circuit was installed to 

Fig. 5-61. Trigger drift 
for optical streak cam
era No. 12 with a new 
set of avalanche tran
sistors: (a) drift in the 
first Sh after a 1-h 
warm-up and (b> total 
drift in the first week 
after installation. 
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Fig. 5-62. Monitor out
put pulse measured at 
the right door of the 
streak camera; scope 
sensitivity of 1 V/div. 
and 5 ns/div. gives a 
fall time of 1.8 ns and 
an amplitude of 6.8 V. 

monitor the time difference between electri
cal trigger input to the streak camera and 
the actual time the avalanche transistors 
fire. In normal operation, this delay is 
~19 ns measured at the monitor output 
and jitter is less than ± 100 ps. Any devi
ation is an indication that the camera is not 
working properly. 

A capacitive pickoff consisting of two 
1.6-pF printed circuit capacitors was con
structed, and added to the back side of the 
sweep board across the four transistors in 
the middle of the avalanche string. The out
put is cabled to a small insertion box con
taining a discriminator and an amplifier that 
we designed, and the box is mounted on 
the bottom plate of the streak camera. The 
amplifier produces a - 6.8-V pulse with a 
1.8-ns fall time and a duration of ~300 ns. 
The pulse, shown in Fig. 5-62, is cabled to a 
50-Q. SMA connector mounted on the right 
door of the camera. 

Trigger-Transistor Current Regulator. 
The electrical trigger to the streak camera 
fires the base of an avalanche transistor, 
which in turn triggers the collectors of the 
avalanche transistors in the sweep string. 
Selecting reliable trigger transistors was 
time-consuming because an unacceptably 
low fraction of the 2N3700s avalanche 
when the base is triggered. We switched to 
the Raytheon RS3800 (TO-18 version of the 
R33500) because they can be triggered at 
the base. The 2N3700s used a bias of 90^ A 
and the replacement transistors require a 
bias of —15 /JA. We designed a series pass-
current regulator on a small printed circuit 
card, and installed it on the back of the 
sweep card to reduce the current to the new 
trigger transistor to 15 fxA. 

After installation of the new trigger tran
sistors, we also discovered that timing jitter, 
which varied from ±50 to ± 300 ps with 
the 2N3700s, was consistently less than 
± 100 ps with the RS3800s; this is within 
our stated camera specifications. 

Extending Camera Sweep Time. Longer 
laser pulses and the consequent longer du
ration of laser fusion processes require 
longer sweep times for the streak camera. 
Complete design equations for the plug-in 
time bases of the streak camera, previously 
unavailable, were developed1 5 1 and used to 
construct a 50-ns-sweep plug-in called the 
X-30. Designs for other sweep times can 
now be executed easily and accurately. 

Author: S. W. Thomas 

Major Contributor: R. L. Griffith 

Facilities 

Introduction. The increasing need in fusion 
research for highly advanced diagnostics led 
to the construction of on-site facilities for 
developing such instrumentation. In 1984, 
we made substantial progress on two facili
ties: the short-pulse laser laboratory and the 
microfabrication facility. 

The short-pulse laser laboratory, de
scribed in the next article, will allow us to 
produce optical pulses up to 30 Hz, 3 to 
6 ps, and — 3 to 4 mj over a wide range of 
wavelengths in the IR, visible, and near-UV. 
When fully operational, this ND:YAG 
pumped dye laser will enable us to test and 
characterize ultrafast optical switches and 
time-resolved diagnostics such as the x-ray 
framing camera now under development. 

The microfabrication facility, containing a 
wide variety of state-of-the-art systems for 
producing micron and submicron structures, 
is also nearing completion. As discussed in 
the article "Microfabrication Facility," later 
in this section, we will soon be able to pro
duce x-ray optical components such as 
transmission gratings, zone plates, multi
layer mirrors, photocathodes for x-ray 
streak cameras, and miniature targets for a 
variety of laser experiments. 

An important advantage of these facilities 
is iheir location in unclassified areas of 
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LLNL. Their open access affords us the 
benefit of working on site with colleagues 
from outside organizations. 

Author: E. M. Campbell 

Short-Pulse Laser. The Nova experimental 
program requires diagnostics that can make 
time-resolved measurements with a resolu
tion of 10 to 100 ps. The development of 
many such instruments requires a stable 
source of optical pulses with energy ~ 1 m] 
and duration <50 ps. We have installed an 
amplified, synchronously pumped, mode-
locked dye laser to serve as this source. 
This system—the short-pulse facility 
(SPF)--was first activated and tested in 
1984. Its specific applications include: 
1. Framing camera development (optical 

and x ray). 
2. Measurement of the temporal resolution 

of streak cameras. 
3. Temporal calibration of fast x-ray and op

tical diodes. 
4. Generation of short electrical pulses. 
5. Development of radiation-to-light 

converters. 
6. Short-pulse electrooptical probing. 

7. Digitization of fast transl nts. 
8. Neutron streak camera development. 

All equipment in the SPF was purchased 
from Spectra Physics. The facility's current 
configuration is depicted in Fig. 5-63. A 
train of 80-ps pulses originates in a Model 
3000 mode-locked yttrium-aluminum-
garnet (YAG) laser at a pulse-repetition 
frequency of 82 MHz. Mode locking is 
accomplished by acousto-optical modula
tion of cavity gain in the laser. The gener
ated beam consists of 1.064-/im light in a 
TEMQO mode. Its frequency is doubled in a 
KTP crystal, and the residual 1.064-/im 
light is dumped. The average output power 
of this doubled system is approximately 
900 mW. The resulting 0.532-/im beam is 
used to synchronously pump a Model 375 
dye laser. The beam from the dye laser, 
linearly polarized and operating in the 
TEMQO mode, is roughly 150 mW of 0.606-
/im light when the dye being pumped is 
Rhodamine 6G. When the cavity length of 
the dye laser is adjusted for transform-
limited operation, 3-ps pulses were mea
sured at its output by an autocorrelator. 
Typical SPF performance characteristics are 
listed in Table 5-8. 
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• -

KTP crystal 
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generator 
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Fig. 5-63. Schematic of 
LLNL short-pulse laser 
facility. 
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Pulse-repetition 
frequency 

Wavelength 
frim) 

Power level, 
cw (rnW) _ 

Pulse width 
(ps, FVVHM) 

82 MHz 1.064 10 000 - 8 0 
82 MHz 0.532 900 ~80 
82 MHz 0.606 240 ~ 3 
10 Hz 0.606 35 ~6 

Table 5-8. Output 
characteristics of 
short-pulse laser 
facility. 

Pulses from the Model 375 dye laser may 
be used directly for sampling applications 
or may be amplified in a four-stage pulsed 
dye amplifier if high-power operation is re
quired. The dye amplifier, when operated 
with sulforhodamine dye, has a measured 
amplification of 3 x 106 at a pulse repe
tition frequency of 10 Hz. Interstage isola
tion to suppress ASE is accomplished by 
spatial filtering except for the final stage, 
which is isolated by a stream of malachite 
green absorber. The absorption effectiveness 
of the malachite is 18 dB for residual unam-
plified pulses. The suppression of amplified 
pulses is roughly 3 dB. The width of the 
amplified pulse, measured with a scanning 
autocorrelator, is 6 ps (FWHM). Typical en
ergies per pulse are approximately 3.5 mj. 

In summary, we activated and tested a 
short-pulse laser facility. Work on this 
facility will continue in order to make it 
a more versatile tool in the development 
of Nova diagnostics in the picosecond-
measurement domain. 

Author: W. R. Graves 

Microfabrication Facility. The ability to 
produce precise microstructure patterns has 
become an increasingly important part of 
the LEAD Program's diagnostic effort. Sub-
micron fabrication techniques have been 
applied to produce x-ray optical compo
nents such as x-ray gratings, focusing zone 
plates, and normal-incidence mirrors. 1 5 3 - 1 5 6 

All of these applications require fabrication 
control of a critical dimension as small as 
the x-ray wavelength. Technological ad
vances in fabricating submicron structures 
also lend themselves to the production of 
"macrostructures" such as thick gold zone 
plates for coded imaging.157 The micro-
fabrication processes applied to our work 
are based on techniques developed in the 
integrated-circuit industry. Our micro-
fabrication facility was built to reproduce 
such techniques. 

The microfabrication facility consists of 
an inner clean-room area and an outer 
fabrication area. The clean room (18 x 
30 ft) consists of conventional laboratory 
space with several class-100 clean hoods 
and benches installed over the equipment 
and work areas. The clean room houses a 
chemical exhaust hood for work with toxic 
chemicals, a wafer-cleaning station (where 
solvents and 13-M£i distilled water are 
used), a spin-coating and baking station, 
and an rf plasma-ashing station. Also in 
the clean room are facilities for optical 
lithography. They consist of a contact-
photolithography exposure station, a Kasper 
contact-mask aligner, and an Olympus mi
croscope with several parfocal objective 
lenses for optical inspection of submicron 
features. We also have two class-100 
laminar-flow hoods to accommodate the 
assembly of diagnostic instruments. 

In the outer area are two 8- x 10-ft, 
class-100, portable, overhead clean hoods. 
In one of them is a thermal evaporator with 
a crystal thickness monitor, capable of 
evaporating metals such as aluminum, gold, 
chromium, and silver. Also in the same 
hood is an x-ray lithography station, which 
will be capable of replicating sub-1000-A 
lines in thick films. The assembly and test
ing of this lithographic system should be 
finished by May 1985. The second clean 
hood in the outer area houses a customized 
reactive-ion etching (RIE) system. Using up 
to five gases, the RIE system will be able to 
anisotropically etch materials such as sili
con, silicon dioxide, polymers, and alumi
num. This system should be operational by 
March 1985. In the same hood will be a 
broad-area (4-in.-diam) ion-beam milling 
system. This unit can operate with cither 
argon or oxygen gas. It will produce ion 
beams with accelerating voltages up to 
500 V and current densities up to 
5 mA/cm2. Delivery of the milling system 
is due in March 1985. 

Using the equipment already installed, 
we accomplished the following in 1984: 
1. Optically replicated structures with a line 

width of 1/1 m. 
2. Produced thick (>5-um), gold, x-ray 

streak camera resolution plates. 
3. Manufactured aluminum witness plates 

for drive-measuum?nt experiments. 
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4. Produced freestanding gold x-ray trans
mission gratings for the TGSS-EM 
diagnostic used in the x-ray laser experi
ments of 1984. These were fabricated in 
cooperation with the MIT Submicron 
Structures Laboratory. 
Within the next year, all of the micro-

fabrication systems described above 
should be operational. We plan to produce 
submicron-period gratings and zone plates 
using x-ray lithography, assist in the fabrica
tion of x-ray laser and laser fusion target 
and diagnostic components, and play an 
important role in the fabrication of neutron 
and x-ray diagnostic instruments. 

Authors: A. M. Hawryluk and G. F. Stone 

Eikonix CID-1 Automated Image Re
construction System. The advanced di
agnostics and x-ray optics group in the 
LEAD Program has acquired an automated 
image reconstruction system that reduces 
the time required to process zone plate 
coded image (ZPCI)158 data from laser 
fusion experiments. ZPCI is used exten
sively as an ICF diagnostic for x-ray and 
charged-particle imaging. The advantage;- of 
the ZPCI technique are a significantly 
greater collection solid angle than pinhole 
camera imaging at equivalent spatial resolu
tion and the ability to image higher energy 
x rays than the grazing incidence reflection 
(GIR) x-ray microscopes currently in use. 
One disadvantage of the ZPCI technique 
has been the number of steps required to 
process the data when compared with other 
x-ray imaging techniques. The new Eikonix 
image reconstruction system greatly reduces 
the processing time and permits faster data 
turnaround. 

ZPCI itself is a two-step image technique 
that uses simple shadowcasting followed by 
optical reconstruction to reproduce an im
age of the original source distribution. In 
the method used here previously,l?s the re
constructed image was recorded directly 
onto a high-resolution photographic glass 
plate. This plate was processed and the im
age inspected with a microscope. If the im
age had no defects, it was labeled by hand 
and sent to be digitized with a microden-
sitometer. Then the digital image was trans
ferred to the LLNL Octopus computer 
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system for processing. In this old method, 
shot information and magnification and 
identification data were recorded manually, 
introducing the possibility of error. 

The new image reconstruction system in
corporates a more direct electronic method 
to record the image data and the shot in
formation. It reduces the number of steps 
and the time required to process images 
from laser implosion experiments..The new 
technique uses the same method as before 
to record the coded image data and to per
form the optical reconstruction, but the re
constructed image is recorded and analyzed 
by a novel method. The reconstructed im
age is relayed by a microscope objective 
onto a linear photodiode array (PDA) with 
2048 picture elements (pixels). The linear ar
ray is driven through the image in 2048 dis
crete steps, producing a 2-D data array of 
intensity values that represent the recon
structed image. The magnification and iden
tification data are recorded by the computer 
that controls the digitizer and stores a per
manent record of all the pertinent informa
tion. The direct digitization of the image 
eliminates chemical processing of the pho
tographic plates, digitization of the data at a 
remote site, processing the data on an exter
nal computer system, and manual recording 
of data. 

The Eikonix CID-1 automated image re
construction system is shown in Fig. 5-64. 
The components that were aiso used in the 
previous method are a He-Ne laser, spatial 
filter, collimating lens, coded image holder, 
and reconstructed image holder. Compo
nents that have been added to the new 
system are a closed-loop laser intensity 
controller, stepper motor and controller 
for coded image positioning, image relaying 
microscope optics, the Eikonix model 780 
digitizer camera head, an image display 
system, a digital position scale, and an 
LSI-11/23 computer system with RL02 
storage disks. 

The He-Ne laser light is first passed 
through the closed-loop laser intensity con
troller. This unit reads a small fraction of 
the laser light and monitors the output with 
a photovoltaic cell. The laser light output is 
kept within ± 1 % by the servo-controller 
during the scan time of the image (typically 
30 to 180 s). In the previous technique, the 
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Fig. 5-64. Eikonix 
CID-1 automated im
age reconstruction 
system. 

image was recorded on the photographic 
plate with a single exposure of t < 1 s. 

The coded image transparency plate is 
held in a frame attached to a translation 
stage that is fastened to the optical bench. 
The plate holder is translated along the axis 
of the laser beam with a lead screw driven 
by a stepper motor. A digital scale with a 
3-m range is used to obtain the positional 
accuracy needed for this technique. A mag
netically coded strip on this scale has a 
sliding sensor that is attached to the coded 
image plate. The sensor moves along the 
scale coincident with the coded imago 
plane, and reads its position in relation to 
the reconstructed image plane. This scale 
can precisely locate the position of the 
coded image within ±5 //m of the refer
ence point over the full 3-m travel path. 

Another new system component is the 
microscope objective assembly; it magnifies 
and relays the reconstructed image onto the 
PDA detector in the digitizer head. The re
constructed images are typically 150 to 
750/mi square. They are magnified from 5 
to 20 times, depending on the microscope 
objective used, before they are relayed to 
the PDA array. A disadvantage of micro
scope optics is that optical aberrations may 
be introduced into the image (e.g., dust par
ticles on the optics could cause diffraction 
rings in the image plane that would confuse 
the interpretation of the results). 

The heart of the new system is the 
computer-conn oiled image digitizer, the 

Eikonix model 780 camera head. This image 
scanner uses a 2048-pixel linear PDA. Each 
pixel is 15 /*m wide, spaced on 15-fim cen
ters. The array is stepped through 2048 dis
crete positions by a fine lead screw 
connected to a stepper motor. 

The Eikonix digitizer has a dynamic 
range of 255 grey levels, the result of an 
8-bit analog-to-digital converter. The top 
7 bits contain picture grey-level (image in
tensity) data and the last bit (bit 8) contains 
graphics information. The 7 grey-level bits 
describe 128 levels of image intensity. In 
those instances where tha dynamic range of 
the image exceeds that of the digitizer, the 
previous technique of recording the image 
on film is still available to us. 

A DEC LSI-11/23 computer controls the 
entire digitizer assembly; it has two 10-
Mbyte RL02 cartridge disks for operating 
system and image storage. The image from 
the digitizer can be sent directly to the disk 
or to the 512- x 512-pixel image display 
unit, which can show as many as 128 grey 
levels in addition to graphics labeling in
formation. A software package, EPPL 
(Eikonix Picture Processing Language), han
dles data transfer and graphics generation. 
The types of graphics produced by the im
age system include image identification 
data, data intensity ranges, 2-D and 3-D 
data plots, and 1-D lineouts of intensity ver
sus position. Pseudo-color representations 
of the intensity data can also be constructed 
with EPPL. The graphics data can be plotted 
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in black and white on the Versatec plotter, 
and images from the display can be re
corded on 35-mm film or on 8- x 10-in. 
color positives or negatives with a color 
unit attached to the image system. R>r more 
sophisticated image processing of the data 
files, we can transfer images digitized by 
the CID-1 system onto a DEC RL02 disk 
cartridge and transfer them to the LEAD 
Program VAX 11/780. 

Authors: G. F. Stone and N. M. Ceglio 

Major Contributors; E. W. Hee and G. L. Howe 

Data Management 
and Analysis 
Introduction 

During 1984 we continued to make im
provements in the computer system for 
data management and analysis in the LEAD 
Program. Both hardware and software were 
substantially upgraded. 

In the hardware category, we increased 
the storage capacity of the LEAF VAX-
11/780 computer by over 4 gigabytes with 
the addition of four Winch i=ter disks. We 
also added two new high-speed tape drives. 
These improvements, which are described 
in the article "System Update," have in
creased overall system reliability. They will 
allow easy handling of the increased vol
ume of data expected as a result of Nova 
experiments. A number of peripherals were 
also acquired to increase our graphics and 
hard-copy capabilities and to facilitate file 
transfer between the VAX and an IBM Per
sonal Computer (another recent addition). 
We are planning to upgrade the VAX-11/780 
to an 11/785 in the summer of 1985. This 
upgrade will increase our processing capac
ity by approximately 50%. 

The major hardware acquisition in 1984 
was a Perkin-EImer PDS 1010GM micro-
densitometer, described in the article "PDS 
Capability." This instrument provides the 
capability to rapidly digitize film data from 
Nova. The microdensitometer U controlled 
by a dedicated PDP-11/34, which has been 
appropriately upgraded to handle the task. 

This computerized photodigjtizing system is 
connected directly to the VAX via DECNET, 
the Digital Equipment Corporation (DEC) 
inter-computer network. DECNET will per
mit rapid transfer of image files from 
PDP-11/34 storage disks to the VAX for 
immediate processing. The system will be 
operational by March 1985. 

The need for archiving and correlating 
shot data and the availability of commercial 
data base systems have led to the develop
ment of an "electronic shotbook." Work on 
this data management software system, 
now in its second year, is described in the 
article "Electronic Shotbook." Basic compo
nents are now in place, and we are devel
oping the means to transfer, store, and 
retrieve Nova diagnostics data. To accom
plish this task, we have begun to link the 
output files from diagnostics data-processing 
codes directly to the SHOTBOOK system, 
and we have installed new software to pro
vide graphic displays of data from a num
ber of diagnostics instruments. Examples 
include streak camera records in which the 
axis orthogonal to the time direction con
tains spatial or spectral information. We 
expect to use SHOTBOOK for the first ex
perimental series on Nova. 

The article "Analysis Software" describes 
other enhanced software capabilities. New 
and updated programs were developed in-
house and acquired from commercial 
sources. We installed the latest versions oi 
the DISSPLA graphics package and the 
ORACLE relational data base management 
system. These new versions have demon
strated increased speed and reduced execu
tion times. The upgrades enhance 
SHOTBOOK and many of the processing 
codes that have graphics output, [n-house 
software development has focused on link
ing data-processing codes to SHOTBOOK 
and on upgrading the algorithms for streak 
camera data reduction and calculation of x-
ray-detector response functions. 

Finally, a secure fiber-optic interface con
necting the Nova control VAX system to 
the classified LEAF VAX has been installed. 
This communication link is similar to that 
used successfully in the Novette system, ft 
is is one-way, so that unprocessed shot data 
can only be sent to the LEAF VAX for pro
cessing. Communication of data in the 
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Fig. 5-65. A block dia
gram of the system 
components and their 
logical connections. 

opposite direction is inhibited- This interface 
is described in the article "Nova Communi
cations and Dat3 Transfer." 

Author: E. M. Campbell 

System Update 

The Laser Experiments Analysis racility con
sists of two DEC computers—a PDP-11/34 
and a VAX,VMS-ll/780; and a Perkin-
Elmer 1010GM microdensitometer—a 
photodigitizing system (PDS). The PDP-
11/34 is a dedicated machine used to control 
the PDS, and the VAX is used for storage 
and analysis of ICF data and for general-
purpose computing. A one-way; fiber-optic 
link connects the LEAF VAX to the Nova 

VAX for transfer of shot date. Figure 5-65 
shows a block diagram of the system com
ponents and their logical connections. 

Over the past year, major improvements 
were made in the hardware, system soft
ware, and applications codes. The VAX 
hardware was modernized by the addition 
of two high-speed tape drives and four 
Winchester disks. The disks have a com
bined capacity of over 4 gigabytes. A num
ber of special peripherals were also added: 
an array processor,, an IBM Personal Com
puter (PC), a Versatec Random Element 
Processor (REP), a high-resolution color 
monitor, and two 1000-line-per-minute 
Versatec printer/plotters. Currently on order 
is an upgrade to the VAX central processing 
unit (CPU) that will increase its computing 
speed by about 50%. 
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Electostatic 
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Acquisition of the Winchester disk drives 
was dictated by two immediate require
ment1:: increased storage capacity for Nova 
shot data and higher reliability than could 
be achieved with the old removable pack 
drives. Two of these old drives were ac
cepted as trade-ins on the purchase of the 
four new ones. Similarly the old tape 
drives, which had a maximum capacity of 
1600 bytes per inch (bpi), were traded in for 
two new ones with a 6250-bpi capacity and 
higher data-recording reliability. The IBM 
PC was installed primarily to allow transfer 
of files from 5-1/4-in. diskettes to the VAX, 
since many oi the staff utilize IBM PCs in 
their work. The REP is a dedicated micro
processor used to senn-convert plot files for 
the Versatec printer/plotters. Off-loading 
this process-intensive task from the VAX 
to the REP allows plots to be produced at 
much higher speeds. The new printer/ 
plotters were installed for the increased 
reliability and higher-quality output they 
provide. The VAX CPU upgrade, to be in
stalled in the summer of 1985, will ensure 
the computing power needed when Nova is 
fi-l!" operational. DEC will replace the CPU, 
cache memory, floating-point accelerator, 
and backplane with faster components. 

Like the VAX, the PDP-11/24 system has 
been improved by the addition of larger-
capacity disk drives. In addition, several 
old, unneeded peripherals were removed. 
These changes were necessary to provide 
adequate storage capacity for digitized film 
data. Communication circuit boards for 
controlling both the photodigitizer and 
a DECNET connection to the VAX were 
also added. 

The operating systems of both the VAX 
and u .e PDP have been upgraded to the 
latest version, and software has been added 
to control the DECNET connection. This 
network will allow transfer of digitized film 
data from the PDP to the VAX for storage 
and analysis. 

Aurlior: J. E. Randolph 

PDS Capability 

The LEAD Program has acquired a Perkin-
Elmer PDS 1010GM microdensitometer to 
digitize film data produced from Nova 

experiments. The digitizer will provide, for 
the first time, an in-house capability to rap
idly photodigitize film up to 25 x 25 cm in 
area, in pixel sizes as small as 5 /im, and 
with optical densities up to 5.11 D (optical 
transmission r < 10~ 5 1 1). Prior to this, data 
were scanned outside the immediate pro
gram facility on the PDS 1C10A in the lab-
c-atory's L Division. Magnetic fjpes 
containing the results were then hand-
carried to the LEAF VAX to be read for 
storage. Since the data on the tapes were 
not in VAX format, they had to be read 
record by record and assembled into a cor
rectly formatted file. A large file required 
several minutes of VAX time. This former 
data-transfer process is shown in Fig. 5-66. 

The new PDS, consisting of the 1010GM 
microdensitometer controlled by a DEC 
PDP-11/34 computer, is shown in Fig. 5-67. 
Located within the LEAD computer facility, 
the PDS is connected to the LEAF VAX via 
DECNET, which permits rapid transfer of 
image files from the PDP storage disks to 
the VAX storage disks. As a backup for the 
network, magnetic tapes can be used to 
transfer files from the PDP-11/34 to the 
VAX. Coupled with the VAX, the PDS 
1010GM will greatly enhance the data anal
ysis capabilities of the LEAD Program. 

The PDS 1010GM is a computer-
controlled, flatbed, scanning microdensitom
eter. The 2300-pound machine consists of 
scanning optics and a stage carriage held on 
granite blocks. The entire assembly rests on 
a metal spaceframe support stand, which is 
bolted to the building to isolate it from vi
brations. A granite center C-fnme bears the 
y-axis carriage, and the x-axis carriage rides 
on two pieces uf granite, one on each side 
of the center frame. A console <:t the right 
of the base houses the control electronics, 
x- and y-axis stepper-motor controls, photo-
multiplier (PMT) control eleca-onics a digi
tal readout indicating the relative stage 
position, and the optical-density readout. 

During the scanning process, the light 
from an incandescent source is imaged, by 
means of microscope optics, through an ap
erture onto the emulsion of the film being 
digitized. The light passing through the illu
minated area of the film is then relayed by 
similar microscope optics and apertures onto 
the face of an S-ll response PMT. The elec
trical signal from the PMT is proportional 
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Fig. 5-66. The method 
of handling the trans
fer of digitized data to 
the LEAF VAX prior 
to the installation of 
the new system. 

L Division, Technical Photography Group i | LEAF Computer 

VAX, 
(Pre-proceiking) 

I Octopus Computer Center 

Mag CDC-760W 
*"-" m " Crayo Disk 

Fig. 5-67. Schematic 
diagram of the LEAF 
photodigitizing system 
including the PDS 
1010GM, PDP-11/34 
computer system, and 
the inter-computer 
network DECNET. 
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to the optical transm\5sion of light through 
the film. The transmission data are col
lected by raster-scanning an area on the 
film to produce a "numerical image" of the 
original film record. The transmission val
ues r(x, y) are converted to optica) density 
D(r, y), and the data are recorded onto a 
storage disk for subsequent processing. This 
numerical image consists of data points 
representing the individual picture elements 
(or pixels) that make up the image. During 
the digitizing, the stage position is con
trolled to i S /um over the full 25 cm of 
travel by means oi linear opiical encoders, 
with a repeatability of ± 1 ,um. The numeri
cal image of the film record is then re
formatted in the PDP-11/34 and stored on 
disk for eventual transfer to the LEAF VAX. 

The PDS can scan film samples at speeds 
up to 20 cm/s in the x direction, but the y-
axis scanning speed is limited to 2 cm/s be
cause of the large granite C-frame holding 
the 1/ axis and optics. The sample can be 
digitized with a spatial resolution at the film 
plane of 5 to 250 um for circular or square 
apertures. For rectangular apertures, spatial 
resolution can range from 2.5 x 500/im to 
100 X 1600 um. The individual pixels can 
be digitized or sampled in discrete step 
sizes ranging from Ax = A/ = 1 pm to the 
full 25-cm travel of the stage. The PMT as
sembly and associated electronics are capa
ble of measuring optical densities up to 
5.11 D in 1024 discrete levels, translating to 
a density resolution of 0.005 D. When a sin
gle scan of the data on a film record will 
suffice, 1-D plots of density vs position can 
be obtained from a strip-chart recorder. The 
PDS is situated under a Class-100, laminar-
flow, clean hood to ensure a dust-free envi 
ronment during scanning. 

The digitizing of data is continuous while 
the sample stage is in motion. The area be
ing scanned and the scan parameters are 
specified by a master control program, 
SCANSALOT, which resides on the PDP-
11/34 computer. SCANSALOT directly con
trols the many functions of the digitizer. 
The program downloads instructions from 
the PDP-11/34 to the X-ll), an MC6800 mi
croprocessor in the digitizer, which controls 
the digitization process. Parameters speci
fied by SCANSALOT include the scan di
rection and step size on both the x and 
V axes, the origin of the scan, the number of 

raster scans per film, and identification lines 
for each scan. SCANSALOT also performs 
general-housekeeping and diagnostic func
tions needed to maintain proper operation 
of the system. 

When a film sample is digitized, 
SCANSALOT collects the data and writes it 
to a disk file on the PDP-11/34. The data 
are repacked with one header per file and 
with each record representing a single scan 
line. This file format is compatible with ex
isting analysis codes on the VAX. Once a 
file is created, it is sent over DECNET to 
the VAX and stored—available for the ex
perimenter to manipulate. The average time 
to scan a film record and transfer the image 
file to the VAX is about 10 min. 

To provide PDS images in the Octopus 
system 1 5 9 data format (which is different 
from the VAX file format), a computer code 
will be written to produce tapes identical to 
those made by the L-Division PDS. This 
code will allow any image files in the LEAF 
PDS format to be written onto a tape and 
transported for image processing to the 
Octopus computer network or to other 
LLNL computer systems. 

Authors: G. F. Stone and J. M. Auerbach 

Electronic Shotbook 

SHOTBOOK"* is a utility software package 
developed in-house with structured pro
gramming techniques.1 6 1'1 6 2 The software is 
designed to provide LEAD Program staff 
members with rapid, easy access to final ex
perimental results. It is supported on the 
LEAF VAX-11/780 computer—an integral 
part of the LEAD Program. SHOTBOOK is 
based on the commercial relational data 
base management system ORACLE."'1 The 
application programs of SHOTBOOK utilize 
DEC's Forms Management System (FMS)1W 

and the graphics library DISSPLA.165 

SHOTBOOK will accommodate a unique 
feature of the Nova laser: the fact that 
Nova will have at least two target cham
bers. Because multiple chambers Imply a 
need to account separately for data coming 
from each chamber, SHOTBOOK has been 
programmed to manage this task. The sys
tem will keep track of the origin of all data 
rathout ambiguity. 
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Fig. 5-68. Relation be
tween the electronic 
shotbook and data col
lection, analysis, and 
storage. 

SHOTBOOK offers access to final experi
mental results through a series of menu se
lections. Menus eliminate the need for a 
sophisticated knowledge of the computer or 
the data base. The entire operating system 
of SHOTBOOK is now complete and opera
tional. Additional display sections are under 
development, with the goal of providing: 
• Consistency, readability, and ease of ac

cess to final experimental results. 
• Software-controlled entry of data into the 

data base. 
• Close administrative control of data • 

modification privileges (e.g., updating, 
deletions, or insertions) to ensure 
data integrity. 

• Standard display formats. 
There are two prerequisites for imple

menting a new display. First, the display 
software itself must be programmed and 
available to SHOTBOOK as a menu option; 
and secondly, appropriate processing soft
ware must be available to place related data 
in the LEAF data base. The display soft
ware then draws from the data. New dis
play software will continue to be graphical 
in order to maximize uniform communica
tion of experimental results. 

Figure 5-68 shows the relation between 
SHOTBOOK and its environment. Raw data 
(film images, digital data, and instrument 

configuration data) are generated at the 
laser facility when an experiment (shot) is 
conducted. Following a shot, the relevant 
digital data are sent, via a one-way optical-
fiber link, to the LEAF VAX, In addition, 
films from the optical diagnostics are digi
tized, and the resulting files are sent to 
LEAF. These raw data are stored on the 
VAX disk, with the shot number as the key 
identifier. Next, each type of raw data is an
alyzed by a particular processing code to 
obtain the final calibrated experimental re
sults. These codes generate printed data 
summaries for the experimenters and place 
the experimental results into the LEAF data 
base. The electronic shotbook is the tool ex
perimental staff members use for easy, rapid 
access to these stored results. 

Using SHOTBOOK. Figures 5-69 to 5-71 
provide an impression of the environment 
encountered by a user of SHOTBOOK. Fig
ure 5-69 shows menus that lead the user to 
select a particular experimental series. In 
turn, the menus in Fig. 5-70 allow a choice 
of subseries, shot number, and display type 
for the specified shot. Figure 5-71 (a) shows 
one type of display the user can select (22 x 
streak microscope). With preknowledge of 
the shot number, the user can reach the de
sired display more directly and bypass this 
stepwise assistance. Each display provides 
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(a) 
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clear and complete identification of the ex
hibited data. For this reason, heavy empha
sis is placed on the use of graphics. 

Users may just wish to "page" through a 
display section and examine the data; how
ever, they can also enter "cross hair mode," 
illustrated by Fig. 5-71(b), and readily refor
mat a display. They can shift the ordinate 
or abscissa scales of a plot, switch between 
linear and logarithmic scaling, make vertical 
or horizontal lineouts of contour plots, or 
zoom in on a selected plot area, i.e., display 
a full-screen view as in Fig. 5-71(c) with any 
of the above-mentioned enhancements. 
While such actions can produce drastic 
changes in the appearance of data displays, 
these changes remain unique to the user 
who invokes them. No changes occur either 
in the data base or to displays viewed by 
other SHOTBOOK users. As users review 

shot data, they can obtain permanent 
records of interesting displays. A hard copy 
of any screen can be printed by pressing a 
single key. 

Access Levels. It is the task of 
SHOTBOOK to support two groups of us
ers: those who are responsible for inserting, 
deleting, and updating data associated with 
a specific shot or diagnostic; and those who 
merely need access to final experimental re
sults. For example, experimental physicists 
must define in SHOTBOOK such details 
as the experimental series, subseries, and 
desired shot diagnostics. Such definition 
provides a necessary link to the results 
developed by the shot data-processing 
codes. On the other h:.ud, diagnostic physi
cists must be able to review particular re
sults obtained from their diagnostics as well 
as to insert or revise technical comments 

Fig. 5-69. Selecting a 
particular experiment 
series. 

Fig. 5-70. Selecting a 
particular display. 

Fig. 5-71. Examining 
data. 
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regarding these results for later assistance 
to the casual user. Anyone without specific 
data responsibility on a given shot is con
sidered to be a casual user, who is given 
access to shot results but not the privilege 
to insert, update, or delete results. 
SHOTBOOK access is designed so that the 
highly privileged user on one experiment 
becomes a casual user with respect to an
other's work. It is basic to the design of 
SHOTBOOK's security scheme that a clear 
and relatively transparent separation be 
maintained between the various classes of 
users. Data base integrity is maintained by 
assigning update, insert, and delete privi
leges for specific data to those who are re
sponsible for it 

Although simulated data were used to 
develop new displays, testing is now done 
with actual results from the processing 
codes. As users continue to drive 
SHOTBOOK with real data, data-protection 
measures will be implemented. 

Displays and Data Analysis. Software 
to produce three new types of displays has 
been completed: SCL, CONTOUR, and 
LINEOUT. SCL gives line plots for time 
slices from a streak-camera image, plus a 
summary plot. The CONTOUR package 
plots any two-dimensional array up to 512 
x 512. It reduces the original array to 
30 x 30 to accommodate the DISSPLA 
graphics library contour routine. LINEOUT 
superimposes an elevation profile reflecting 
a selected plane of a contour plot. It uses 
the original data array (up to 512 x 512) 
and overlays a lineout across the contour. It 
also draws a dashed line to indicate the po
sition across the contour from which the 
lineout was taken. Both the lineout and the 
dashed line are diawn by using calls to the 
user's terminal to obtain a very fast screen 
refresh. Either vertical or horizontal lineouts 
are allowed. 

Three new graphic displays have been 
implemented: OX, BEAMTIME, and 22 x . 
The OX display plots data from the 
optical/x-ray streak camera by using the 
SCL package. The BEAMTIME display plots 
both incident- and reflected-beam temporal 
profiles. It has the capability to display all 
10 beams from Nova. The 22 x display 
plots jdata from the 22 x x-ray microscope 
by using both the CONTOUR and 
LINEOUT packages. The data, axis labels, 

and ti'Je information needed for these dis
plays all come from the data base and re
lated data files. 

Authors: R. A. Lerche, E. W. McCauley, 
and J. G. Shaw 

Analysis Software 

During the past year, software development 
focused on: 
• Processing codes to analyze data from 

diagnostics. 
• An interface between processing codes 

and the electronic shotbook. 
• Increased capability to calculate x-ray re

sponse functions. 
To improve our analysis capability, we 

installed the latest versions of our two 
most-utilized commercial software pack
ages: the DISSPLA graphics library and the 
ORACLE relational data base management 
system. ORACLE, Version 4.0, has made 
data base queries three times faster than the 
previous version. In certain applications, re
vised calls in the ORACLE-Fortran interface 

• also result in dramatically decreased execu
tion time. In previous ORACLE versions, 
these calls had to be executed as many 
times as the number of quantities desired; 
now multiple quantities can be retrieved 
with only one call. The new ORACLE also 
allows quicker execution oi the electronic 
shotbook code (SHOTBOOK). The updated 
DISSPLA library provides a faster interface 
for Tektronix terminals. This improvement 
has increased the speed of processing 
codes that prodi .e graphic displays on 
these terminals. 

New Diagnostics Processing Software. 
Upgraded codes for processing streak-
can.era-based diagnostics data are now 
compatible with Ramtek color display sys
tems that have trackball cursors. These 
graphic systems display color-enhanced 
contour plots of digitized data from streak-
camera film. The user can move the cursor 
to a selected position on a color contour 
plot and transmit the screen position to the 
computer. The system then relates that site 
to an index in the data array, which in turn 
can be used to produce profile displays or 
simply to retrieve values of the data at 
that point. 
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Another improvement in the streak-
camera processing software is the capability 
to use the entire film-density data array in 
unfolding the diagnostic system response. 
In previous years, only lineouts of density 
data could be unfolded. The primary un
folding operation consists of converting film 
density to relative exposure by means of a 
D-log £ curve, which provides the film 
density corresponding to a given exposure. 
The exposure corresponds to light energy 
from the streak-camera phosphor on the 
film. To relate this energy to intensity at the 
target, the response of the diagnostic must 
be determined. The front end of a streak-
camera diagnostic contains components for 
wavelength and spatial resolution. The di
agnostic records this quantity as a function 
of the camera's sweep direction (time). 
Since most streak cameras are not abso
lutely calibrated, the processing software 
calculates relative source intensity as a func
tion of position or wavelength in one direc
tion and as a function of time in the other 
direction. This new software methodology 
was incoiporated into an existing processing 
code for space-time diagnostics such as the 
22 x streak x-ray microscope and the spa
tially discriminating streak spectrometer 
(SDSS). These diagnostics provide ^pace-
time information on target x-ray emission 
over a relatively narrow energy band. New 
data processing codes have been developed 
for the TGSS-EM, which provides a time 
history of x-ray spectra in the sub-keV 
range, and the streak optical spectrometer 
(SPEX), which provides a time history of 
Raman-scattered light emitted by the target. 

The SPEX is a combination reflection 
grating spectrometer and streak camera. It 
records scattered light from the target, rang
ing from approximately the laser wave
length to half the laser wavelength. The 
corresponding analysis program receives 
as input: (1) a file created by digitizing the 
film streak record; (2) a file containing the 
D-log £ response of the film; and (3) a file 
containing the spectral response of the pho-
tocathode (sensitivity vs wavelength), the 
spectral response of various filter glasses 
used between the target and the spectrom
eter (transmission vs wavelength), and the 
dispersion of the spectrometer. The SPEX is 
configured so that a given position along 
the streak-camera slit corresponds to a 

Fig. 5-72. Screen dis
play of film-density 
data from a SPEX 
streak record. 

Fig.S-73. Color-
enhanced screen dis
play of SPEX intensity 
data showing a lineout 
taken in the horizon
tal direction. 

particular wavelength. This design allows the 
user viewing a color display ot the streak to 
align the trackball cursor on a known fidu
cial feature and enter a wavelength value to 
initialize the dispersion relationship. 
Figure 5-72 shows a contour plot of a digi
tized SPEX streak record of film density. 
Figure 5-73 shows a contour plot of relative 
intensity after spectrometer, filter, and film 
response are unfolded from the density 
data. The horizontal direction of the contour 
plot corresponds to wavelength, and the 
vertical direction to time. Using the 
trackball cursor, the user can select spectra 
or time profiles from this color display. 
Figure 5-74 shows the spectrum correspond
ing to the horizontal lineout of Fig. 5-73. 
The entire intensity distribution is stored 
by the code in a disk file, which can 
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Fig. 5-74. Detailed plot 
of the intensity 
lineout shown in 
Fig. 5-73. 
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Spex spectrum 94011815 spex 1 T - 1.5720E + 00 nsec 

Fig. 5-75. Screen dis
play of film-density 
data from an x-ray 
pinhole streak record. 

750 875 
Wavelength (nm) 

subsequently be read by other software 
such as SHOTBOOK and by general image-
processing codes. 

The 22 x streak x-ray microscope and the 
SDSS fall into a class of diagnostics called 
x-t (or space-time) diagnostics. Their output 
is a film record produced by a streak cam
era. The film shows the time history of the 
x-ray emission from the section of the tar
get seen through the streak camera slit. For 
example, in the case of a spherical target, 
the 22 x microscope produces a rime history 
of the x-ray emission along the diameter 

of the sphere. The processing code for 
x-t diagnostics uses as input the magnifica
tion, camera sweep speed, and D-log £ film 
response to convert the film density data of 
the streak record to the intensity distribu
tion at the target as a function of space and 
time. Viewing a color display of this distri
bution, the user can select horizontal and 
vertical lineouts by means of the trackball 
cursor. In turn, these lineouts can be con
verted to spatial and time profiles of x-ray 
emission. Each data point in «.he streak 
record data array is converted to relative ex
posure. Figures 5-75 to 5-77 are displays cre
ated by the data processing software. 
Figure 5-75 shows a contour plot of the 
film-density distribution from a 22 x micro
scope. Figure 5-76 shows a cortour plot of 
the intensity distribution unfolded from the 
film-density data by means of a D-log £ 
film-response data set. Superimposed on 
this last display is a horizontal lineout 
(space profile) generated by the software. 
Figure 5-77 represents a different type of 
display showing a detailed plot of this spa
tial profile. As with the SPEX software, the 
x-t processing code stores the intensity dis
tribution in a file for later use. 

Another new diagnostic this year is the 
pinhole microchannel plate (MCP) camera 
which consists of a pinhole camera in which 
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x-ray spatial-emission patterns from the tar
get are recorded by a combination of MCP, 
scintillator, and film. Processing software un
folds the film-density data to relative x-ray 
intensity, allows the integrals of selected sub-
regions of the distribution to be calculated, 
and offers a lineout option. The local inte
gration results are stored in a table of the 
ORACLE data base and can be used for 
comparative analysis of x-ray emission from 
different regions of each target. As with the 
streak-camera software, the user can display 
full-color or gray-scale contour plots of the 
calculated relative-intensity distributions. 

Electronic Shotbook-Processing Code 
Interface. A major software development ef
fort this year focused on the interface be
tween processing codes and SHOTBOOK. 
The interface consists of a data base that 
holds the processing-code output and the as
sociated software to read and write it. Three 
categories of data have been identified for 
display by SHOTBOOK: 
1. Scalar data: single values or small data 

sets, each element of which has signifi
cance by itself. 

2. Profile data: large sets of x, y pairs cor
responding to such entities as laser power 
histories and x-ray spectra. 

3.3-D data: large sets of x, y, z data values. 
These data sets correspond to digitized 

film images unfolded to intensity 
distributions. 
There is a general format for storing each 

type of data that is the standard for each 
processing code. Data items in category 1 are 
sorted into tables in the ORACLE data base. 
They are read from or written into the data 
base by means of a generalized ORACLE-
Fortran interface (ORACLE HU). Data in 
categories 2 and 3 are maintained in files, 
which also contain titles for each profile or 
set of contour data, labels for plot axes, di
mensions of x, y, and z quantities, the num
ber of data pairs in each profile, and the row 

Space profile 81062206-22X T-1.4630E + 00 nsec 

Fig. 5-76. Color-
enhanced screen dis
play image of ihe 
relative Intensity dis
tribution on a streak 
record from an x-ray 
pinhole. A horizontal 
lineout is superim
posed on the display. 

Fig. 5-77. Detailed plot 
of the intensity 
lineout shown in 
Fig. 5-76. 

1125 
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Fig. 5-78. The interface 
between the diagnostic 
processing software 
and SHOTBOOK. 
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and column dimensions of the 3-D data ar
ray. Four subroutines were developed to read 
and write the file data. The processing codes 
use subroutines WRT_PROFILE_FILE and 
WRT_CONTUR_FILE, and SHOTBOOK 
uses subroutines RD_PROFILE_FILE and 
RD_CONTUR_FlLE. Hgure5-78 shows a 
data-flow diagram illustrating the processing 
code-SHOTBOOK interface. 

X-Ray Detector Response-Function 
Calculations. We made significant improve
ments in the software for calculating the 
response functions of x-ray detector chan
nels. First, we extended the Henke library166 

of /, and /, atomic scattering factors from an 
upper energy limit of 2 keV to a new upper 
energy limit of 10 keV. This was the first 
such effort worldwide, and the extended 

library is now used in many laboratories in 
the United States. This library allows us to 
rapidly calculate reflectivities for x-ray 
mirrors and efficiencies for transmission 
gratings in x-ray detector channels. We 
also upgraded the software for calculating 
response functions for the Dante soft 
x-ray spectrometer. X-ray-mirror responses 
are now included in these calculation'".. 
This software was crucial in urf"" ..ng spec
tra from the many Novette shots that in
cluded Dante spectrometers with several 
mirror channels. 

To support x-ray-streak camera data 
processing, we incorporated the Henke data 
library into software for calculating photo-
cathode response. The quantum efficiency 
of a photocathode is proportional to the 
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scattering factor f2 for a given material. So 
with the / 2 library, quantum efficiency cal
culations became a fast and simple task. 
This last type of calculation has been ap
plied to processing data from the TGSS-EM 
and the XCSS. 

Author: J. M. Auerbach 

N o v a Communications 
and Data Transfer 

A typical target experiment on Nova will 
produce many megabytes of digitized data 
that must be processed ind analyzed for 
proper interpretation of the experiment. 
This article describes the form of the raw 
data produced at Nova for ultimate transfer 
to LEAF and the means for transfer. 

Complete interpretation of an experiment 
requires processing and analysis of data 
from the Nova target and laser diagnostic 
systems. Data from these systems are re
corded by electronic sensors and transferred 
to film or to digital recording systems, i.e., 
CCDs and CAMAC-based electronics. The 
digitized electronic data are then sent to the 
Nova control VAX compute* system for 
transport to the LEAF VAX. Films contain
ing data are developed and then digitized 
by means of me LEAF PDS 1010GM 
microdensitometer. 

Data files treated at Nova contain the 
following: 

1. Electronic sensor data from the target di
agnostic system. 

2. Laser energy data from the laser diagnos
tic system. 

3. Data from CCDs recording output of op
tical streak cameras in the laser diagnostic 
system. 
One-Way Link. After a shot, all files are 

transmitted to the LEAF VAX disks via a 
one-way fiber-optic link. This special inter
computer link was built to satisfy the secu
rity requirements of the LEAF VAX, which 
is a classified computer system. No data 
other than a simple yes/no (0 or 1) can be 
sent from it to an unclassified computer 
system such as the Nova control system of 
four VAX computers. The hardware com
prising the link is identical to that used at 
the Novette laser facility. A diagram of the 
link is shown in Fig. 5-79. 

The link consists of NOVALINK network 
cards installed in the Nova north VAX and 
in the LEAF VAX. The two computers com
municate with each other via a communica
tion controller consisting of an LSI-11 
microprocessor containing two more 
NOVALINK cards (one each on the LEAF 
side and on the NOVA side). The LSI-11 
contains a resident programmable read-only 
memory (PROM) program that allows full 
data transfer only from Nova to the LEAF 
VAX. When transfer in the other direction is 
attempted, the LSI-13 program masks out 
the left-most 15 bits of each 16-bit data 
word and limits the transfer rate of the 

Nova facility T.aser Experiment Analysis 
Facility (LEAF) 

0 orl 
at 1 bit/s 

. yr- NOVALINK 
1 Full data at / ( card 
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Fig. 5-79. Diagram of 
one-way link from 
Nova to the LEAF 
VAX showing the 
principal hardware 
components. 
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remaining bit to once per second. This rate-
encoding process prohibits data transfer 
while allowing simple yes/no signals for 
synchronization and control. 

Data files are transferred from Nova to 
the LEAF VAX by means of specialized file-
handling programs: a file transmitter on the 
Nova VAX, and a file receiver on the LEAF 
VAX. Both programs use the Novanet driver 
for communication through the NOVALINK 
cards. The file-transmitter program opens 
the file to be transferred, reads its charac
teristics from the file header, and sends 
those parameters over the link to the file re
ceiver. The receiver then uses the param
eters to open a file in the LEAF computer 
system with the same characteristics as the 
one on Nova. As soon as the file is open, 
the file receiver sends a "yes" reply to 
Nova indicating it is ready to receive the 
data contents of the file. Data are then sent 
from Nova to the LEAF computer by block 
transfer, which is independent of the record 
structure of the file. 

In block transfer, consecutive 512-byte 
sections of the file are sent over the link. 
Block transfer is made possible by the 
"block I/O" feature of the VAX VMS op
erating system. Note that the operation of 
the LSI-11 is completely independent of 
any file structure on the VAX. The LSI-11 
simply passes buffers of file data originally 
broken down by the file-transmitter pro
gram. The file-receiver program on the 
LEAF VAX is always active, waiting for a 
"ready to send file" signal from Nova. 
Sending of files at Nova is initiated on a 
fi\e-by-fi\e basis by the operator. An 800-
block file requires about 30 seconds to 
transfer. The transfer rate is limited by ' .ie 
operation of the LSI-11. The software ;s de
signed to cause re-transmission whenever 
an error is detected. 

Target Diagno&:k Electronic Data. 
Electronic sensors in the target diagnostics 
are the primary source of raw data used by 
the LEAF data-processing software. Each 
file contains all the raw data collected 
by a CAMAC-based data acquisition system 
plus mapping indicating the path between 
the output of a detector in a diagnostic 
system and either: (1) the channel of a re
cording module (i.e., charge integrator or 
waveform digitizer), or (2) the channel 
of a programmable power suppiy or 
programmable amplifiV". 

Raw data in the file are labeled by the 
name and identification number of the as
sociated recording module, programmable 
power supply, or amplifier. This form of la
beling is most efficient for a data acquisition 
system but is of no use to experimenters, 
who must see data labeled and grouped by 
diagnostic and detector number when an
alyzing data for physical correlations. 
Hence, the mapping is crucial in that it al
lows automated data processing programs 
to relabel and regroup the data as desired. 

The mapping is used in processing all 
CAMAC-based diagnostic data. It is taken 
from a Nova-originated file once, prepro-
cessed, and inserted into an ORACLE data 
base, where it can be accessed much more 
quickly and easily than if kept in the origi
nal file. Moreover, once in the data base, 
the mapping provides an on-line archive of 
the diagnostic setup for all shots. 1 6 7 Each 
time data from a particular diagnostic is 
processed, the respective program pulls 
only the raw data from the target diagnostic 
data file. The required mapping parameters 
are taken from the ORACLE data base. 

Laser Energy Data. The laser diagnostic 
system produces files containing laser en
ergy data recorded by diodes from positions 
along the laser amplifier chain, and from 
the incident- and reflected-beam modules 
that deliver laser energy to the target. The 
data used by experimenters are a small sub
set of all the recorded data, consisting of 
the laser energy incident on the target and 
the laser energy reflected back into focusing 
lenses. After the laser-energy data file is 
transferred to the LEAF VAX via me one
way link, the incident- and reflected-energy 
data are extracted from the file, and the re
sults stored in the ORACLE data base 
where they are indexed by shot number 
and beam number. 

Laser energy data from all shots remain 
on-line in this data base for access by pro
cessing code? that calculate, for example, 
laser energy absorbed by the target. 

Laser Temporal Data. The largest daU 
files sent over the one-way link hold digi
tized data from CCDs. These record the 
output of streak cameras measuring the 
temporal histories of the incident laser light 
on the target and that reflected back 
through the lenses. In processing the CCD 
data files, lineouts of the center region of 
each streak pulse pattern are obtained in 
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terms of CCD counts versus position. Then 
laser-energy and streak-camera-speed data 
are used to convert these lineouts to a time 
history of incident or reflected laser energy. 

Film Data. After being digitized, film 
data constitute the bulk of all data from 
Nova laser and target diagnostics. Laser-
diagnostic film data include near-field and 
far-field beam images. These images will be 
digitized by means of the LEAF PDS 
1010GM microdensitometer and analyzed 
on the LEAF VAX. The results provide data 
on the spatial uniformity of the beam and 
the intensity of the pulse at the target. After 
analysis, the digitized film data will be ar
chived in magnetic tape libraries. Film data 
from target diagnostics include streak 
records from optical and x-ray streak cam
eras and x-ray imaging devices (i.e., x-ray 
microscopes and pinhoie cameras). 

From the start, Nova will have a highly 
automated means of transferring raw ex
perimental data to the LEAF VAX for inter
pretation. Most significantly, the transfer of 
digitized film data will be completely auto
mated, since film digitization will be done 
by means of the LEAF PDS. 

Author: J. M. Auerbach 

Major Contributors: J, R. Severyn and 
D.J. Kroepfl 

Nova Target 
Diagnostics 
Introduction 

The Nova laser facility at LLNL is the most 
sophisticated high energy laser experimental 
facility in the world. When it is completely 
activated in 1985, a wide and flexible range 
of laser energies, pulse widths, pulse 
shapes, and wavelengths can be delivered 
onto a target. To fully utilize these capabili
ties, a number of diagnostic instruments 
were built and installed as part of the Nova 
construction project. The phase 1 instru
ments described in the next article, "Nova 
Diagnostics Summary," measure a number 
of optical and x-ray emissions from the 
laser-produced plasma. While similar to di
agnostics in use on earlier laser systems. 

these instruments have been upgraded and 
improved for use on Nova. The optical and 
electrical fiducial systems discussed later in 
this section in the articles "Nova Optical Fi
ducial System" and "Electronic Instrumen
tation Timing System" are designed for use 
with existing and future diagnostics. These 
systems now allow us to cross-time the di
agnostic instruments and to time them ab
solutely with respect to the laser pulses 
from Nova. We are proceeding with the de
sign and testing of advanced diagnostic in
struments that will be essential in order to 
conduct the symmetry, hydrodynamic sta
bility, and implosion experiments planned 
for the first few years of Nova operation, 
and to move eventually into the hydrody-
namically equivalent target campaign. 

Author: E. M Campbell 

Nova Diagnostics Summary 

We intend that Nova be the best diagnosed 
ICF research facility in operation today. Our 
experience in providing advanced diagnos
tics for previous laser systems will be ex
tended at Nova, and will be challenged by 
the development of new instrumentation to 
diagnose the more advanced targets made 
possible by thus powerful laser. Previous ex
perience has shown that to understand tar
get performance, we must have as complete 
a set of diagnostics as possible. 

The r Jova diagnostics are divided into 
two sets: the basic set required for the ini
tial1 Nova experiments and the more ad
vanced set for later, generally more 
complex, experiments. The basic set will be 
operational for the first Nova shots; it -vas a 
Nova line item funded with Nova construc
tion money. The inr,uuments were rede
signed to be compatible with the Nova 
target chamber configuration. The electronic 
and vacuum systems were upgraded and 
automated, and computer controls were im
plemented. The more advanced set of di
agnostics, examples of which are presented 
in the series of articles earlier in this section 
entitled "Diagnostic Development," will be 
completed by the LEAD Program during 
1985 and 1986. 

TL le5-9 lists and describes the basic set 
of diagnostics. These instruments represent 
the culmination of our efforts to improve 
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Table 5-9. Basic diagnostics instruments. 
Name and number 

of instruments Detectors Recording on Description Purpose 

Filter fluorescer Fluor-photo-
(FFLEX) multiplier 

Energy balance 
modules (EBM) 
130 

Spatially disc ><ii-
nating streak 
spectrograph 
(&SS) 

Streak crystal 
spectrograph 
(£cs) 

Streak optical 
pyrometer (SOP) 

Optkal x-ray 
streak camera 
(OX) 

Streak optical 
spectrograph 
(SOS) 
2 

Zone plate camera 
(ZPC) 

Neutron copper 
activation 
(Cu activation) 
1 

Raniochemistry 
(KadChem) 
1 

X-ray streak 
camera 

X-ray streak 
camera 

Optical streak 
camera 

Optical-x-ray 
streak camera 

Optic i! streak 
camera 

Oscilloscopes Dante is a 10-channel, absolutely cali
brated, soft x-ray spectrometer that uses 
K-edge and L-edge filters and mirror cas
settes to define energy bins. 

Charge FFLEX is a 20-channeI, hard x-ray spec-
integrator trometer that uses K-edge filters and flu

orescein to define energy bins. 

Charge EBMs are absolutely calibrated optical 
integrator energy bins. They are mounted at many 

positions at the chamber wall. 

SDSS is a pinhole-streak camera combina
tion that provides 1-D space (100pm) and 
time (20 ps) x-ray information simulta
neously. This diagnostic can also be con
figured as a multichannel spectrometer 
with up to 8 energy bins defined by graz
ing incidence mirror and K & L edge fil
ters. Optical fiducials provide correlation 
with the optical delivery pulse. 
SCS is a high sensitivity, high ..lergy 
and time resolution crystal-streak camera 
spectrograph. This diagnostic is reentrant. 

Nal photo-
multipliers 

Nal photo-
multiplier; 
intrinsic Ge 

SOP images visible and UV light with a 
Cassegrainian telescope onto ar S-20 
streak camera. 

OX is a combination optical and hard 
x-ray streak camera. Light filters are used 
to define optical energy bins, and K x-ray 
filters (and photocathode response) de
fine x-ray energy bins. The signals are 
absolutely timed with an optical fiducial. 
SOS is a grating spectrograph-streak 
camera combination. 

Film The 8 x microscopes use high resolution 
Kirkpatrick-Baez x-ray mirrors to image 
soft x-ray emissions onto film with a 
magnification of 8. Each micc--cope pro
duces 4 images that are time-int'grated. 

Film The^ZPC is a high sensitivity (10" '-
10~:sr) x-ray coded aperture imaging 
system featuring high spatial resolution 
H-5/im). Energy definition (3-100 keV) 
is achieved using x-ray lilters. Images 
are lime-integrated. 

Multichannel The Cu activation system is a Cu disk 
analyzer pl.iced near thf- 'arget in a reentrant tube. 

The Cu is act .i.*cfby 14.1-MeV neu
trons. After the shot, the disk is trans
ported to an automatic counting system 
consisting of a pair of Nal-photomultiplier 
gamma ray detectors. 

Multichannel RadChem consists of a cylindrical collec-
analyzer tor placed near the target to collect target 

debris activated by neutrons. An auto
mated system transports the collector to 
the counting laboratory in <30s. 

Dante measures the soft x-ray spectrum 
from 0.1-15 keV with a resolution of 
E/AE = 2-8. 

FFLEX measures the suprathermal x-ray 
spectrum from 3-300 keV with a resolu
tion of E/A£ SA 2-5. This measurement 
allows us to determine the hot electron 
fraction and temperature. 
EBMs measure the reflected light, allow
ing us to calculate laser light absorption. 
By measuring the scattered light at sev
eral frequencies from 6)/2 to o(o/2, we 
identify the processes responsible for 
reduced absorption and increased hot 
election production. 
SDSS is usea to measure x-ray emission 
in the soft x-ray region from specified 
points on the target as a function of time. 
It is also used to measure the x-ray spec
trum from 200-1500 eV with a resolution 
of 100-300 eV. 

SCS measures the x-ray spectrum from 
0.6 to >'i0keV with a resolution of 
20 ps. It allows us to characterize tem
peratures and densities in a vrde range 
of plasma conditions using relative x-ray 
line intensities and spectral line shapes. 
SOP images 2500- to 7000-A light from 
the target with a spatial resolution of 
50pm and a temporal resolution of 
20 ps. It is used to measure preheat and 
shock breakout times. 
OX measure*- he time correlation of hard 
x rays {>3 ke.v") and optical signals from 
laser-plasma instabilities. This allows us 
to identify mechanisms for the produc
tion of hot electrons. 

SOS measures scattered light from f>/2 
to 3tu/2 with a temporal resolution of 
20 ps. From these measurements we 
identify processes responsible for re
duced absorption and increased hot 
e'.fctron production. 
These instruments measure x-ray images 
with a resolution of less than 10 pm in 
energy bands from 1.1-5 keV. They pro
vide an excellent guide to where the 
laser energy is deposited. 
ZPC allows us to characterize the geom
etry of the compressed target capsule 
and thereby address questions of sym
metry .md mix. We can also characterize 
the spatia! distribution of high energy 
x-r.av amission and address questions of 
preheat and drive symmetry. 
The Cu activation system measures the 
number of fusion reactions that occurred 
in the implosion. 

The radiochemistry diagnostic measures 
14.1-MeV neutron activation products 
to determine areal density of various 
target components. 
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previously developed diagnostics with the 
most current technology available and to tai
lor them to our needs for Nova. 

Authors: V. W. Slivizisky and R. P. Drake 

Nova Optical Fiducial System 

The Nova optical fiducial system provides 
reference timing information to the fusion 
diagnostic streak cameras mounted on 
Nova. Timing signals are distributed in 
the form of optical pulses at 0.35 /im. Our 
tests have determined that all diagnostic 
streak cameras, both optical and x-ray, 
are sensitive to the 3ft) fiducial pulse, and a 
usable signal is generated in each cam
era. 1 6 8 Thus, we will have a single, abso
lute time base that relates all diagnostics. 
The modifications necessary to do so will 
be incorporated into the diagnostic 
software packages. 

Fiducial t^ ing pulses with >500 nj of 
energy and <250 ps long make the fiducial 
system compatible with the sweep rates of 
all Nova streak cameras. Because the fidu
cial system can be fired independently of 
the main Nova laser, it can be used to 
check streak camera operation without a 
target shot. 

The Nova optical fiducial system is com
posed of two subsystems: an optical fiducial 
laser supplying a short 3ft) light pulse and a 
fiber-optic distribution subsystem that deliv
ers the light to various Nova diagnostics. 
The interface of the optical fiber to an x-ray 
camera is different from the interface to an 
optical streak camera, ^or x-ray streak cam
eras, the tip of the optica! fiber is placed 
near the photocathode, where it serves as 
the electron source. For optical cameras, the 
light transmitted by the optical fiber illumi
nates the S-1 or S-20 photocathode. Tests of 
fiber-optic photocathodes showed that we 
needed to stringently specify the temporal 
-hape, wavelength, repetition frequency, 
...id energy of the fiducial pulse. We deter
mined the specification for the fiducial 
pulse at the interface between the fiducial 
generator and the fiber-optic distribution 
subsystems by adding the effect of the 
losses of the fiber-optic distribution system. 
System specifications were also evaluated 
for compatibility with the Nova electronic 
trigger generator. 

Previorj tests estaWiar >d that only 100 nj 
of 3ft) light are required to generate a suit
able signal to an x-ray camera. A fiber oi/i-
put energy of 500 nj per pulse was 
established as a system requirement. 

The temporal characteristics of streak 
cameras require that the fiducial pulse be 
no longer than 250 ps with a well defined 
peak and that its separation from the main 
Nova pulse exhibit a maximum jitter of 
50 ps. This standard yields absolute and 
cross-timing of streak cameras to an accu
racy of <100ps. 

Three syncY .'onization requirements are 
imposed on the optical fiducial system: 
• Matching the Nova and fiducial 

pulse times. 
• Coordinating the timing of the various 

cameras with one another. 
• Synchronizing the electronic trigger with 

the optical fiducial. 
The timing of the fiducial with respect to 

the Nova pulse is specified to be adjustable 
over ± 1C ns from nominal Nova timing in 
steps r i 50 ps or less. The various cameras 
are cross timed with one another by timing 
them to the optical fiducial. 

We also plan to synchronize the elec
tronic trigger by timing it to the optical fi
ducial. This will allow tests of the trigger 
without firing the Nova laser. 

Fiducial Laser Requirements. The opti
cal fiducial design specifications that have a 
primary influence on the final beamline 
configuration are the fixed, short pulse 
length and timing, and sufficient la) energy 
to generate 5 mj of 3ft) energy. There is no 
point in the Nova baseline configuration 
where these requirements can all be satis
fied. As a result, we have designed an inde
pendent beamline, essentially duplicating 
the short-pulse beamline configuration of 
the master oscillator room (MOR). That is, 
we will add a mode-locked, Q-switched os
cillator and a Pockels cell for single pulse 
selection, followed by two 1-cm rod ampli
fiers and a frequency conversion assembly. 

Timing the fiducial pulse within 50 ps of 
the arrival of the target x-ny signal at the 
diagnostic streak cameras on the targut 
chamber requires that we synchronize the 
optica] fiducial oscillator with the main 
short-pulse oscillator. This is do"e by driv-
ir 0 the two oscillators from the same rf s;g 
nal genei^or. To permit this coupling, thp 
two oscillators will stand side by side in the 
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Master oscillator room 
Fig. 5-80. Nova optical 
fiducial layout. 

MOR, followed by their respective switch-
out Pockels cell chassis (Fig. 5-80). 

The limitations on the transmission of 3(0 
light through optical fibers require that the 
fiber insertion point be no further from the 
north (10-beam) target chamber than the 
south wall of the target bay. We relay a 
low-energy (100-mJ) \(0 pulse from the 
MOR to this point, then amplify and con
vert it to 3(o. 

A four-lens relay configuration is de
signed to place a 5 x image of the oscillator 
output window at the frequency conversion 
crystal r.ear the target bay. The frequency 
converter itself will be mounted within the 
4-ft-thick wall separating the switchyard 
from the target bay in a hole intended for 
beam No. 20 of the original 20-beam Nova 
design. This lends both mechanical and 
thermal stability to the frequency converter. 

The optical fiducial amplifier contains 
several components required by the physi
cal layout. (See Fig. 5-80.) A standard Nova 
chain input sensor will align the MOR 
beam through the amplifiers to the 

frequency converter. Two rod amplifiers, 
separated by a Pockels celt, are necessary to 
provide between 20 and 100 mj of 1ft) en-
erg-/ required for the 5-mj, 3co specification. 
The third rod amplifier shown is included 
in the design to supply \c) trigger pulses 
to x-ray diagnostics en the north target 
chamber wall. 

After frequency conversion to 3(0, the UV 
light is separated from the residual \(i) and 
2(0 light with a fused silica prism. For north 
chamber shots, the 3(0 pulse is inserted into 
a 61-fiber optical bundle for transmission to 
the diagnostic instruments. The other har
monics are presently unused in north 
chamber operation, but in the future, the 
unconverted light may drive photoconduc-
tive switches on advanced diagnostics. 

Fiducial Output Coupling and Distri
bution. The fiducial distribution system 
(Fig, 5-81) is composed of a fiber-optic array 
lhat splits the fiducial beam into 61 inde
pendent optical fibers, each of which may 
be assigned to a diagnostic instrument. 
A down-coll imating telescope presents a 
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Fig. 5-81. Nova optical 
fiducial distribution 
system. 
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Fig. 5-82. Fiber-optic 
array. 

parallel beam of optimum size from the 
laser to the fiber-optic array. The diagnostic 
streak cameras are coupled to this array 
with 20 m of fiber. The length of each fiber 
is adjusted to deliver a properly timed fidu
cial to each streak camera. 

The total atter - ation from the fiber array 
to the streak camera cathode is determined 
by measuring the attenuation of each indi
vidual component. A multimode, 100-/*m 
semi-graded indrv fiber was selected based 
upon the relatively high power levels re
quired at the entry to the fiber array and on 
the measurements169 of the attenuation, dis
persion, and wavelength behavior of a vari
ety of optical fibers. Attenuation data were 
obtained by removing 3 m of c;.ble in six 
steps and recording the input and output 
characteristics at each step. Four such runs 
made using various lengths of cable show 
the attenuation to be less than 8dB/18m. 
This is an extremely high value compared 
to the 7dB/km at 0.8/im advertised by the 
manufacturer. This difference is explained 
by the poor transmission of 3a) light in 
fused silica. 

A second measurement of attenuation 
was performed on two sets cf fiber arrays 
(Fig. 5-82). We uniformly illuminated the 
front surface of the 61-fibei bundle with a 
pulse of 3o> light. The output from S of the 
61 fibers was recorded and plotted against 

61 fibers 
(core and cladding) 

the input energy, and the array attenuation 
was calculated from the slope of the input-
output plot. The test was repeated using 
only four of the eight fibers, and the slope 
of the input-output plot increased by a fac
tor of 2. This verified that the array wac. 
uniformly illuminated. 

The last system components evaluated 
were the fiber-optic connectors. The manu
facturer specifies the connector loss at 
1 dB/connector; however, our measurements 

Sheathing 
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show the attenuation to be 1.3 to 1.5 dS 
per connector. 

Summing the attenuation values of the 
fiber-optic array, 20 m of fiber and 3 con
nectors, we arrive at a total attenuation of 
41.5 dB. 

We expect to obtain a 350-nJ output pulse 
at the streak camera cathode with a 5-mJ 
input beam. But to meet the 500-nJ output 
energy design, we must increase the input 
intensity at the fiber array, either by 
supplying more than 5 m] of input energy 
or by further reducing the diameter (5 mm) 
of the input beam and eliminating some of 
the 61 fibers. 

Dispersion measurements made with 
0.606 u m light pulses through 20 m of 
fused-silica fiber indicate that a 250-ps pulse 
will broaden by only 70 ps. Teste are now 
in progress to evaluate the dispersion at 3ct>. 

Electronic Instrumentation 
Timing System 

An electronic timing system that serves two 
important functions has been implemented 
on Nova. First, pulses can be generated at 
precise, controlled times relative to the 
Nova system trigger. These pulses simulate 
experimental signals without the need for 
laser shots. Transient recorder and streak 
camera triggers can now be rimed indepen
dently of the laser system, greatly reducing 
setup time. 

The second 'unction of the Nova elec
tronic timing system is to accurately cross-
tim p signals on transient recorders. In past 
experiments, sigi.c's were cross-timed as
suming cor. Tit on breakout times. Now, fidu
cial signals tii t are common to all transient 
recorders allow them to be independently 
cross-timed to an accuracy of better 
than 50 ps. 

The heart of the electronic timing system 
is a signal simulator combined with a high-
resolution time interval meter (TIM). The 
signal simulator is a pulse generator with 
controllable amplitude, polarity, and trigger 
delay. A signal simulator monitor signal, in
dependent of the output pulse amplitude 
and polarity, is used by the TIM to measure 
the delay to a precision of better than 10 ps. 
Software has been developed that deter
mines the correct signal simulator delay for 
each signal channel, and produces that de
lay by a successive approximation tech
nique. The correct delay is based on 
time-of-flight and jumper-cable delays that 
are part of a pre-loaded data file. The soft
ware includes an interface to a portable 
controller that operators use to control the 
signal simulator. 

During instrumentation setup, the timing 
system causes the signal simulator pulse to 
arrive at the transient recorder at the correct 
time relative to the Nova system trigger. 
The operator then adjusts individual trigger 
times to obtain the desired display- The 
same procedure is used to set up streak 
cameras, except that a TIM reading is used 
instead of a displayed waveform. The TIM 
is started by a sweep monitor pulse from 
the streak camera and stopped by the signal 
simulator pulse. The streak camera is being 
triggered correctly when the TIM reading 
equals a calculated, pre-determined reading. 

Cross-timing is achieved by mixing a 
common fiducial pulse with the signal on 
each transient recorder, This pulse is distrib
uted via passive, jitter-free components. In 
order to account for different cable lengths, 
the fiducial pulses must be accurately timed 
at each recorder. The simulator and preci
sion TIM are used to do this. The operator 
selects a signal channel and adjusts the sig
nal simulator until the leading edges of the 
simulator output and the fiducial pulse are 
aligned. A TIM reading is taken and stored 
in a data file. This .ead operation is re
peated for each channel to measure the rel
ative timing of the various fiducial pulses. 
These readings are then used to accurately 
correlate transient recorder records. 

The system includes a method to monitor 
the temporal performance of a streak cam
era. For each streaked diagnostic, a time-to-
digital converter channel is used to record 
the time differences between the diagnostic 
trigger and the sweep monitor pulse from 
the streak camera. Th ;se measurements will 

From the resulfa. of the attenuation and 
dispersion measurements, we will be able 
to determine accurately the peak of the fi
ducial pulse. Then we can compare tempo
ral data taken from separate diagnostics on 
the Nova experiments with a high degree 
of precision. 

Authors: W. R. Graves, J. S. Hildum, and 
D G. Nilson 
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be routinely made on system dry runs and 
on target shots to reveal timing shifts that 
may occur. 

The Nova electronic timing system pro
vides a more efficient use of the laser facil
ity by allowing most setup operations to be 
accomplished independently of the laser. 
For the first time, it makes possible accurate 
cross-timing of experimental data. And it is 
now possible, also for the first time, to de
tect a timing error or sweep malfunction in 
a streaked diagnostic before the target shot. 

Author: J. ~LJ. Wiedwald and G. E. Phillips 

Major Contributors: D. J. Kroepfl, 
R. L. Hanks, and D. A. Cloyne 

Microwave Experiments 
Microwave simulation experiments were 
perfomied at the University of California at 
Davis to study hot electron production due 
to parametric instabilities. In the experi
ments, s-polarized microwaves with a fre
quency (00/27i = 1.2 GHz are incident1'"1 7 1 

on an inhomogeneous plasma in a special 
section of an L-band waveguide (8.25 
x 16.5 cm). Therefore, a well-defied TE 1 0 

mode of the microwaves interacts with the 
inhomogeneous plasma near the critical sur
face. The plasma is essentially collisionless 
because the electron mean free path is 
about 1 m, >vhich is greater than the device 
dimensions. The plasma has an electron 
temperature TH» = 3 eV, an electron-to-ion 
temperature ratio TH/7' ( I ) = 10, zi\d a criti
cal density if, = 1.8 x 10 l l'cm \ 

When the microwave power is above a 
well-defined threshold value, the simulta
neous excitation of an ion wave (0{ and an 
electron plasma wave cot, is observed. This 
process is identified as the ion acoustic de
cay instability. For microwave powers well 
above threshold, the electron plasma waves 
have a turbulent spectrum. The broad spec
tral width, Known in Fig. 5-83, is 

Aw/w„ > 3% » ft>pi/ft>„ (21) 

where the ion plasma frequency 
ru = 4/m/V/Hi, e is the electron charge, 
and w, is the ion ma's. For high-power mi
crowaves, the density profile near the criti
cal surface is strongly steepened1 7 0'1 7 1 as a 
result of the ponderomotive force of the 

plasma waves, and the ion waves also 
become turbulent. 

Langmuir probe measurements are 
shown in Fig. 5-84. A straight line on this 
electron current-voltage characteristic indi
cates a Maxwellian energy distribution. The 
current of high-energy electrons increases 
with increasing microwave power. The 
supra thermal electron distribution has a cut
off at a relatively low energy (shown by the 
arrow on the 50-W curve) for weak micro
wave powers. The cutoft" velocity 

»cut/»ph a (»«>eo) Ml* ** 1-2 (22 ) 
Fig. 5-83. High-
frequency spectrum of 
electron plasma waves 
with microwave 
power wel l above 
threshold. 

Fig. 5-84. Electron cur
rent vs energy mea
sured with Langmuir 
probe at four levels of 
microwave power. All 
electrons with energy 
above the abscissa 
value are collected. 

50 100 
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Fig. 5-85. Thermal 
electron heating Te vs 
incident microwave 
power fro IT. Ihree sets 
of m e a s u r e m e n t with 
the same plasma 
parameters. 

I ;ig. 5-86. Ratio of 
hot and thermal elec
tron temperatures vs 

is on the order of the phase velocity of the 
most unstable waves. 

The measured steady-state hot electron 
temperature is given approximately by 
T H = 66 Pj / 2eV, where P 0 is the incident 
microwave power in kilowatts and the area 
is ~64 cm2. Thermal electrons are also 
strongly heated (Fig. 5-85). The thermal 
electron temperature is given approximately 
by r c = 91$* eV. 

The measured ratio of hot to thermal 
electron temperature r H / r o = 7.3Pf;' is 
therefore a very slow function of micro
wave power. Computer simulation calcula
tions (ZOHAR) give T H = 4.4 x 10 " 4 

(Mjj)0,3 keV for 101 5 < JAjj =S 10 l s W/cm2, 
(the parameter regime of the experiment) 
and Tc = 4 keV; A0 is the transverse 
wavelength in microns. Thermal electrons 
are only weakly heated in the computer 
calculations. 

An approximate theory 1 7 0 indicates that 
TH/TC should be only a function of the vari
able / H 7AQ/TJ / 2 where / H is the fraction of 
energy into fast electrons. Figure 5-86 illus
trates the microwave simulation results, 
ZOHAR computer simulation results for 
laser parameters, and the theoretical 
results170 

TH/T,^A xW-"ffHl%/T? (23) 

P0(kW) 

where .4 = 1.4 for T/T-, = 1 and A = 1.0 
for TJT, » 1 with 1 expressed in W/cm2, l 0 

in /<m, and Tc. in keV. The results should be 
compared to theory for A =̂  1.4 in the mi
crowave experiments with strong ion heat
ing, and they should be compared to theory 
for A =i 1 in the computer simulations with 
a large temperature ratio TJT-, =s 16. We see 
good agreement (within ±20%) between 
theory, microwave measurements, and 
simulation calculations for laser parameters. 
As expected, these results only apply to 
cases where the density profile is self-
consistently determined by the pondero-
motive force. Simulation calculations with 
shallow density profiles that are not in 
equilibrium give quite different results at 
the same laser intensities. 

Authors: K. Mizuno, J. S. DeGroot 
(UC Davis); and K. G. Estabrook 

I 
• Microwave simulation 

measurements 
O ZOHAR computer simulation 

A • Simulation with long plasma 
density profiles in disequilibrium 
at the same laser intensities as 
the open circle shown at the center 
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" • , ' II r' 
dvanced research and development for 
each laser component {Insures that current 

•laser systems perform |fficiently and that 
future laser system designs mjfeet ICF goals. 
Continued research in amplif ir~ i ~ s 

optical components will incre i 
the Nd:glass laser and will develop advanced solid 
state laser tec>- 'ogy. Early high-average-power 
lasers will fe jlass amplifiers, therefore, 
strength tester*^iass are being conducted, strength 
being an important parameter in an amplifier's 
ability to withstand high-average-power laser 
operation. The large photo at left shows a side view 
of a high-energy fractured glass sample. The two 
inset photos at far left show a biaxial test jig (top) 
and a bend test jig (bottom), two devices used to 
characterize defect populations. Inset photo at page 
top shows a fracture initiating from a surface detect. 
The photo below, a gadolinium gallium garnet 
crystal, is, when doped with needy mi um and 
chromium, one of the most efficient of any known 
solid state laser material. It is a candidate for high-
average-power laser amplifiers. 
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Advanced Laser Development 
Introduction J. F. Ho.'Mchter and W. H. Lowdermilk 

The responsibility of the Advanced Laser Development Program is to develop 
and test concepts, components, and materials for present and future laser sys
tems. These activities have three goals and objectives. 
*To support the experimental program on Nova. During 1984, construction of 
the laser system was completed Laser activation and preparations for the first 
target experiments began at the end of the year. A major portion of the Ad
vanced Laser Development Program resources were dedicated to bringing the 
Nova laser to operational status. These activities included finishing the tech
nology development of the harmonic-conversion arrays and of the high-power 
antireflective (AR) coatings used on all transmitting optics. 
• To develop the technology and cost base for an afforable 5- to 10-MJ 
high-gain research facility to demonstrate and optimize high-gain (S100 x) 
targets. Wavelength and temporal pulse-shape flexibility will also be re
quired (see Table 6-1). 
• To invent an efficient, repetitively pulsed high-average-power driver for vari
ous future civilian and military applications of ICE This objective places par
ticularly stringent demands on laser technology, as shown in Table 6-1. It is 
important to note that no demonstrated concept can meet this final objective. 
However, we have identified advances in solid-state laser technology that can 
permit 1- to 10-Hz laser systems to operate at >10% efficiency.1,2 We continue 
to support free-electron laser development by the Beam Research Group at 
LLNL because that technology also shows promise of high efficiency and rep
etition rate even though it is relatively undeveloped at present. 

The 5- to 10-MJ, short-wavelength laser system must be both afford
able and acceptable to a variety of users in the weapons, fusion, and gen
eral physics communities. The system must be flexible, applicable to a wide 
variety of target shapes, sizes, and pulse requirements, and should cost no 
more than ~S250 million. We have investigated both gaseous laser systems 
(primarily the KrF excimer laser) and harmonically converted Nd:glass laser 
systems for this application. We conclude that the most flexible and econom
ical approach at present is to use harmonically converted Nd:glass technology. 

Table 6-1. Future ICF Program laser-irradiation facilities. 
High-gain (~100 x) Reactor driver 

Characteristics experimental facility (1 GWJ 
Pulse energy 5 to 10 MJ 2 to 6 MJ 
Peak power 500 to 1000 TW 200-600 TW 
Pulse duration 0.030 to 100 ns ~10ns 
Pulse shape Diverse, flexible Single, fixed 
Pulse repelition rate SL-.gle shot Few Hz 
Efficiency Unimportant except 

for cost impact 
>10% 

Wavelength 0.25 to 1.00 ftm Fixed A, £0.50 /im 
Cost goal 25 to 50 $/J 30 to 60 $/W l v„ 

100 to 150 $/f 
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However, the construction of a 5- to 10-MJ, short-wavelength driver using 
Nd:glass at an acceptable price requires cost reduction in every area of 
laser technology. 

Two major areas of cost reduction involve the amplifiers and the optical 
train. Compared to Nova, we believe that amplifier costs on a per-joule basis 
can be reduced by over a factor of 10. Savings include reducing laser-glass 
costs by a factor of 4 to 8, doubling extraction efficiency, increasing amplifier 
storage efficiency (stored laser energy relative to bank energy) from 1 to 4%, 
and reducing the cost of electrical energy storage from $0.40 to S0.10/J. Our 
objectives are to make better use of the laser optics (and thereby to reduce 
their cost per joule) by increasing the laser fluence from present levels of 
5 J/cm2 (an average at a 1-ns pulse duration) to approximately 20 J/cm 2 (an av
erage at a 10-ns pulse duration). The goals of our materials program are to 
meet these objectives by using new materials such as sol-gels for AR coatings, 
as well as for high reflectivity and dichroic coatings, and by developing new 
techniques for more economical production of glasses and harmonic crystals. 

Over the past decade, we have invented a variety of gaseous laser media di
rected at the high-repetition-rate, high-efficiency application. We are continu
ing this work; however, all short-wavelength gaseous laser media to date have 
failed to meet our requirements of either >10% system efficiency or accept
able cost per joule. For example, the most well developed short-wavelength 
gas laser uses the rare-gas excimer KrF. We have worked since its invention in 
1975 tu optimize the KrF excimer laser for the ICF application. However, it re
quires expensive pulse power ($1 to $2/J) based on megavolt electron-beam 
pumping, its characteristic wavelength of 0.249jjm limits the optical fluence 
to ~5 J/cm2, and the nonstorage character in the laser medium requires the use 
if puls=-compression techniques to shorten the >100-ns amplifier extraction 

pulse to the 10-ns pu'ie needed for target implosions. These operating con
straints preclude KrF laser technology from being cost competitive for a single-
shot research facility when compared to harmonically converted Ndrglass laser 
technology optimized for minimum capital cost, in addition, we estimate that 
the ultimate svstem efficiency of KrF is about 5%, which unfortunately also 
precludes this system from being used for direct generation of electricity with 
expected ~100 x target gains. 

Free-electron laser technology holds promise of high efficiency (~15 to 20%) 
and very high average power at short wavelengths. However, the technology 
is too poorly developed to be a serious candidate for the next fusion facility. 
The development is much too expensive for the ICF Program to support, given 
current priorities. Fortunately, free-electron laser development is being sup
ported in the Beam Research Group at LLNL by the Department of Defense 
(DOD). We have provided support during the project's beginning, and we con
tinue to follow their work closely. 

Our failure to invent new fusion laser systems caused us to reconsider the 
use of solid-state lasers as fusion drivers and, more generally, for military and 
commercial applications.1,2 While the success that we have experienced using 
the Nd:glass laser for target research ha c been gratifying, th" extension of this 
technology into these new operating regions is indeed exciting. Our conclu
sions are that 
1. Solid-state laser systems have as much potential for scaling to high average 

power (megawatts) as do known gas lasers. 
2. Waste heat can be removed in a straightforward fashion by using gas-flow-

cooled, thin-disk amplifier structures (at the MW/m2 rate). 
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3. Solid-state lasers suitable for fuel-breeding ICF applications ;rew percent ef
ficiency, few H z repetition rate) can be constructed with modest extrapola
tion from existing Nd:glass laser technology. 

4. Solid-state laser systems with efficiencies in excess of 10% appear to b e 
achievable using new pumping sources (electron-beam-excited phosphors or 
semiconductor lasers) and advanced solid-state materials. 
As a result of these studies / w e have begun a technology program to ascer

tain the efficiency and average power capability of solid-state laser systems. 
Because of the immediate applicability of this technology to D O D problems, 
the Defense Advanced Research Project Agency (DARPA) has begun a pro
gram at LLNL to develop advanced solid-state laser technology for their spe
cific applications. These activities will be reported in a separate document . 
The synergism between ICF and D O D applications is enhancing progress in 
both areas. 

S u m m a r y of Activi t ies 

During 1984, we performed experiments di
rected at the 5- to 10-MJ high-gain, research 
laser goal. We increased our understanding 
of the important variables that affect the 
f.ashlamp pumping efficiency of amplifiers. 
The variables we studied included various 
reflector shapes, flashlamp packing fraction, 
and single- vj. double-sided pumping. We 
continued studies on flashlamp perfor
mance as a function of gas fill and bore di
ameter and on using enhanced feedback to 
the lamps of light with wavelengths not di
rectly absorbed by the Nd-doped glass. 
Combining these factors resulted in a sub
stantial increase in overall energy-storage 
efficiency of amplifiers (—4% at 0.2J/cm3). 

This year, we successfully completed 
development of sol-gel AR coatings for 
surfaces of optical elements exposed to 
035-nm (third-harmonic or 3ft)) light. Dam
age thresholds of sol-gel AR coaungs de
posited on fused-silica focusing lenses were 
equal to the damage threshold of uncoated 
fused silica. This damage threshold is 3 to 
4 times higher than thresholds of vacuum-
deposited, multilayer dielectric AR coatings. 
In addition, we developed a sol-gel AR 
coating that can be applied directly to the 
potassium dihydrogen phosphate (KDP) 
crystals used for harmonic frequency con
version on Nova. These coatings eliminate 
the need for cells filled with index matching 
fluid (IMF) to contain the KDP crystals. 
Eliminating such cells was desirable be
cause they presented a higher risk of dam
age through laser-induced breakdown of 
the fluid. 

We have continued development of im
proved Nd-doped laser glass. This year, we 
formulated and optimized new glass com
positions for long fluorescence lifetime End 
low concentration quenching. In addition, 
we measured the effects of impuiities on 
the Nd excited-state lifetime. 

Large regenerative-amplifier systems are 
expected to have cost and maintenance ad
vantages over current master-oscillator, 
power-amplifier (MOPA) laser designs. How
ever, such systems require a large-aperture 
optical switch for which there were no pre
viously known practical concepts. We have 
continued development of our plasma-
electrode Pockel's cell and successfully dem
onstrated highly uniform switching of a 
27- x 27-cm cell with rise times of less 
than 50 ns. 

We continued our systematic search for 
improved crystals for harmonic generation 
with high efficiency and wide dynamic 
range. We established experimental capabili
ties to screen materials for high nonlinear 
coefficients and noncritical phase matching. 
New solid solutions of KDP isomorphs 
have shown promise. In addition, we have 
examined the conditions under which cur
rently used KDP crystals could be grown 
more rapidly to reduce cost. We built an ex
perimental growth station of new design 
and achieved growth rates that are 10 times 
higher than those currently achieved in 
commercial practice. 

We have continued our search for candi
date laser systems for both the low-cost, 
single-pulse research system and for the 
eventual ICF commercial-power-generation 
system. New crystalline-laser host materials 
have been grown, and their spectroscopic 



Solid-State Amplifiers 

l-ig.b-l. The SSA with 
black end panels and 
side panels used for 
measurements of stor
age efficiency. 

and laser properties were measured. With 
one material, neodymium and chromium 
co-doped into crystals of gadolinium scan
dium gallium garnet (GSGG:Nd,Cr), we 
achieved an overall lasing efficiency of 5%, 
which is approximately 2 times higher than 
that of YAG:Nd. 

In research that is separately funded by 
the Department of Energy (DOE).. Office of 
Basic Energy Sciences, we have continued 
the development of computational methods 
to understand transition-metal ion impuri
ties in crystalline host lattices. This pro
gram is directed toward developing the 
ability to predict systems with good proper
ties as high-efficiency lasers. We have also 
continued our studies of laser-induced dam
age to surfaces and have successfully identi
fied impurities that we believe initiate 
surface damage. 

Solid-State Amplifiers 
Single-Segment Amplifier: 
Experimental Results 

Introduction. As discussed in the 1983 
Laser Annual,3 we have constructed an ex
tremely flexible Nd:rn -is disk amplifier, 
which we call the single-segmen* amplifier 
(SSA). The SSA has rectangular laser disks 
and could represent a single segment of a 

large segmented-array disk amplifier. How
ever, its primary purpose is to provide 
a testbed for exploring amplifier designs 
and to produce fundamental data that can 
be compared to results from modeling. The 
experiments discussed in "Flashlamps," 
later in this section, and in previous Laser 
Annuals 4 5 provide important input to 
such models. 

Our major emphasis in the SSA is to 
maximize energy-storage efficiency, the ratio 
of laser energy stored in the glass at peak 
gain to the energy delivered to the lamps 
by the capacitor bank. In contrast, the Nova 
amplifiers were designed to maximize the 
peak gain coefficient and thereby minimize 
the effect of nonlinear self-focusing when 
used in a system. A megajoule-class laser 
driver will operate at much longer pulses so 
that amplifier efficiency also becomes an 
important parameter for maximizing the 
performance-to-cost ratio. 

The main features of the SSA are 
illustrated in Fig. 6-1. The laser disks are 
rectangular to maximize the area of glass 
available for pumping and to be compatible 
with a segmented geometry. The nominal 
aperture of the amplifier is 32 cm on each 
side. We have used 4% Nd-doped silicate 
glass disks (LG-660 from Schott Glass Tech
nologies, Inc.), which are 4.3 cm thick. 
The disks have a relatively large doping-
thickness product to enhance the absorption 
of pump light. The baseline laser disks in 
the Nova 31.5- and 45-cm amplifiers are 

Bottom reflector 
(vacuum-deposited silver) 

Disk holder -* 

End panel 
Winston 

reflectors 
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also 4.3 cm thick; however, the Nd doping 
is 2%. The edge cladding, whic'i provides 
absorption of 1-pm light, is constructed of 
KG-3 filter glass plates (Schott Glass) im
bedded in clear silicone rubber with an op
tical Index that matches both the laser glass 
and the absorbing plates.6 The internal re
flectors in the SSA are plated with vacuum-

posited silver. The reflectivity of these 
reflectors is 90 to 93% at 0.53um compared 
to 85 to 90% for the electroplated silver 
coatings used in the Nova amplifiers. The 
SSA is four disks long to minimize end 
losses, and the arc length of the flashlamps 
is 234 cm. 

A selection of end and side panels that 
can be used with tht SSA are also shown 
in Fig. 6-1. Tb;f choice of end panels in
cludes the standard bead-blasted aluminum 
ends (used in Nova testing), flat silver 
reflectors, or black anodized-aluminum 
boxes, as shown in the figure. The black 
boxes, which are about 30 cm deep, act as s 
light trap and provide a large area for re
sisting damage from the intense pump light 
in the amplifier. The number of lamps per 
side and the type of reflector behind the 
lamps can be varied. These silver-plated 
reflectors can 1; ;ve special shapes or can 
be flat. In some cases, we use black-
absorbing side panels, which are 30-cm-
deep troughs of black anodized aluminum. 
The black troughs can be used with or 
without tlashlamps on a given side. Finally, 
the amplifier can be assembled with or 
without Pilkington glass blast shields be
tween the laser disks and the flashlamps. 

The three flashlamp reflectors we studied 
in 1984 are the 5-lamp Hagen, the 5-lamp 
Winston, and the 8-lamp cylindrical reflec
tors, as shown in Fig. 6-2. In cross section, 
the 5-lamp Hagen and 8-lamp cylindrical 
reflectors have a constant radius, and the 
curves extend to the front surfaces of the 
lamps (preventing the lamps from directly 
illuminating each other from side to side). 
The minimum clearance between the back 
of the lamps and the reflector surface is 
=r0.1 cm. In the Winston design, any light 
ray leaving the surface of the lamp exits the 
reflector without passing back through the 
lamp, and vice versa (all incoming light 
rays pass through the lamps).7 We conclude 
that the Winston design should be ideal in 
terms of using light from all sides of the 

lamps, directing light toward the disks., and 
feeding unused pump light back into the 
lamp plasma after passing through a disk. 
Our conclusion is, however, tempered by 
the fact that Winston reflectors spread light 
over large angles (up to ± 90°), and the 
light may require several reflections before 
striking a disk. Moreover, the efficiency of 
optical recycling (the conversion by 
flashlamps of absorbed light to optical out
put) is somewhat uncertain. The relative 
benefit of absorbing unused light in the 
plasma, rather than passing light back 
through the disk, remains unclear. 

For the Winston shape, the width of 
the reflector channel is nd, where d is the 
diameter of the lamp. Hence, with the 
packing fraction of flashlamps associated 
with that shape {it ' ' = 0-32), the area of 
the surface of the lamps exactly equals the 
area of the projected plane of the disks 
through the center of the amplifier. From 
conservation of brightness, we expect this 
lamp-packing fraction to be optimum with 
regard to amplifier efficiency. The bright
ness (in W• cm"-• sr"') of light that can be 
achieved on the pump plane by any reflec
tor system cannot exceed that which is 
emitted from the surface of the lamps, 
given blackbody behavior. With equal areas 
for emitter and absorber together with an 
appropriately designated reflector, we ex
pect to produce the maximum pumping at 
the maximum efficiency. 

We have compared, under similar condi
tions, the performance of the SSA with that 
of the best Nova amplifiers. At energy-
storage densities of interest (~-0.2 j'/cnr1), 
the efficiency of the SSA is greater by about 
a factor of 2. We have studied the etfkh my 
of the SSA, operated with five lamps per 
side, as a function of electrical pulse width. 

Fig. 6-2. Cross sections 
of three lamp reflec
tors used on the SSA. 

(a) 5-lamp Hagen reflector 

~^K^^^^A<^\^/~ 
(b) 5-lamp Winston reflector 

(c) 8-lamp cylindrical reflector 
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Fig. 6-3. Schematic of 
the setup for gain 
measurements shows 
an exaggerated top 
view of the four disks 
in the SSA to illus
trate orientation and 
define the plus I t) 
and minus ( > sides of 
the amplifier. 

We have also measured the efficiency of 
single-pass pumping to provide a simple 
case for comparison to theory. The differ
ence in pumping efficiency from the two 
sides has given us information on the angu
lar distribution of pump light and on the 
loss in pumping caused by end loss. More
over, we have measured the benefit of two-
pass pumping relative to one-pass pumping 
and have examined the mutual effect when 
lamps are used on both sides of the ampli
fier. By comparing amplifier single-pass 
pumping efficiency with a given reflector 
shape to the case in which a black side 
panel is used, we have obtained a factor 
representing reflector enhancement for the 
various shapes. The effect of »eabsorption 
of pump light by the lamps after reflection 
is clearly evident in these measurements. 
Finally, we have measured the effect of the 
blast shields on pumping efficien< y for 
several conditions. 

Measurement Techniques. We deter
mined the performance of the SSA by mea
suring gain as a function of time using a 
cw NdrYAG probe laser. The measured gains 
were converted to stored-energy densities 
and to efficiencies. We have emphasized 
mpasurement accuracy and repeatability to 
evaluate similar amplifier configurations anc'i 
to reduce the need to repeat measurements. 

Figure 6-3 shows a schematic of the setup 
for gain measurements, which is similar to 
that described previously.-1 An etalon inter
nal to the Nd:YAG resonator allowed us to 
choose the Nd:YAG transition at 1.061 /im, 
which is near the peak cross section of 

LG-660 laser glass at 1.05? pm. The diffrac
tion grating in the reference arm provided a 
continuous check on the output of the 
probe laser at the chosen wavelength. We 
monitored the power of the probe laser be
fore transmission through the amplifier (ref
erence signal) as well as after (transmitted 
signal) to account for fluctuations in the 
probe intensity. A diffraction grating was 
used in the transmitted-signal beamline to 
increase spectral discrimination against 
flashlamp light. The combined spectral and 
spatial filtering in the transmirted-signal 
beamline reduced flashlamp light leakage to 
less than 0.1% of the gain signal. For the 
reference beamline, spectral filtering alone 
reduced flashlamp background to less than 
this level. A TV camera was imaged on the 
spatial-filter pinhole, the smallest alignment 
point in the system, to provide continuous 
confirmation of alignment. 

For accuracy and reproducibility, the ref
erence and transmitted signals were digi
tized by Tektronix 5223 oscilloscopes. Using 
an LSI-11/23 computer, we divided the 
transmitted waveform by the reference 
waveform, normalized the result, and 
smoothed around its peak using the 
Savitsky-Golay method8 to find the peak 
gain. Figure 6-4 shows the standard devi
ations for peak amplifier gains obtained in 
this manner and plotted as a function of 
gain. The standard deviations were ob
tained from 6 sets of gain measurements 
taken on the SSA over a 9-mo period using 
our standard amplifier configuration: two 
5-lamp Hagen reflectors, blast shields, 

Top view 
Single-segment amplifier 
Plus (+) or high-gain side 

lQx Nd:YAG probe laser 

Minus {-) or low-gain side 
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bead-blasted aluminum end plates, and a 
flashlamp pulse width of 3T = 655 fts. The 
le*. 1-squares fit to the data is also shown. 
Since we typically do not take enough 
shots at one condition during a run to de
termine errors accurately, we determined 
the error in the (average) measured gain by 
dividing the standard deviations shown in 
Fig. 6-4 by the square root of the number of 
shots taken for that data point. 

The standard deviation remains finite as 
the gain approaches unity, presumably be
cause it is dominated in that case by digitiz
ing errors. For small gains, we passed the 
probe beam through the amplifier twice, 
thereby squaring the gain and reducing the 
relative error. Typical relative errors in gain 
coefficients or storage efficiencies in our 
data varied from ± 3 % at a gain of 1.04 to 
±0.3% ai a gain of 3. 

We have seen small but consistent de
crease? in gain as the Nova amplifiers and 
the S5A heat up. We monitored the surface 
temperature of an end disk ; r the SSA with 
a thermocouple and found that heating the 
amplifier externally with heater tapes pro
duced an effect comparable to firing the 
fiashlamps. For LG-660 glass in the SSA, 
the gain coefficient decreased by 0.2% 
per °C referenced to the surface tempera
ture of the end disk. Because a typical set of 
gain measurements ta«en over one day in
creased the temperature by only a few de
grees, the temperature corrections were 
usually less than or comparable to our error 
bars. Therefore, we did not make tempera
ture corrections except in those cases for 
which many shots at large energies were 
necessary or when a data set spanned more 
than one day. 

We periodically repeated gain measure
ments with our standard configuration to 
test for aging effects in the amplifier. 
Remarkably little change occurred over a 
10-mo period. Storage efficiencies, calcu
lated from data sets separated by over 1500 
shots, remained within error bars for inputs 
between 100 and 300 kj, and they decreased 
only about 3% for lower inputs. These re
sults indirectly demonstrate the survivability 
of the silicone-rubber-based edge claddings 
developed specifically for the SSA. 

The most important quantities deter
mined from our measurements are the peak 
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gain coefficient a and the peak storage effi
ciency q. The peak storage efficiency is the 
total energy stored in the amplifier at peak 
gain divided by the total energy initially 
stored in the capacitor bank. We determined 
these two quantities from centerline gain G 
as follows: 

I n C 

mffl + 1 / i r ) " 

and 

ahvey 

(1) 

(2) 

Ei, 

= number of disks in the amplifier, 
= disk thickness, 
= refr ctive index of laser glass, 
= Planck's constant, 
= frequency of peak gain, 
= spatial-uniformity correction factor to 

account for the difference between 
the centerline gain coefficient and the 
average gain coefficient over the full 
clear aperture of the amplifier, 

= total volume of laser glass accessible 
to a laser beam, 

= gain cross section of the glass at the 
measurement wavelength, and 

= initial energy stored on the capacitor 
bank. 

For the SSA with LG-660 disks, m = 4, 
t = 4.3 cm, V = 34.9 liters, n = 1.52, 
v = c/1.057/im, and as = 1.81 x 10 2 " c n r . 
To determine a we used the cross section at 
the center of the line (1.93 x 10 2 l , c m 2 at 

Fig. 6-4. Experimen
tally measured stan
dard deviations from 
gain measurements oi 
the SSA in the stan
dard configuration. 
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Fig. 6-5. Storage 
efficiency of the SSA 
and the two largest 
Nova amplifiers -is a 
function of stored 
energy density. 

Fig. 6-6. Measured 
ASE derating factors 
for the SSA and the 
20.8-and 31.5-cm Nova 
amplifiers compared 
to a GA1NPK6 
calculation. 

1.057//m) and assumed that it scales with 
wavelength as X5I(X), where 7(A) is the mea
sured fluorescence line shape.9 

The uniformity correction Cs was deter
mined from gain measurements at three 
spatial positions. The SSA disks rested on 
edge at Brewster's angle with respect to the 
horizontally polarized input beam, as 
shown in Fig. 6-3. We typically measured 
gain at the + 95 and - 95% points of the 
clear aperture in the horizontal plane as 
well as along the centerline. The plus and 
minus sides of the amplifier are the highl
and low-gain sides, respectively as dis
cussed previously.3 Detailed measurements 
of the gain profile of the SSA showed flat 
profiles in the vertical direction and asym
metric parabolic profiles in the horizontal 
direction, similar to those for the Nova am
plifiers.3 We assumed the same profile was 
maintained over the full range of bank en
ergies and calculated Cs for a given data set 
from the parabolic profile determined by 
the three gain values at a charge of 20 kV. 
Values for Cs varied from 0.96 to 1.00. 

Experimental Results. To obtain a direct 
comparison with the amplifier performance 

0 0.1 0.2 0.3 
Stored enetgy density (Jtatv3^ 

1 1 1 

[-GAINPK6 calculation 

OSSA 
£ 20.8-cm amplifier 
• 31.5-cm amplifier 

O-vV 

I ' 1 T3» 
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of Nova, the SSA was first tested in our 
standard configuration, with blsst shields 
and bead-blasted aluminum end plates.10 

The 5-lamp Winston reflectors were em
ployed, and the lamps were excited 
by a 655-^s (3T = 3\/LC) circuit, with 
C = 106/iF and I = 450 /JH. Figure 6-5 
shows the measured peak storage efficiency 
vs stored energy density for the SSA and 
the Nova 46- and 31.5-cm amplifiers. Such 
comparisons based on stored energy density 
are appropriate because all three amplifiers 
have 4.3-cm-thick disks. The SSA is 
roughly twice as efficient at a given energy 
density as the best Nova amplifier, and its 
fall-off in efficiency with loading is much 
reduced. We attribute these improvements 
to the larger disk area (rectangular vs 
elliptical), greater Nd doping, optimized 
lamp-packing fraction, higher cavity reflec
tivity, reduced end losses, and smaller loss 
in gain caused by amplified spontaneous 
emission (ASE). 

We measured the loss in peak gain 
caused by ASE in the same manner as for 
Nova amplifiers—by using a peak-
fluorescence detector (PFD).3 Our PFD tech
nique uses pump light from inside the 
cavity to excite a small sample of 4%-doped 
LG-660 amplifier glass located outside the 
laser cavity. The effect of ASE depumping 
of the small external sample is negligible. 
Thus, a/PFD (peak gain coefficient a di
vided by peak fluorescence signal) gives a 
direct measure of tlr~* loss in gain caused 
by ASE depumping. To provide an angle-
averaged sample of pump light to the PFD, 
a small quart: bulb filled with quartz shards 
scattered a sample of pump light into a 
fiber-optic bundle. The bundle, encased in a 
stainless steel tube, and the quartz bulb 
were inserted into the amplifier to provide 
light that excited the PFD, which was lo
cated outside the amplifier. 

Figure 6-6 shows the measured a/PFD vs 
uvDt,f( for the SSA and for the 31.5- and 
20.8-cm Nova amplifiers.1 The three date 
sets were normalized individually by least-
squares fitting of each to a second-order 
polynominal and scaling a/PFD to make 
the fit equal unity at aDvli = 0- We fine-
tuned each normalization by as much as 
the error in the zero intercept of the fit 
to obtain the best fit of Jdta sets to the 
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GA1NPK6 curve in Fig. 6-6. We used an ef
fective elliptical disk size of L12 x the long 
S5A disk dimension for D,,ff to compare 
SSA data (rectangular disks) to the date for 
elliptical disks of the two Nova amplifiers.11 

Figure 6-6 shows that A5E caused, at most, 
an 11% drop in stored energy in the SSA, 
compared to the 33% drop in the 31.5-cm 
amplifier. The solid curve in Fig. 6-5 was 
subsequenHy used to remove the effect of 
ASE when many of our amplifier measure
ments were analyzed. 

To optimize SSA performance, we mea
sured its gain with four different circuits 
having 3T values of 274, 436, 655, and 
922ps(Rei. 12). Values for inductance and 
capacitance were chosen to give the same 
circuit-damping factor at the same bank en
ergy. Figure 6-7 shows that shorter pulses 
substantially improve the SSA performance 
at low energy densities but help little 
at stored energy densities of interest 
(~~0.2 J/cnr1). This behavior follows from 
the change in opacity of the flashlamps 
with input energy. At lov stored energies, 
for which the lamps are lightly loaded and 
relative!)' transparent, the shorter pulse 
lengths obtained with smaller 3T values 
compete favorably against spontaneous de
cay. At higher stored energies, for which the 
lamps are driven harder, their increased 
opacity at shorter pulse lengths begins ab
sorbing useful pump photons, thus reducing 
the improvement. 

Single-Pass Pumping. Single-pass pump
ing is the simplest SSA experiment to 
model using fundamental flashlamp data.13 

In the ideal case, we pass .all pump photons 

emitted by the flashlamps through the disks 
once. This simplified geometry eliminates 
the modeling difficulties associated with 
multipass pumping and feedback of light to 
the flashlamps. To approach the ideal case, 
we use flashlamps and a reflector on one 
side, a black-absorbing panel or. the oppo
site side, and black end plates. To minimize 
Fresnel reflection, we removed the blast 
shields; however, laser disks themselves are 
Fresnel reflectors. Moreover, some of the re
flectors are not ideal in that some reflected 
light passes back through the lamps and 
can be reabsorbed. 

Figure 6-8 shows the resulting storage ef
ficiency vs bank energy for single-pass 
pumping. The flashlamps with 5-Iamp 
Kagen reflectors were mounted either on 
the minus or the plus side of the amplifier. 
Similar curves ore shown for the black re
flector:. In this case, black absorbers were 
placed on both sides and on the ends to 
create an "all-black" amplifier.1'' In general, 
higher efficiency is obtained for pumping 
on the minus side because the light must 
pass through the disks before reaching an 
end. For pumping on the plus side, some 
fraction of the light can pass directly out 
the ends. As discussed below, single-pass 
pumping efficiencies with reflectors are 
about 70% of ideal predictions. The differ
ence is primarily due to losses in the silver 
reflectors. Finally, the presence of reflectors 
behind the flashlamps enhances pumping 
by the expected factor of about 2. 

The difference in single-pass pumping ef
ficiency for lamps either on the plus or the 
minus side provides a convenient method 

Fig. 6-7. SSA storage 
efficiency for four 
flashlamp pulse. 
widths with circuit 
parameters chosen to 
give equal damping 
factors at equal input 
energies. 



Solid-State Amplifiers 
Fig. 6-8. Single-pass 
storage efficiencies 
with 5-lamp Hogen re
flectors or black rcflec* 
tors showing the 
differences between 
t 'limping from the mi
nus and plus sides of 
the SSA. 

Fig. 6-9. Measured enc! 
loss for the 5-lamp 
itegen, Winston, and 
black reflectors vs ini
tial bank energy lo 
one side of the SSA. • 

r ig. 6-10. Spatial uni -
formily for single-
pass pumping from 
(a) the plus and (b) the 
minus side of the SSA 
using 5-lamp Hagen, 
Winston, and black 
reflcrtors. 
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for measuring the end loss. The ratio of ef
ficiencies produced by pumping from the 
two sides provides a direct measure of end 
loss for pump light on its first pass across 
the amplifier. Figure 6-9 shows the average 
end loss for two-sided pumping. This aver
age loss factor is represented by 

- < M 
2 — 

M i 

40 80 120 160 
Bank energy (kj) 

M 
(3) 

-50 0 50 
Horizontal position (% of radius) 

where M represents the orientation of the 
four disks, and the bar identifies the side 
where the flashlarnps were mounted. 

Figure 6-9 shows that the end-loss is 
somewhat different for Winston, Hagen, 
and black reflectors, all with five lamps 
per side. While the end-loss factor is 
roughly constant with loading for all three 
reflector shapes, the loss for Winston and 
black reflectors is about 8%; that for the 
Hagen reflector is about 5%. This difference 
suggests that Hagen reflectors produce 
some coHimation, directing light toward the 
disks. This difference in collimation can be 
visualized in two dimensions, looking down 
at the amplifier, and with the disks ar
ranged as shown in Fig. 6-3. We refer to the 
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angular distribution of pump light seen 
from this view as the projected longitudinal 
distribution. Only the projection of a 
light ray, as seen from above, determines 
whether the ray hits a disk or exits the 
end. The end-loss experiments suggest that 
the shape of lamp reflectors changes the 
projected distribution. 

The transverse (horizontal) distribution of 
gain for single-pass pumping from the two 
sides and with different lamp reflectors sup
ports the qualitative difference just de-
SLribed. Figure 6-10 shows the transverse 
gain distribution for pumping from the plus 
[Fig. 6-10(a)i or minus side [Fig. 6-10(b)] with 
the three types of reflectors. Greater varia
tion across the aperture is seen for pump
ing from the plus side because the short 
end sections of lamps used with plus-side 
pumping radiate directly to the ends, and 
the gain falls off more rapidly with dis
tance. The fall-off across the aperture is 
greater for the Winston and black reflectors 
than for the Hagen reflector. Once again, 
this outcome suggests that the Hagen re
flector produces greater collimarion in the 
projected view. 

The reduction in peak storage efficiency 
caused by blast shields is plotted in 
Fig. 6-11 for i-he 5-lamp Hagen reflectors. 
The effect of blast shields is greater on the 
plus side, where some of the reflected light 
is apparently coupled out the ends. We find 
only a weak indication that the loss due to 
blast shields increases with loading. A 
roughly constant blast-shield loss of 6% 
was also observed with two-sided pumping. 

The magnitude of the effect frcw i blast 
shields end its constancy with loading are 
difficult to explain. We have calculated that 
there should be a 16% reflection of light by 
the blasv shield, assuming a Lambertian in
put and two interfaces. That this reflection 
produces only a net loss of 6% suggests ei
ther flashlamp recycling of light is very effi
cient or a majority of the reflected light is 
not absorbed in the lamps. There is also a 
slightly beneficial effect of the blast shields, 
which helps to explain our results. Blast 
shields refract light rays toward the normal 
during passage, and the lamps appear to be 
somewhat closer to the disks. 

A factor representing reflector enhance
ment can be derived by dividing the one
sided pumping efficiency observed with a 
given reflector by the efficiency observed 
with a black reflector, as shown in Fig. 6-8. 
Figure 6-12 shows this enhancement factor 
for the case of minus-side pumping (to 
eliminate end-loss changes). The top curve 

Fig. 6-11. Measured 
influence of blast 
shields on storage effi
ciency for single-pass 
pumping of the SSA 
using 5-lamp Hagen 
reflectors. 

0.95 

100 
Bank energy (kj) 

o Winston reflector without ASE 
A Winston reflector 
D 5-lamp Hagen reflector 
o 8-lamp cylindrical reflector 

Fig. 6-12. Reflector-
enhancement factors 
for minus-side 
pumping without blast 
shields. 

0.1 0.2 
Explosion fraction 
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Fig. 6-13. Ratio of 
two-pass to one-pass 
pumping from the 
plus and minus sides 
of the SSA using 
5-lamp Hagen 
reflectors. 

(see curve for Winston without ASE) shows 
the effect of removing ASE. Corrections 
of the same order of magnitude would ap
ply to the remaining curves. The enhance
ment factor is roughly 2, as expected from 
turning around one-half of the pump light. 
The observed decline with input energy is 
presumably caused by the reabsorption of 
pump photons into the lamp after reflec
tion. On this basis, the enhancement 
factor for the Winston reflector should 
be constant. Moreover, the substantial de
cline for the 8-lamp cylindrical reflector 
illustrates the problem of a large lamp-
packing fraction. 

Multipass Pumping. To study two-pass 
pumping, we used 5-lamp Hagen reflectors 
on one side of the SSA and a flat, silver re
flector on the other side (instead of the 
black absorber used in the one-pass case). 
In fact, the pumping is not simply two-
pass because further passes can occur fol
lowing reflection from the side with lamps. 
Figure 6-13 shows the ratio of two-pass to 
one-pass pumping with Hagen reflectors, 
black ends, and no blast shields. This ratio 
is about 1.18 and varies little with input 
energy. Given that the lamps are quite trans
parent at low loading and absorbing at high 
loading, the increased efficiency is caused 
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l :ig. 6-14. Comparison 
of one-sided and two-
sided pumping wilh 
and without ASC us-
inp, 5-lamp Hagen 
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B a n k e n e r g y (kj) 

O n e - s i d e d p u m p i n g 
One-sided pumping without ASE 
Two-sided pumping 
Two-sided pumping without ASE 

Bank energy per side (kj) 



Solid-State Amplifiers 

1 0 Winston reflectors 
A 5-lamp Hagen reflectors 
D 8-lamp cylindrical reflectors 

0.1 0.2 
Stored energy density (J/cm3) 

by multiple-pass effects at low loadings and 
by multipass effects combined with lamp 
absorption and reemission at high loadings. 
The effects apparently trade off nearly 
equivalent!)' for the 5SA because the im
provement factor is roughly constant. 

When lamps are fired on both sides of 
tht- amplifier, as in actual laser systems, ';he 
situation becomes complex and difficult to 
analyze. The effects of multiple-pass pump
ing v^ lamp absorption and reemission are 
illustrated in Fig. 6-14. These data were 
taken with flashlamps and 5-lamp Hagen 
reflectors on both sides, black ends, and the 
655-//S circuit. 

The curve for one-sided pumping corre
sponds to the case of firing lamps on only 
one side and is the average of the plus- and 
minus-side pumping cases. The curve for 
two-sided pumping corresponds to the case 
of firing lamps on both sides. The two-
sided case is closely related to the two-pass 
case discussed previously, except that it is 
influenced by lamp absorption and reemis
sion after each pass instead of every other 
pass. The curves in Fig. 6-14 are essentially 
identical at low loadings, as they should be 
when lamp absorption is low. At the great
est loadings, the results for one-sided 
pumping are greater (even after ASE is re
moved), suggesting that the second pass 
through our disks enhances the pumping 
more than the effect of lamp absorption 
and reemission. In the region of intermedi
ate loading, the opposite relation appears to 
be true. However, such conclusions are 
quite sensitive to corrections tor ASE. 
Nonetheless, we conclude that in the SSA, 
the benefit in efficiency of additional passes 
through the glass is closely matched to the 
benefit of lamp absorption and reemission 
after a single pass. 

Figure 6-15 summarizes the performance 
for two-sided pumping of the SSA with our 
three reflectors. These data were taken with 
black ends, a 3T value of 655 JJS, but with
out blast shields. As in Fig. 6-5, the efficiency 
values were computed relative to storeu 
bank energy and are plotted vs peak 
stored-energy density. The Winston reflector 
produces the best storage efficiency at high 
energy density,b while the 5-lamp Hagen 
reflector provides the highest storage 
efficiency at lower energy densities. The ef
ficiency with 8-lamp cylindrical reflectors is 
substantially lower at all energy densities, 
confirming that its lamp packing is larger 
than optimum. The differences in the 
Hagen and Winston reflector data are very 
small. The measured axial gain coefficients 
of the Hagen reflector are, in general, 
higher than for the Winston reflector, espe
cially with blast shields. Thus, the perfor
mance differences are actually container! 
within the differences in the correction fac
tor Cs for pump uniformity. 
Author- J. E. Murray and H. T. Powell 

Major Contributors: R. C. Lucas 
and B. W. Woods 

Single-Segment Amplifier: 
Models and Calculations 

Neodymium Absorption Cross Section. 
Neodymium (Nd) absorption cross sections 
in various glasses are generally determined 
from the optical density of 5-mm-thick 
samples."' For such thin samples an.', at 
typical values for Nd ion densities (102" to 
10"' cm -1), the absorption in the wings of 
the major bands is weak. Consequently, the 
relative error in the calculated cross section 

Fig. 6-15. Comparison 
of SSA performance 
for two-sided pump
ing without blast 
shields. 
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Fig. 6-16. Predicted ab
sorption cross section 
for LG-660 glass. 
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due to baseline subtraction becomes signifi
cant. The eiTor is amplified when data on 
cross sections are used to predict the spec
tral absorption in thicker pieces of glass 
(e.g., 4.3 cm in the SSA) and can lead to in
accuracies in the calculated pumping effi
ciency. To eliminate such problems, we 
have analyzed transmission data for both 
5-mm and 5-cm glass samples. 

Figure 6-16 shows the spectral depen
dence of the absorption cross section of LG-
660 glass, inferred from the transmission 
spectrum of a 5-cm-thick, 4%-doped sample 
(Nd-ion doping-thickness product = 1.90 
x 1021 cm" 2), and that inferred from the 
transmission of a 5-mm-thick, 2%-doped 
sampie (doping-thickness product = 9.52 x 
1019 <m'2). Just as the optical properties of a 
thin piece of glass give no information 
about the absorption in the wings of the 
bands, it is clear from Fig. 6-16 that a thick 
sample provides no values for the magni-
t* ide of the cross section around the peaks 
of the spectrum. To predict the absorption 
prop2rties accurately over a broad range of 
glass thicknesses, we must use an absorp
tion cross stction that is a weighted average 
of both sets of data. 

We determined best-fit values for the 
cross section over the entire spectral range 
by a least- ' -. ::es fit to the transmissions of 

both the thin and thick glass samples. As
suming a constant uncertainty in the trans
mission measurement, we determined the 
cross section o" at each wavelength by mini
mizing the error 

A2 = [Tj - expt-Uftrf,)] 2 

+ [T, - exp ( - <Jp2d2)\2 , (4) 

where 7\ is the transmission of the thin 
sample, and pjrf, is its doping-thickness 
product. The values of T2 and p2d2 are 
defined similarly for the thick sample. 
Requiring that d(A2)/dcr = 0 results in 
a transcendental equation, which we solved 
numerically for the least-squares prediction 
of the cross section at each wavelength. 

The best-fit cross section obtained by this 
technique is plotted as a function of wave
length in Fig. 6-16. In the limit of saturation 
of the thick sample (T2 — 0), the calculated 
cross section approaches - In Tx/p^dx; con
versely, in the regions where the thin sam
ple is transparent (Tj —. 1), the predicted 
cross section approaches - In T2/p->d2. We 
estimate that our cross-section values are 
accurate to within ± 3% over a dynamic 
range of 100. 

Single-Pass Pumping. We used the 
fitted values of the cross sections to gener
ate the absorption spectrum at normal 
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incidence of the 4.3-cm~thick, 4%-doped 
LG-660 slabs (doping-thickness product = 
1.64 x 1021 ions cm ~2) used in the SSA. 
The instantaneous pumping efficiency for 
Nd;glass by 1.5-rm-bore xenon flashlamps 
was obtained by convolving the predicted 
absorption with the previously measured 
and absolutely calibrated lamp-emission 
spectra at the peak of the output for a 
wide range of lamp electrical inputs.17 In 
Fig. 6-17, the Nd*-pumping efficiency is de
fined as the ratio of extractable laser power 
at 1 fi m to electrical power deposited in the 
lamp. We assumed that each photon passed 
through the glass once and that the quan
tum yield for producing the laser upper 
state 4 F 3 / 2 was unity. 

The time dependence of the deposition of 
electrical power into the amplifier flashlamps 
was modeled using the circuit equations of 
Markiewicz and Emmett.1K Specifically, we 
assumed that the lamp current / and voltage 
V, are determined by 

LI + RI + K/ 1 '" + ^ f ldt = Vb , £5) 

and 
V, = KIL'2 (6) 

where L is the circuit inductance, C is the 
capacitance, R is the resistance, and Vt, is 
the initial voltage across the discharge ca
pacitor. The lamp parameter K is given by 

•'.(J-T K = 1.3 d\iS0) VA (7) 

where / is the arc length, d is the bore di
ameter, and P is the xenon fill pressure in 
Torr. The circuit parameters for the xenon 
flashlamps in the SSA were C = 106 fi F, 
L = 450 uH, R = 0.4 Q, '-',. = 6 to 24 kV, 
/ = 234 cm, d = 1.5 cm, and P = 300 Torr. 

Once the lamp electrical power deposi
tion P| (/ • V,) and the instantanuous Ndiglass 
pumping efficiency q(Pt) are known, the 
determination of E„ the amount of energy 
stored in the excited Nd ions per flashlamp, 
requires the solution of the differential 
equation 

£, - IJ(P,JP|!/I - r,,,„ ylf , (3) 

where r d r e J l v ( /) is the effective decay rate for 
the stored energy. A three-component ex
ponential fit, which accurately trad-ed the 
fluorescence decay of a 5- x 5- x 0.5-cm' 
sample of our LG-660 laser glass, was used 
with branching ratios of 0.0738, 0.5400, and 

1 ~~!~- : 
Doping-thickness product 

1.64 X 10 2 1 ions c i i i > 2 

Fig. 6-17. Calculated 
Nd'-pumping effi
ciency vs lamp input 
for xenon lamp pump
ing (1.5-cm-bore, 
300-Torr xenon, 
400-nm cutoff) of 
LG-660 laser glass. 
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60 80 100 
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0.3862 and lifetimes of 41, 476, and 
232 ps, respectively. 

Equations (6) through (8J, together with 
the results shown in Fig. 6-17, complete the 
calculations necessary to predict the ampli
fier performance for single-pass pumping. 
The differential equations for the lamp cur
rent and stored energy were integrated us
ing a 4th-order Runge-Kulta numerical 
approximation. The peak storage efficiency 
was then calculated by finding the maxi
mum value of £s(f) and dividing that value 
by the energy initially stored in the 
capacitor bank. 

The , o.tio of measured SSA performance, 
using either a 5-Iamp Hagen or 5-lamp 
Winston reflector in the single-sided illumi
nation geometry (see the previous article), 
to predictions for single-pass pumping are 
shown in Fig. 6-18. In both cases, the ratios 
of experiment to theory start near 0.7 at low 
energy and fall off slightly with increasing 
bank energy. This falloff, at least with Win
ston reflectors, may be an artifact of errors 
in the correction for ASE that were applied 
to the experimental data. 

These calculations represent an upper 
limit on possible amplifier performance be
cause we assume that the transport effi
ciency of pump radiation from the lamps to 
the disk is unity. The true transport effi
ciency is lower because of the nonperfect 
reflectivity of silver reflectors and because 

Fig. 6-18. Ratios of ob
served to predicted 
storage efficiencies for 
single-pass pumping 
using the 5-Iamp 
Hagen and 5-Iamp 
Winston reflectors. 
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Fig. 6-19. Ratio of pre
dicted efficiencies -or 
multipass ant! suigle-
pass pumping. 

laser-disk holders intercept some portion of 
the p u m p light. Ray-tracing calculations 
based on measured reflectivity indicate that 
the net transport efficiency should be about 
0.8. This value is in good agreement with 
the value of 0.7 suggested by Fig. 6-18, par
ticularly when w e consider the uncertainty 
(on the order of 10%) in the predictions due 
to experimental uncertainties in the input 
flashlamp data. 

Multipass Pumping. In SSA experi
ments, a two-pass geometry was approxi
mated by placing a flat, silver reflector 
on the side of the amplifier opposite the 
flashlamps. This setup differs from the ideal 
case of two-pass pumping in two o p p o s u g 
ways. The transport efficiency of radiation 
from the lamps to the laser glass (and from 
the glass to the opposite wall) is certainly 
less than unity. In addition, the photons 
that survive two trips through the disks 
have some probability of making additional 
passes through the glass. The remaining 
power may be absorbed in the flashlamps 
and reemitted over a broad spectral range. 
Such complications greatly increase 
modeling difficulties. 

At very low input energies, the flash-
lamps are presumably transparent, eind we 
can calculate in more direct fashion the en
hancement for two-pass pumping (actually 
H-pass pumping for this condition) over 
single-pass pumping. Using the absorption 
cro?3 section shown in Fig. 6-16, we can 
calculate the effect of two or more passes 
on pumping efficiency simply by using the 
curves for pumping efficiency associated 
with successively larger doping-thickness 
products. The improvement factors over 
single-pass pur^ping calculated in this 
manner are shown in Fig. 6-19(a). Obvi
ously, the predicted enhancement is consid
erably greater than that observed (-—1.18) 

when the effective number of passes 
becomes large. 

Much better agreement with the two-pass 
experiment is obtained when w e allow a 
finite transport efficiency from lamps 
*o disks, from disk to reflector, and so 
forth. Calculations were done in essentially 
the same manner, assuming a fixed decre
ment on each transport step. As shown in 
Fig. 6-19(b), if the transport efficiency 
is 0.8, then the n-pass improvement factor 
approximates that from experimental ob
servation. Moreover, the value of 0.8 is in 
good agreement with our estimate of the 
actual h .msport efficiency. 

Finally, we considered the case of two-
sided pumping at reasonably large flash-
lamp loadings, for which lamp absorption 
becomes significant. The model is again ide
alized in that we assumed that all the un
used infrared (IR) and visible radiation that 
reaches the lamp walls is redeposited in the 
lamps. We also assumed Oiat the deposited 
optical energy affects the radiative output of 
the lamp in the same manner as would an 
identical increase in electrical \ iwer input. 

Using the assumptions abov. we incor
porated energy conservation to calculate the 
electrical power nput P e required to pro
duce a net power input Py Then 

Pt. = P]il " TlcTCLrUl - U ~ U\ . (9) 

where Tlc and T C ! are the radiation-
transfer efficiencies from lamp to glass and 
glass to lamp, respectively, 7jr is the flash-
lamp radiative efficiency, f^ is the fraction 
of the total lamp output absorbed in the 
laser glass in a single pass, and / u v is the 
fraction of the lamp output that lies in the 
ultraviolet region and is lost to absorption in 
either the lamp or reflect- * walls. Due to the 
dependence of the radiativ. characteristics 

a 
1.5 

1.4 

" I I I 

_ (a) Round-trip transport 
efficiency = 1.0 

_ Passes 
4 

-

. 3 _ 
2 

I i i 

(b) Round-trip transport 
efficiency = 0.64 (0.8 x 0.8) 

Passes 

160 0 
Bank energy (kj) 

6-16 



Solid-State Amplifiers 

(a) ~i i r~ 
One-way radiation 

transfer efficiency = 1.0 

*-SSA performance with recycling 

'./%> Single-pass pumping 

<b> 
1 | 

One-way radiation 
transfer efficiency = 0.8 

SSA performance with recycling 

Single-pass pumping 

300 0 
Bank energy (kj) 

100 300 

of the lamp on the input power, r/r, / a b s , and 
/ u v are all implicit functions of P,. 

From Eq. (9), the net effect of energy re
circulation is to increase by a multiplicati v"e 
factor the total power deposited in the 
lamp. As a result, the effective and instanta
neous Nd:glass pumping efficiency relative 
to the electrical energy input is given by 

P\ 
n,u •niPi) (10) 

The ratio P/P,. and, thereby, TJC1£P^ was 
calculated using our analysis of the radia
tion from bare, 1.5-cm-bore xenon 
flashiamps. 1 . Once the effective pumping 
efficiency is known, it is straightforward to 
calculate the theoretical performance of the 
SSA with recycling using the same method 
as described for our single-pass analysis. 

Figure 6-20(a) shows the results of our 
calculation in the idealized case, in which 
the transfer efficiencies of the radiation in 
the amplifier are assumed to be unity. For 
comparison, we have also plotted the re
sults oi single-pass pumping (with a trans
fer efficiency of unity). As discussed above, 
both T G 1 and 7 [ C probably equal about 
0.8 in the SSA. Therefore, as a more accu
rate model, we have repeated the analysis 
in the case where T L C = TGi = 0.8, as 
shown in Fig. 6-20(b). 

With respect to the observed performance 
of the SSA under two-sided illumination, 
Fig. 6-20(b) represents an overestimate of 
the effects of the recycling of radiation by 
flashlamps. At the lowest lamp loadings, 
the lamps are essentially transparent to 
their own radiation, absorption in the lamps 
is negligible, and the efficiency of the 
lamps should lie closer to the two-pass 
value. However, for recycling with a finite 
transport efficiency, the improvement factor 
is very similar (—1.20) to the H-pass case. 

Thus, the two effects trade off nearly 
equally, and the prediction in Fig. 6-20(b) 
is in relatively good agreement with 
experimental observations. 

Authors: W. F. Hagen, K. S. Jancaitis, 
and H. T. Powell 

Radiation Transport 

Introduction. We have used rav tracing to 
calculate radiation transport in ^ p u m p 
cavity for various lamp opacities and Nd 
absorptions. The purpose of our evaluations 
was to improve our understanding of am
plifier performance and to provide guidance 
for improved amplifier designs. We reduced 
the complexity of our simulations by re
placing individual components of the p u m p 
cavity with equivalent emitter and absorber 
surfaces that had identical angular emis
sion, absorption, and reflection characteris
tics averaged in space. The ray-tracing 
calculations were two-dimensional (2-D), 
while three-dimensional (3-D) corrections 
were introduced. 

Ray Tracing. For the cylindrical reflector 
shapes used in our amplifiers, it is sufficient 
to trace the rays only in the transverse 
plane that is perpendicular to the flashlamp 
axis because the axial component of the ra
diation is not changed by the reflector. The 
calculated 2-D angular radiation profiles 
transverse to the lamps can then be com
bined with longitudinal radiation profiles 
from flashlamps to simulate amplifier 
characteristics. Our representation of a 3-D 
pump cavity is exact for opaque lamps. For 
transparent lamps, however, the representa
tion is only approximate because the trans
verse profiles can change with the axial ray 
component. To reduce the deviations, the 
axial components were taken into account 

Fig. 6-20. Predicted 
peak Nd* storage 
efficiencies. 
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by using effective emission and absorption 
lengths in the 2-D simulations. 

We determine the angular radiation pro
files from the flash! amp-reflector combina
tion (radiator) with a ray-tracing code in 
which parallel rays enter the radiator at var
ious angles, are reflected, absorbed, de
flected, and then leave the radiator. The 
power of the transmitted rays is collected in 
bins for the incoming and outgoing direc
tions, with angles $x and <p0, respectively, 
relative to the normal of the radiator. Our 
code also allows us to calculate the emis
sion into the initial ray direction using 
a backward accounting technique. Hence, 
the code also provides the emission profiles 
of the radiator, as discussed in detail 
in Ref. 19. 

Flashlamp Emission. The spectral radi
ance at the surface of a uniform transparent 
plasma at an angle yf relative to the surface 
normal, in units of W/cm2-sr-nm, is 

W ^ f COS Iff 
(") 

where W;B is the spedidl emittance of a 
blackbody radiator at wavelength A. The 
spech"-.! cmissivity is 

1 - exp( - AL) (12) 

where a is tiie spectral absorption coef
ficient, and L is the 3-D path length in a cy
lindrical plasma. We selected a coordinate 
system such that 6 is the polar angle with 
respect to the lamp axis, and /? is the azi-
muthal angle defined with respect to the 
surface normal, as shown in Fig. 6-21. 

The spectral power emitted from a sur
face element dA0 on the outside of the 
flashlamp into the solid angle dQa = 
sin 6 dG dp0 is then 

rf^o = TRXA dCly dAn 

TWAli € sin2 9 cos #, dO dpQ dA0 (13) 

where the effective transmission of the 
lamp envelope, including multiple internal 
reflections in the lamp, is determined by 

The reflectivity of the quartz wall, including 
multiple reflections within the wall, is 

(i - iqi - jq 
1 - RiR0 

(15) 

where Rt and R0 are the reflectivities of the 
inside and outside surfaces, respectively. 

Because of refraction, the angle of emis
sion on the outside fiurface of the flashlamp 
is limited to /3 0 = arcsin % =* 48.6° for our 
standard lamps with % ( m e r a n o °f inner-
to outer-wall radius) equal to 0.75. Because 
of this angular limitation, the apparent 
source diameter of the flashlamp is equal to 
the plasma diameter and not to the outside 
diameter of the tubing. 

The transverse emission profiles for an 
internal and external surface element of a 
standard flashlamp are shown in Fig. 6-21 
for various lamp opacities. The lines for ex
ternal emission with T - 1 show the effects 
of refraction alone, while the lines for exter
nal emission with T < 1 show the effects 
of both refraction and reflection on the dis
tributions. Without reflection, the radiance 
R)tQ at normal incidence is identical at the 
inside and outside surfaces of the lamp. 
Moreover, for opaque lamps with emissivity 
€ --- 1 and T = 1, the radiance of the out
side surface is identical to that of the inside 
surface up to the cutoff angle /J0. For low 
emissivities, the effective transmission T of 
the lamp approaches unity because of van
ishing lamp absorption. 

The complexity of full 3-D simulations 
can be reduced with an angle-averaged ap
proximation of Eq. (13) so that 

dP~ r rw A B c ,/UA^A, 
(16) 

where averaging over the polar angle / 
yields 

TT-
4 f2 . , 
~ Tf sin" 
* Jo 

0d0 = 1(1 - e',T) , 

(17) 

The effective emission length and transmis
sion can be approximated by 
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Surface normal 
Lamp opacity, ad = =•= 

Outer-wall radius, 
10 mm 

Inner-wall radius, 
r, = 7.5 mm 

Internal emission 
External emission, T = 1 
External emission, T < 1 

Fig. 6-21. Transverse-
emission profiles for 
cylindrical plasmas 
with and without 
quartz tubing. 

Emission angle,'/3 (deg) 

and 

T = -
1 - Ra 

1 - ««(! ~ f„) 
(19) 

JV 

where c„ is the emissivity for 0 = 90°, and 

0.92 (20) 

through the plasma of a ray at angle p ,̂ as 
seen in two dimensions, is designated as /. 

For radiation that is absorbed by the 
flashlamp, an effective absorption length 
can be obtained in a similar manner. Be
cause the axial component of the emitted 
radiation is essentially maintained in the 
pump cavity, the absorbed power in the ax
ial plane is proportional to 7V rfP(V This 
leads to a "-averaged value of 

:s the 0-averaged ai.d polarization-averaged 
reflectivity of the quartz tubing for a 
Lambertian emitter. The path length 

Tfa 

4. f n n (TO2 sin 
' n h T 

2BdO ^ r l i - e 

(21) 
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The effective absorption length can be 
approximated by 

!„ = ' l + 
0.56 

1 + 2.2fil 
(22) 

Fig. 6-22- Angular 
(a) emission, (b) trans
mission, (c) absorption, 
and (di reflection pro
files for Ihe Hagen re
flector and various 
lamp opacities. 

The approximations of the effective emis
sion and absorption lengths are within 1% 
of the integrated values. Vot typical operat
ing conditions of lamp opacity ad ̂  1, the 
effective lengths are only about 20% greater 
than those seen in a 2-D view, which 
means that the correction terms from 2-D to 
3-") are also only of this magnitude. Apply
ing the effective length according to 
Eqs. (18) and (22) in modified 2-D simula
tions reduces the remaining higher-order 
correction terms to insignificant deviations 
relative to 3-D simulations. 

Radiation Profiles. The calculated emis
sion profiles, as a n nction of the transverse 
angle 0 t y of the Hagei i reflector (radius of 
curvature = 36 mm, average reflectivity -
90%), are illustrated in Fig. 6-22(a) for absorp
tion coefficients ranging from 0 to 10 cm" 1. A 
source diameter equal to the effective 
plasma diameter d =i 2r/(l + 1 mm/r) was 
applied in this analysis, which takes into 
account the transition layer of the plasma at 
the flashlamp walls. The emission profile 

produced by the Hagen reflector is well 
collimated, with most of the energy emitted 
within ±20°. For high opacities, thecolli-
mation is somewhat reduced because some 
of the reflected light is reabsorbed, which 
also reduces the reflector efficiency from 94 
to 82% relative to the total emission of the 
flashlamp. The intensity-weighted number 
of reflections K 0.6 for this geometry. 

The transmission profiles for radiation 
entering the Hagen reflector at angle (ft are 
shown in Fig. 6-22(b). The transmission is 
lowest at normal incidence because most of 
the light is reflected toward the lamp. The 
angle-averaged transmission of the Hagen 
radiator ior an external Lambertian source 
decreases with increasing opacity from 
79 to 40%. 

The absorption profiles as a function of 
input angle <pv shown in Fig. 6-22(c) are 
normalized to unity for normal incidence. 
The absorption profiles widen only slightly 
with opacity and exhibit similarities to the 
emission profiles. In other words, a well-
collimated emitter is also a good absorber 
for collimated light. 

Since the ray directions in a box amplifier 
from a given flashlamp panel to the oppo
site panel are essentially preserved, the an
gular distributions of radiation on the 

-30 ] 30 
(a) Emission profiles Absorption coefficient, 

\ ll n^ j~A\ / 

60 

90 
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60 ^ >C ^ J * / ^ 

/ 1 **̂ —• Transmission, 
(L>) Transmission profiles T = 1 

Output angle, $ 0 (deg) relative to radiator normal 

-30 

30 
Input angle, </»j (deg) relative to radiator normal 

6-20 



Solid-State Amplifiers 

receiver panel are essentially equal to the 
emission profiles. The resulting angular dis
tributions of reflected light are shown in 
Fig. 6-22(d) for various opacities. The distri
bution is plotted as a. function of the output 
angle and assumes the input given in Fig. 
6-22(a). Notice that the reflected radiation is 
distributed over various output angles 0 O 

for a given input angle <f>t. R>r low lamp 
opacities, the reflected distribution is ap
proximately Lambertian and has a nearly 
circular emission profile. Ibr high lamp 
opacities, the reflected distribution is 
hollowed out at normal incidence due to 
high lamp absorption. The angle-averaged 
reflectivity of the Hagen reflector for its 
own emission distribution decreases with 
increasing opacity from 77 to 35% and, 
hence, is only slightly lower than that for a 
Lambertian illuminator. 

The same sequence of radiation profiles 
for a Winston reflector is shown in Fig. 6-23. 
The emission profile is independent of lamp 
opacity bv design, but the emission reaches 
3 maximum at ±35° from the normal. The 
efficiency of the Winston reflector is 93%. 
This figure translates into a value of 0.7 tor 
the intensity-weighted number of reflec
tions. The transmission profile exhibits pre
ferred transmission at normal incidence. 

which correlates well with the absorption 
profile. Once again, a broad-angle emitter is 
a good broad-angle absorber. 

The angle-averaped transmission of the 
Winston case for an t^emal Lambertian 
source is essentially the same as for its own 
emission distribution, and that transmission 
decreases with increasing opacity from 75 to 
27%. The reflection profile of the Winston 
reflector for its own radiation distribution is, 
again, approximately Lambertian for low 
opacities. It appears that the radiation pro
files, after one round trip in the pump cav
ity, approach Lambertian distributions 
because directions of high emission also 
have high absorption, and vice versa. 

Pump Cavity. The calculated radiation 
profiles can be used to simulate amplifier 
performance by transmitting the emitted ra
diation through a blast shield, reflecting 
portions on the side reflectors, absorbing a 
specified amount in the Nd segment, and 
recirculating the remainder in the opposite 
radiator. This process is then carried out for 
various lamp opacities and laser-glass 
absorpfivities. Given both the spectral ab
sorptivity of the glass and the emissivity of 
the flashlamp, it is then possible to calculate 
the spectrally integrated pump efficiency for 
various lamp loadings. 

Fig. 6-23. Angular 
(a) emission, (b) trans
mission, (c) absorption, 
and (d) reflection pro
files for the Winston 
reflector and various 
lamp opacities. 
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Fig. 6-24. (a) Single-
pass transfer efficiency 
and (b) efficiency 
ratios of the SSA 
with blast shields for 
Hagen and Winston 
reflectors. 

While the simulations of pump uniformity 
and end losses require 3-D calculations, with 
the segments tilted at the Brewster angle it is 
valid to simplify the geometry for pumping 
calculations. The pump cavity was repre
sented by an emitting surface, the Nd ab
sorber, an equivalent reflecting surface, and 
two flat-sided reflectors. 

In our simplified geometry, the effective 
number of side reflections necessary to 
reach the midplane of the amplifier is 
N = (0.5X/Y) tan 0^ where X is the spacing 
of the side reflectors, and V is the separa
tion of the radiating surfaces. This leads to 
effective side reflectivities of R^ = R^, 
where RM is the reflectivity of the flat 
mirrors. Fresnel reflections from the blast 
shield and segment surfaces were approxi
mated by 0-averaged and polarization-
averaged values for Lambertian emitters of 
Rr ~ 0.05 + O.95(0/9O°)6 per surface. The 
performance of the SSA with bias; shields 
was limited by evaluating the transfer effi
ciency for 2 and 3 parallel surfaces with 
corresponding effective reflectivities of KT = 
2R,./(1 + RF) and R3 = 3R r/(l + 2R,-). 

The transfer efficiency of photons 
from the lamps to the Nd ions is then 

determined by evaluating the ratio 

K = 1T i&A 
(23) 

where P A is the total absorbed light in the 
segment, P N and P T are the net and total 
emission from the lamps, respectively, P L is 
the total reabsorbed light in the flashlamps, 
and i]L is the reemission efficiency. The ab
sorbed light in the segment, including re
circulation within the pump cavity, was 
approximated for monochromatic light by 

IT 
PEIAIPS 

R^*(l - >7A*) 
-d<p (24) 

where p E is the emitted power from the ra
diator in the direction (/>, K^ is the effective 
reflectivity of the radiator for light entering 
at the angle <p, and 

1MI>Z 
M 1 ~ R3> (25) 

is the effective absorptivity of the segment 
including multiple Fresnel reflections The 
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absorptivity of the segment depends on the 
effective path length in the segment, which 
is about 14% greater than its thickness I for 
external Lambertian illumination at normal 
incidence. Tor an internal rectangular disk 
pumped by a Lambertian radiator, the 
angle-averaged path length is only about 
12% greater than the segment thickness. 
These corrections are relatively small be
cause the maximum path length within a 
disk is limited to ((1 - l /? : 2 ) - 1 ' 2 = 1.33( for 
n = 1.52. For the modified 2-D simulations 
of this analysis, a 0-averaged thickness of 

U = f 1.07 + 0.31 sin2 x (26) 

was applied, which accounts for the essen
tially Lambertian longitudinal emission of 
the flashlamps. 

Amplifier Simulations. The results for 
one-sided pumping of opaque disks are il
lustrated in Fig. 6-24 for the Winston and 
Hagen reflectors. The transfer efficiencies 
in Fig. 6-24(a) and efficiency ratios In 
Fig. 6-24(b) are plotted as a function of 
plasma absorption for various values of 
lamp reemission efficiency. Blast shields 
were included, and mirror reflectivities of 

90% were assumed for these examples. 
With these assumptions, the Hagen reflector 
exhibits the highest transfer efficiency of 
84% at low lamp opacities and high reemis
sion efficiencies. However, for high lamp 
opacities and low reemission efficiencies, 
the transfer efficiency falls off to 68%. The 
Winston reflector is somewhat less efficient 
at low opacities but is also less sensitive to 
vacations in lamp opacity and reemission 
efficiency. The transfer efficiencies of the 
two reflector shapes are identical at plasma 
absorptions of 0.4, 0.6, and l c m " 1 for re
emission efficiencies of 0, 0.25, and 0.5, re
spectively. At higher reemission efficiencies, 
the Hagen reflector would be more efficient 
than the Winston reflector at all lamp opac
ities. The measured ratios of the axial gain 
coefficients with Hagen reflectors relative to 
Winston reflectors shown in Fig. 6-24(b) 
represent averages of 160 measurements. 
The effective plasma absorption for these 
data was scaled with the square of the 
current density, as observed experimentally, 
and normalized at 1 cm ' tor the high
est input energy. The simulations are in 
reasonable agreement with experiments if 
reemission efficiency is about 50%. The dif
ferences in performance of the Winston and 

(a) 

Mirror reflectivity, RM = 90% 
Reemission efficiency, TJL = 50% 
Angle-averaged absorptivity, 
7JA = 1.0 

Fig. 6-25. (a) Trans
fer efficiency and 
(b> cavity-enhancement 
ratio of the SSA with 
blast shields and Ha
gen reflectors for vari
ous lamp opacities and 
Nd absorptivities. 

J 10 0.01 
Plasma absorption, a (cm" 
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Fig. 6-26. Coordinate 
system to predict end 
losses and transverse 
gain profiles based on 
the angular distribu
tion projected into the 
r- : plane. 

Hagen reflectors, considering axial gain co
efficients or storage efficiency as shown in 
Fig. 6-15, are due to differences in the cor
rection factor for pump uniformity. 

The transfer efficiency for two-sided 
pumping of segments with angle-averaged 
absorptivities i)A ranging from 0.1 to 1 is il
lustrated in Fig. 6-25(a) for Hagen reflectors. 
For high absorptivities, r/A = 1, the results 
are identical to those for one-sided pump
ing. At low Nd absorptivities and low lamp 
opacities, recirculation of pump light leads 
to significant enhancements (by factors of 
2 to 3) in effective Nd absorption, as shown 
in Fig. 6-2l5(b). For high lamp opacities, 
the enhancement is obviously reduced and 
leads to the observed stronger decrease in 

amplifier efficiency with pump energy than 
that for one-sided or open-Iamn pumping. 

These simulations represent the behavior 
of specific wavelengths within a pump cav
ity. While lamp opacity generally increases 
monotonically from the ultraviolet to the 
infrared, except for line emission, the ab
sorptivity of the Nd pump bands varies 
drastically. The spectrally averaged absorp
tivity for typical disk amplifiers is about C.4, 
while the lamp opacities at the dominating 
pump bands are about unity for typical op
erating conditions. In other words, the spec
trally integrated results will be comparable 
to those at rjA == 0.4 and ad = 1.0. 

Author: W. F. Hagen 

Pump Uniformity and End Effects 

Performance of the SSA varies with the 
choice o.: flashlamp reflector, as discussed in 
the previous three articles. Both the end 
loss, which affects overall amplifier energy-
storage efficiency, and the transverse varia
tion of gain across the amplifier depend on 
the angular distribution of pump radiation. 
We have developed a model to calculate 
the angular-emission profiles from various 
flashlamp-reflector corrbinations and to es
timate the resulting pump distributions. We 
have found qualitative and, in some cases, 
quantitative agreement wiih experimental 
observations.20 A better understanding of 
pump uniformity has been motivated fol
lowing the observation of optical distortions 
caused by nonuniform pumping.21 

Tc simplify the numerical ana'ysis, we 
idealized the SSA geometry, as described 
in the previous article. We assumed that 
the amplifier glass slabs are opaque. The 
flashlamps and reflectors were replaced 
with equivalent plane-emitting surfaces. 
Losses caused by a finite value of reflec
tivity at the top and bottom walls were 
determined from the average number of re
flections necessary to reach the slab. The 
model is essentially two-dimensional and 
therefore presumes a flat gain profile in the 
vertical direction, which is consistent vith 
experimental observations. 

Our calculation of radiation transport is 
turtner simplified by choosing the geometry 
shown in Fig. 6-26(a). To completely specify 
the angular distribution of the source, we 
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chose a polar coordinate system, with the z 
axis in the direction of the lamp axis and 
the x axis normal to the lamp-reflector 
plane. The equivalent radiating surface is 
presumed to lie in the y-z plane at the exit 
plane of the reflector. In this coordinate sys
tem, the angle 8 that a ray makes with the 
z axis is unaffected by the lamp reflectors. 
The reflectors simply change the angle <j> 
projected into the x-y plane. Moreover, the 
ray path projected into the x-y plane simply 
follows the 2-D laws of reflection. Because 
the angular distribution of a bare lamp at the 
y-z plane Z(0,0) (in W-cm" 2-sr" 1) can be de
scribed by H.Q)g(<j>). where %8) ~ sin 8 for 
lamp, the presence of a reflector simply 
changes this distribution to f(8) g'(4>). 
Examples of the distributions g'(<p) for 
5-lamp Hagen and Winston reflectors, are 
shown in Figs. 6-22(a) and 6-23(a), respec
tively, in the previous article. Hence, 2-D 
ray tracing gives the critical information for 
3-D modeling. 

Further simplification results from the 
fact that complete specification of the angu
lar profile is not required for determination 
of either the direct loss of radiation out the 
ends of the amplifier or the transverse vari
ation in gain. Both quantities depend only 
on 1(8 ), the angular distribution projected 
into the x-z plane, as shown in Fig. 6-26(b). 
For any source, we calculate this reduced 
profile from the relation 

w r(ft0)sin0^-d0 a v.. (27) 

where the absolute magnitudes of 1(6t<ft) 
and /(0p) are set by normalizing their inte
grals to unity over the allowed range of 
emission angles. In this integration over <p, 
the angle 8 is implicitly a function of 0 
and <f> according to the relation cot 9 
= tan 6 cos 0 from Fig. 6-26(a). 

Figure 6-27 shows the projected angular 
distributions calculated for several limiting 
cases of the amplifier-lamp geometry for 
which the required integrals can be 
calculated analytically. The cylindrical 
Lambertian distribution corresponds to a 
line source placed in the emitting plane 
l{9,$) — sin 0, while the plane Lambertian 
case corresponds to a surface source 
I(6,<j>) -— sin #cos 0. The <f> = 0 curve 
corresponds to the case of placing a lamp at 
the focus of an infinitely deep 2-D parabola, 

which would channel all radiation from the 
cylindrical Lambertian emitter toward the 
laser glass, with 0 = 0. 

Figure 6-27 clearly shows that significant 
changes in the projected distribution, and 
thus the end losses and gain profiles, can 
be caused by modifying the transverse de
pendence of pump emission. The rather 
surprising result that the cylinder source has 
a finite value at 90° derives from rays that 
are directed up or down with considerable 
intensity but with a projection along the 
lamp axis. The Lambertian plane simply 
projects to a cos 0p distribution, and the 
fully collimated case (0 = 0) gives cos2 9 . 

Figure 6-28 shows the projected anguJar-
emission profiles predicted for the Hagen 
and Winston reflectors used in the SSA. 
The (p distributions are given in the preced
ing article, and the 9 variation was simply 
assumed to be sin 0. The integration for 
1(9 ) was carried out numerically. For both 
reflectors, the projected emission curve is 
essentially equal to that predictec1 for a 
plane Lambertian source. The projected dis
tribution with the Hagen reflector is slightly 
more forward-directed than the Winston 
case, but the difference is small. 

Calculation of End Loss. The major 
source of end loss for the SSA is from rays 
that are emitted directly out the ends of the 
amplifier without passing through laser 
glass. This contribution can be calculated 
directly from the projected angular distribu
tion as an integral over the allowed range 
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of exit angles. This fractional loss is 
giver, by 

Fig. 6-29. Transverse 
gain profile of ihe 
SSA predicted for the 
cases of idealized and 
nonidealized black 
reflectors. 

An,,-, 

jdzj"2d6pl(9p) 
(28) 

where 0 n i a x is an implicit function of the 
spatial-integration variable z as well as of 
the exact geometry of the ends and disk. 

Using the angular profiles shown in 
Figs. 6-27 and 6-28, the predictions for frac
tional end loss of the total pump energy are 
5.5% for both the Hagen and Winston re
flectors, and 8% for an amplifier with black 
reflectors as modeled by a cylindrical 
Lambertian distribution. The fractional loss 
for those lamp segments that directly radi
ate to the ends is actually 4 times greater 
because those segments represent only one-
fourth of the pump length. Introduction of 
a finite lamp diameter and —90% reflectiv
ity for the top and bottom walls has a neg
ligible effect on the results for Hagen and 
Winston reflectors. However, these nonidea! 
effects, particularly the addition of a gap, 
reduce the fractional loss in pumping to 6% 
for the black reflector by depressing the 
projected distribution at large values of 9V 

In addition to the direct loss, a significant 
portion of pump radiation is reflected out 
the ends of the amplifier due to Fresnel re
flection from the laser disks. For each ray 
emitted by the source, the angles 9 and <p 
uniquely define its angle of incidence with 
the glass surface and therefore specify the 
(polarization averaged) Fresnel reflection co
efficient. Using this reflection coefficient, we 
calculated the total amount of energy re
flected out the end by integrating over the 
allowed range of emission angies for each 
surface element. The predicted reflection 

-100 -50 0 50 
Horizontal position (% of radius) 

end loss for the black amplifier, calculated 
fron i tne corrected cylindrical Lambertian 
emission profile, is 1.5% of the radiation de
livered to the disks. Essentially the same re
flected energy loss was found for both the 
Hagen and Winston reflectors. 

Summing the direct and reflected con
tributions, our model predicts a total end 
loss of 7.5% of the pump radiation using ei
ther Hagen or Winston reflectors in the 
amplifier and a loss of 8% using black re
flectors. The results for the Winston and 
black reflectors are in good agreement with 
the experimentally measured loss of 8% in 
both cases. The mode' overestimates the ex
perimentally measured loss of 5% for the 
Hagen reflector. This outcome indicates that 
the Hagen reflector produces a greater de
gree of collimation toward the laser glass 
than we have calculated. 

Calculations of Transverse Gain Pro
file. The transverse variation in gain across 
the aperture of the SSA is a somewhat 
more sensitive measure of the pump pro
files in the amplifier than is the end 
loss. The latter quantity samples only the 
integrals of the emitted distribution. Com
parisons of gain profiles produced from 
single-sided pumping and from either the 
plus or minus side of the amplifier repre
sents a much more serious fr-st of amplifier 
modeling. The transverse gain profile is de
termined in the same manner as for calcula
tion of the direct end loss: by integration 
over the projected angular-emission distri
bution. Specifically, the local pumping ex
perienced by an infinitesimal glass element 
at distance x from the radiating surface is 
given by 

(29) 

where 6., depends on z, and the integration 
limits depend on the disk element under 
consideration. The transverse distribution in 
the SSA is specified by summing over the 
eight surface elements (including two non-
equivalent elements) that contribute to the 
gain in our model. 

In Fig. 6-29 we show the results o ' our 
model calculation for the transverse gain 
variations in the SSA with black reflectors 
along with the experimentally observed 
gain. The calculations wore normalized to 
give a best fit to the data. The simple 
model (idealized curve) using the projected 
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angular distribution of the Lambertian cyl
inder clearly overestimates the side-to-side 
variations as a result of the large values of 
emission at large angles for 0 . This over
estimate is reduced by taking into account 
the finite lamp size, the finite reflectivity, 
and the gap between the top and bottom 
reflector w lis and the lamps for the 
black reflector. The result; ' four refined 
calculation are shown by the corrected 
curve, which is in good agreement with 
experimental observations. 

Figure 6-30 shows the resul:s of similar 
calculations for the Winston and Hagen re
flectors together with experimental data. 
Reflectivity of 90% for the top and bottom 
amplifier walls as well as the gap were in
cluded in the calculation. These corrections, 
however, caused a negligible change in re
sults whe;. compared to those obtained 
with the idealized profiles given in Fig. 6-28. 
The predicted profiles and observed values 
are in good agreement for the Winston re
flector, as was the case with our compari
son of predicted and observed end losses, 
for the Hagen reflector, the experimental 
results once again indicate that the 
true angular distribution is more strongly 
directed toward the laser glass than the 
model predicts. 

Authors: W. R Hagen, K. S. Jancaitis, 
and H. T. Powell 

Flashlamps 
Dependence of FlashJamp 
Performance on Gas Fill 
and Bore Size 

Our flashl.imn experiments are part of a 
continuing study on the feasibility of build
ing affordable, large Nd-glass lasers with 

improved energy-conversion efficiencies. 
We have investigated the radiant and 
electrical properties of 1.5- x I12-cm and 
0.55- x 112-cm refillable, clear-fused-quartz 
flashlamps with gas fills of xenon, krypton, 
and argon. We have made measurements of 
the lamp impedance parameter, overall ra
diant efficiency, and relative Nd-pumping 
efficiency over a range of input energies 
and gas fill pressures. 

Our present work with a 0.55-cm-bore 
lamp extends the range of bore diameters 
previously studied.22"23 It further confirms 
that xenon-filled flashlamps of different 
bore sizes (with optimum fill pressures) 
have nearly the same overall radiant ef
ficiencies and Nd-pumping efficiencies 
when excited at a given explosion fraction / x 

(input energy/explosion energy) for a fixed 
pulse length. We also measured the decline 
in overall lamp radiant output with lighter 
rare gases. The relative single-pass Nd-
pumping efficiencies of the 1.5-cm-bore 
lamp with xenon, krypton, and argon at 
fx = 0.2 were 1.0, 0.93, and 0.83 for 
optimized fill pressures of 300, 500, and 
750 Torr, respectively. The Nd-pumping ef
ficiencies obtained in the 0.55-cm lamp at a 
fixed gas fill pressure of 750 Torr for 
xenon, krypton, and argon were 1.02, 0.98, 
and 0,91, respectively, relative to the 
1.5-cm-bore results for xenon. Estimated er
rors in our lamp-to-lamp and gas-to-gas 
comparisons are about 3%. These measure
ments were made in an open lamp configu
ration. Performance in an amplifier will 
also depend on lamp plasma absorption 
and reradiation efficiency. 

il.-periments. The experimental appa
ratus for our measurements has been de
scribed in previous Laser Annuals. 2 4 2 ' The 
lamps were mounted in a brass frame on 
plastic insulating supports allowing for clear 
viewing of lamp radiation and far symmet
ric current return. All optical measurements 

Fig. 6-30. Transverse 
gain profile of (he 
3SA predicted for the 
(a) 5-lamp Winston 
and {b) 5-Iamp Hagen 
refhctors. 
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were made using light scattered from a 
plate packed with highly reflective BaS04 

powder. The scatter plate provides for spa
tial averaging of discharge inhomogeneities 
and angle averaging of light from the flash-
lamp. The optical instrumentation included 
a spectrally flat pyroelectric detector, a Nd-
fluorescence detector, and a Tektronix J-20 
spectrometer with a rotating-whee1 shutter 
(20-//s gate) to record spectra at the time of 
peak current. The aperture of each detector 
was tight to detect light from only the scat
ter plate, without direct contributions of 
lamp light. The voltage, current, pyroelec
tric, Nd-fluorescence, and J-20 outputs were 
attached to digitizing oscilloscopes and in
terfaced with an LSI-11/23 computer. The 
standardized computer-assisted data acqui
sition system (SCADAS) was used to ac
quire data. 

Estimates of the absolute, overall lamp 
radiant efficiencies were obtained from 
measurements of the temperature rise of a 
15-cm-diam black-anodized copper can of 
known mass, which surrounded the flash-
lamp. Nine thermocouples were placed at 
equal-mass intervals along the can to pro
vide measurement of spatially averaged 
temperature. The heat energy initially de
posited in the copper can gives a lower 
limit n lamp radiant ei/iciency because of 
inco. iplete absorption and light losses 
through apertures in the end plates. 

It is convenient to compare26 the radiant 
properties of lamps with '.'afferent diameters 
(for purposes of amplifier pumping) at en
ergy inputs corresponding to the same frac
tions of the expiosion energy, which is 
given by 2 7 

£ x = 20 000/dr" 2 , (30) 

where Ex is the empirically determined 
single-shot explosion energy, / and d are the 
flashlamp length and bore diameter (in cm), 
respectively, and the circuit time constant 
T = (LQ 1 / 2 is determined from the 
inductance I and capacitance C. The Nd-
pumping efficiency was determined by di
viding the peak Nd-fluorescence signal by 
the electrical energy deposited in the lamp 
during the entire pulse. Because Nd-
fluorescence signals are convolutions of 
pumping rates and decay during the pulse, 

accurate comparisons of Nd-pumping ef
ficiencies for lamps with different sizes or 
different gases may be made only it the 
pulse shapes are constant. Lamp pulse 
shapes are characterized28 by the 
circuit parameter 

O!=K0(V0Z!ty"2 , (31) 

where VQ is the capacitor charging voltage, 
and Z^ is the circuit impedance (L/QV2. The 
impedance parameter K$ has been found 
empirically29 to describe the relation be
tween lamp voltage and current 

V =K0Ii/2^kQ~Im , (32) 

where k0 = 1.3 (P/450)02, and P is the xe
non fill pressure in Torr. Different values 
for the circuit I and C would be required 
for each input energy to maintain the same 
pulse shape through the range of energy in
puts we explored. However, another way of 
comparing different lamps is to allow the 
usual change in pulse shape with explosion 
frartion (while keeping L and C fixed) and 
to choose appropriate L and C values for 
different lamps to achieve the same pulse 
shapes at given explosion fractions. With 
changes in lamp length or diameter, this re
quirement is met 2 6 if the capacitance re
mains proportional to d^/kf/3. To obtain a 
selected explosion fraction, the charging 
voltage would then scale as fq/\l/d)u2. The 
inductance is determined by holding 
r constant. 

These rules were used to choose test cir
cuits24 starting with C = 87/JF, I = 450 pH, 
and with two 3.5-cm lamps in series (elec
trically equivalent to one lamp of twice the 
length) or with C = 174,uF, L = 225/^H, 
and with one 1.5-cm lamp in the circuit 
(3T = 600/!s). The former circuit was 
advantageous because Ihe higher voltages 
used to obtain the same explosion fraction 
made it easier to achieve breakdown of the 
lamp without the use of a preionization 
pulse. We have found that preior.ization 
has a beneficial effect (—3%) on lamp out
put efficiency. The high explosion fractions 
not accessible with this circuit due to 
charge-voltage limitations of the capacitors 
were obtained by using the lattor circuit. 



Flashiamps 
0.55 cm bore lamp 1.5 cm •bore lamp 

Cat, A (in V/A1 / 2) 

1.42 ± 0.17 
1 A (in V/A"2) 1 

Xenon 

A (in V/A1 / 2) 

1.42 ± 0.17 0.196 ± 0.004 1.30 ± 0.16 0.184 ± 0.016 
Krypton 1.24 ± 0.10 0.185 ±0.011 1.01 ± 0.14 0.163 ± 0.017 
Argon 1.14 + 0.11 0.200 ± 0.012 0.95 ± 0.09 0.154 ± 0.005 

Table 6-2. Least-
squares filling with 
statistical uncertainties 
for parameters A and <j 
[defined in Eq.(33>> in 
the 0.55- and 1.5-cm-
bore lamps. 

When required for lamp breakdown, the 
preionization pulse was delivered 200 jus 
befoie the main pulse. 

The 0.55-cm-bore lamp was investigated 
in a test crcuit ideal for a 0.5-cm-bore lamp, 
with C = 21.75 nF and L = 1850 ̂ H. The 
discrepancy in bore diameter from the 
nominal 0.5-cm value was discovered after 
the tests, when the lamp was cut for bore 
measurement. Use of a nonideal circuit re
sulted in slightly shorter pulse widths 
than desired for comparison of the Nd-
pumping efficiencies with the 1.5-cm-bore 
lamp results. The effects of differences in 
pulse width were small enough (typically 
less than 10%) that accurate correction fac
tors could be generated by modeling the 
Nd fluorescence. 

Pressure Variations. A set of measure
ments was made at the fixed explosion frac
tion of 0.2, while varying the xenon, 
krypton, and argon fill pressures in ea ^ 
lamp. The lamp-impedance parameter KQ, 
evaluated at the time of peak electric?.l 
power, is plotted vs pressure in Fig. 6-31 for 
the three gases. The impedance parameter 
was roughly constant in time but was al
ways somewhat larger early in the pulse, 
before the arc expands to fill the lamp bore. 
The impedance parameter was also found 
to drop near the end of the pulse, a result 
probably due to the reduction in gas den-
sit)'1" as hot gas expands into the dead vol
ume behind the electrodes. The variation in 
impedance during the pulse was less pro
nounced for the smaller-bore lamp perhaps 
due, in part, to faster filling. Another 
contributing factor may be the smaller 
clearances between the lamp wall and the 
electrodes in the 0.55-cm-bore lamp, which 
would restiict gas flow to the dead volumes 
at low fill pressures. Ablation of the 
fused-silica envelope contribute:; to the 
lamp vapor pressure, so that the impedance 
parameter reaches a limiting va!.ue as fill 
pressure is reduced. This is best seen in 
the xenon data taken with the 0 J5 cm-
bore lamp. 

500 ^ 
0.55- 1.5-cm-bore lamp 

• Xenon 
Krypton 

A least-squares fit was made to the data 
at the higher fill pressures, where wall abla
tion was not important (P >: 100 Torr for 
the 0.55-cm lamp; P 5: 50 Torr for the 
1.5-cm lamp). We assumed that the imped
ance parameter for each gas could be 
described by 

Fig. 6-31. Lamp im
pedance parameter 
(measured at the time 
of peak input power) 
vs fill pressure for 
/* = 0-2-

\» I 
U50/ (33) 

The fitting results for the three gases in 
each lamp are listed in Table 6-2. Lower 
lamp impedances and higher conductivities 
occur with the lighter rare gases. 

The relative overall radiant efficiencies 
(integrated pyroelectric-detector signals di
vided by input energy) are plotted as a 
function of gas fill pressures in Fig. 6-32. 
The results have been normalized to thp 
values obtained with 300-Torr xenon in the 
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Fig. 6-32. Relative 
lamp radiant effi
ciency at fx = 0.2 de
termined from 
pyroelectric detector 
data vs gas fill pres
sures in the 0-55- and 
1.5-cm-bore lamps. 

Flashiamps 

Fig. 6-33. Relative Nd-
purnping efficiencies 
vs gto fill pressures in 
the 0.55- and 1.5-cm-
bore lamps. 

i« 
0.55- 1.5-cm-bore lamp 

• * Xenon 
• • Krvpton 
A A Argon 

100 
Pressure (Torr) 

800 

1.5-cm-bore lamp. The efficiencies for each 
gas increase with fill pressure up to an opti
mal pressure, beyond which radiant effi
ciency is insensitive to increases in pressure. 
Radiant efficiencies are lower for the lighter 
rare gases at each fill pressure. Comparison 
of the data ft--, each gas in the two lamps 
clearly shows that the rise in efficiency 
with rare-gas pressure occurs at a higher 
pressure in the smaller-bore lamp. This 

finding suggests the importance of diffusion 
losses to the wall for the smaller-bore lamp. 
A common curve is generated when the ra
diant efficiencies measured previously with 
a 2.7-cm-bore lamp are plotted as a func
tion of Pd 2 / 3 . We have no explanation for 
the Pd 2 / 3 dependence. 

The Nd-pumping efficiencies (peak Nd-
fluorescence signal divided by input energy) 
are plotted vs pressures for each of the 
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70 

Gas fill (750 Torr) in 
0.55-cm-bore lamp 

• Xenon 
• Kiypton 
* Argon 

Fig. 6-34. Overall lamp 
radiant efficiency from 
can calorimetry data 
vs fx in the 0.55-cm-
bore lamp. 

0.1 0.2 
Explosion fraction, fK 

0.3 

Fig. 6-35. Overall lamp 
efficiency from can ca
lorimetry data vs / x in 
the 1.5-cm-bore lamp. 

0.2 0.3 
Explosiun fraction, fx 

three rare gases in both lamps in Fig. 6-33. 
Only slight differences in the shapes of 
these curves distinguish them from the cor
responding plots of overall radiant efficien
cies in Fig. 6-32, showing that most of the 
variation in Nd-pumping efficiency with 
pressure is due to changes in overall lamp 
radiant efficiency. However, the Nd-
pumping efficiencies increase slightly faster 
than the overall radiant efficiencies with 
pressure. A slight peak in Nd-pumping effi
ciency occurs near the optimized pressures 
at which point the radiant efficiency be
comes flat. The slight decline beyond this 
point occurs because of changes in the lamp 
spectra with pressure (line emission becomes 

less prominent, and there is an enhance
ment at shorter wavelengths) and because 
of changes in the pulse width with pressure 
(pulse widths become greater). 

Variations in Input Energy. The Nd-
pumping and radiant efficiencies are plotted 
vs explosion fraction for the 0.55- and 
1.5-cm lamps in Figs. 6-34 through 6-37. 
Data were taken with gas fills of 750 Torr 
for the three gases in the 0.55-cm lamp and 
with fills of 300-Torr xenon, 550-Torr kryp
ton, and 750-Torr argon in the 1.5-cm lamp 
at a 3T pulse length of 600/is. The Nd-
pumping efficiencies have been slightly cor
rected for pulse shape so that at a given 
explosion fraction the standard pulse shape 
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Fig. 6-36. Relative Nd-
pumping efficients 
vs fx in the 0.55-cm-
bore lamp-

Fig. 6-37. Relative Nd-
pumping efficiencies 
v s / x in tht 1.5-t'm-
bore lamp. 
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is that obtained with the 1.5-cm lamp with 
300-Torr xenon. Corrections were, at most, 
10% of those for the krypton and argon 
data with the 0.55-cm-bore lamp. To obtain 
this correction, we simply assumed that Nd-
pumping is proportional to lamp electrical 
input, with single exponential decay of Nd 
fluorescence at an experimentally deter
mined rate. The absolute sensitivities of the 
Nd-fluorescence and pyroelectric detectors 
to lamp radiation were found to change 
slightly with time. Three or four shots in 
each data set for each gas were repeated in 
the course of a few days so that data could 
be normalized to these round-robin shots. 
The standard deviations af the normalization 

factors were < 1 % for each gas in each 
lamp. The Nd-pumping efficiencies were 
normalized again to the values obtained 
with 300-Torr xenon in the 1.5-cm lamp 
at fx = 0.2. 

Spline fits were made through the data 
so that the radiant characteristics of the 
lamp could be evaluated at/ K = 0.2, The 
relative single-pass Nd-pumping efficiencies 
and the relative radiant efficiencies from 
the pyroelechic-detector data and the can-
calorimetry results were normalized to the 
values obtained with xenon in the 1.5-cm 
lamp. These values are given in Table 6-3. 
The Nd-pumping efficiency is proportional 
to overall lamp radiant efficiency multiplied 
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Nd-pumping 
efficiency 

Relative radiant efficiency 
Gas 

Nd-pumping 
efficiency Pyroelectric Can cilorimelry N d V f pyro 

1.5-cm-bore lamp 
Xenon 1.0 1.0 1.0 
Krvpton 0.93 0.91 0.93 
Argon 0.83 0.S6 0.85 

0.55-cm-bore lamp 
Xenon 1.02 1.01 0.99 
Krypton 0.98 0.95 0.93 
Argon 0.91 0.89 0.HS 

1.0 
1.02 
0.97 

1.01 
1.03 
i,02 

0.6 

£ 0.4 

0.2 

0.2 0.3 
Explosion fraction, fx 

0.5 

by a factor that takes into account the over
lap of lamp spectra and Nd-pump bands. 2 4 , 3 1 

The ratio of Nd-pumping efficiency to over
all radiant efficiency (Nd*// pyro) is there
fore a parameter that depends on the lamp 
spectral distribution only. The fact that 
nearly the same ratios are obtained for xe
non and for krypton in our two lamps sug
gests that the spectral distributions do not 
change with lamp bore at fx = 0.2. With ar
gon, however, there is a slight difference in 
the ratio of the different lamps. 

More detailed measurements of spectral 
distributions wen: made by recording pyro
electric signals using long-pass filters with 
cutoffs near u.4 and 1.0 /Jm, along with un
altered pyroelectric-detector data. The 
curves for filter transmission were con
volved with the spectra recorded with the 
j-20 spectrometer at each explosion fraction 
to determine the fractions of radiant output 

for A < 0.4 fim, 0.4 < A < 1.0/im, and 
A > 1.0 urn. The fractional distributions in 
these three spectral regions are plotted in 
Fig. 6-38 vs explosion fraction for the output 
of the 0.55-cm lamp filled with 750-Torr xe
non. For comparison, similar results are 
plotted for the 1.5-cm lamp filled with 300-
Torr xenon. Little change in spectral distri
bution occurs between lamps at a given 
explosion fraction. 

Spectra. The J-20 spectrometer uses a sili
con Vidicon detector, which has a nonlinear 
response to pulsed sources. Corrections 
must be made in software to obtain quanti
tative spectra. Calibration of the spectrom
eter, which was described previously^ has 
now been done somewhat differently. Spec
tra of either flashlamps or cw tungsten 
lamps (with a 2- to 8-ms shutter) were re
corded both with and without neutral-
density filters of known transmittance. The 

Table 6-3. Nd-
pumping and overall 
radiant efficiencies for 
two lamps with opti
mized gas-fill pres
sures. Spline fits made 
through the data were 
evaluated at fx = 0.2. 

Fig. 6-38. Radiant out
put fractions in three 
spectral regions vs fx 

for 1.5-cm-bore, 300-
Torr and 0.55-cm-bore, 
750-Torr xenon 
flashlamps. 
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Fig. 6-39. Spectral 
output distributions 
with old and new J-20 
calibration factors. 
Data were recorded 
with SOO-TO.T xenon 
at... - 0.19. 

Old calibration 
New calibration 

Wavelength (jum) 

ratios of the signals obtained at each ele
ment {R = S/Sm unattenuated signal/ 
attenuated signal) were plotted vs unatten
uated signals. The natural variation in in
tensity over the wavelength range of the 
512 elements was exploited to obtain a 
dynamic range of signal. The curve of ratio 
vs signal was then modeled by choosing 
the parameters x, A, B, and C in the formula 
used to relate the relative intensity / 
and the measured unattenuated signal S 
such that 

/ = Sx (A +BS + CS2) (34) 

Equation (34) was used because it allows 
the ratio of the unattenuated to attenuated 
signal to approach any power law as the 
signal becomes small (determining the 
x parameter). 

After correcting the J-20 signals for 
nonlinearity of response with input inten
sity, a shuttered tungsten source was used 
as a standard to determine the response of 
the instrument as a function of wavelength. 
Long-pass filters had previously been used 
to eliminate seccnd-order contributions in 
each of the three spectral regions used: blue 
(0.3 to 0.7 pm), yellow (0.5 to 0.9 jum), and 
red (0.7 to 1.1 //m), Because tungsten 
sources are relatively weak below 0.5 pm, 
the measured spectrum of the tungsten 
lamp was susceptible to scattered light con
tributions in the blue range. This problem 
was solved by rer lacing the blue-range 
long-pass filter v\ ith a Corning 4-96 filter 
(0.38- to 056-fim transmittance) to reduce 

the contributions of scattered light from 
long wavelengths. Spectra of the 1.5-cm 
lamp filled with 300-Torr xenon at /„ = 0.2 
using ths previously generated corrections 
and the new corrections are plotted in 
Fig. 6-39. The connected spectra now show 
larger emissions at shorter wavelengths. 

Authors: A. C. Erlar.uson 
and H. T. Powell 

Major Contributor: D. A. Mas quelle r 

Chemical Flashlamps 

We have characterized the optical output 
and Nd:glass pumping performance of 
large-scale (120-cm-long, 1.2-cm-inner-
diam), metal-oxidizer chemical flashlamps 
supplied to us by G.T.E. Sylvania. The ex
perimental results were obtained on the 
same testbed that was used to study xenon 
electrical flashlamps, as described in 
"Dependence of Flashlamp Performance on 
Gas Fill and Bore Size," earlier in this sec
tion. The peak Nd* inversion levels pro
duced by the chemical lamps were £10% of 
those generated by a xenon lamp of similar 
size and energy loading. The peak Nd* lev
els are in good agreement with predictions 
for the pumping rates in Nd:glass by a 
blackbody32 at the color temperatures of 
3000° to 5000°C, which we have measured 
during the bum of the pyrotechnic lamp. 

The chemical lamps provided by G.T.E. 
Sylvania consisted of either a quartz or an 
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alumina-silicate glass tube (1.2 cm inner 
diam, 1.6 cm outer diam) surrounded by a 
polycarbonate envelope (1.9 cm outer diam). 
The envelope was filled with approx:mately 
82U >.ig of ~25-;Um-wide (i.e., 1-mil) shred 
cut from 25-/<m-thick zirconium foil. The 
purpose of the polycarbonate envelope was 
to contain the glass, which i sually frag
ments on firing. Copper electrodes (1.6 cm 
long, 0.64 cm diam) inserted into the ends 
of the tube provided contact with the lamp 
ignition circuit. The ends of the lamp were 
sealed mechanically and connected to the 
gas-rnr\dling system for evacuation and fill 
with a stoichiometric (1230-Torr) atmo
sphere of either 0 2 or OF2. Lamp ignition 
was established by a 10- to 20-kV trigger 
pulse, which deposited 50 to 100 J of electri
cal energy into the lamp in less than 1 ITS, 

The time-dependent spectral output of 
the lamps was measured on a coarse scale 
using filtered (>l-^m, long-pass filter) 
and unfiltered, spectrally flat pyroelectric 
detectors. The ratio of the signals from 
the two detectors was used to obtain data 
on temperature vs time, assuming the out
put to be blackbody. The detailed shape 
of the time-integrated spectrum, obtained 

using a Tektronix J-20 optical spectrometer, 
confirmed the blackbody character of 
the output. 

An ED-2 Nd:glass, peak-fluorescence de
tector was used to evaluate the excited-
state level produced by the lamp output. 
As was the case for studies on the xenon 
lamp, the detectors viewed only the light 
scattered from a barium sulfate (packed-
powder) scatter plate, which provided an 
angle-averaged spectrum. All data, includ
ing the voltage and current characteristics 
of the lamp ignition pulse, were fed into an 
LSI-11 computer for analysis. The pyroelec
tric detectors were calibrated on an abso
lute basis using the signals produced by a 
1.5-cm-bore xenon flashlamp as a reference. 

Figure 6-40 shows typical results for the 
time-dependent optical output of the lamps 
(as evidenced by the signals from the unfil
tered pyroelectric detector) for O, and OF2 

oxidizers. For comparison, the observed out
put power from a 1.5-cm-bore xenon flash-
lamp is displayed at a ratio of input to 
explosion energy of 0.2. In both cases, the 
pyrotechnic lamp triggers were delivered at 
a time of 200/is. The several-millisecond 
delays between trigger pulse and onset of 

Fig. 6-40. Comparison 
of radiant output from 
Zr/O, and Zr/OFa 

lamps with output 
from a xenon 
flashlamp. 

4 6 
Time (ms) 

6-35 



Flashlfunps 

Fig. 6-41. Time depen
dence of color tem
peratures for Zr /0 2 

and Zr/OF2 lamps. 

the output from the chemical lamps was 
found to be typical of their operation. An 
inverse correlation between the length of 
the delay and the amount of energy depos
ited by the trigger pulse was observed, but 
the typical jitter at a given trigger input was 
about 1 ms. 

Integration of the output pulses for the 
chemical lamps yields a radiation efficiency, 
as measured by the pyroelectric detector 
(output energy/stored energy), of 20 ± 2% 
and 7 ± 1% for the Zr/O a and Zr/OF2 sys
tems, respectively. The primary cause of the 
lower yield using OF2 as the oxidizer is a 
premature termination of the output pulse, 
which is apparently caused by the deposi
tion of an opaque layer on th? inner wall of 
the lamp. Based on the energy released in 
the reaction and the peak measured tem
peratures, we would expect a pulse length 
of several milliseconds. This premature 
turn-off of the lamp output was not ob
served in shorter lamps (length <20 cm), 
which were examined at G.T.E. Sylvania 
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Fig. 6-42. Predicted ra
tio of peak Nd* pump
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th.il produced by a 1,5-
cm-bore xenon flash-
Limp </x - 0.2, 3 vUT 
- 600/is). 

If" 
i i I I 

If" _ If" 
M§ 0.8 /-•E F 

1 " - / -
. ^ 0 4 >̂  
2'£ ZS 
•a s ° - 2 -
2 n 

r i 1 l 

Blackbody temperature (103 K) 

and which also exhibited radiant efficiencies 
of 20 to 30% with OF2 as the oxidizer. We 
postulate that short lamps do not become 
as hot because of their greater end losses. 
The opaque material apparently results 
from the reaction of hot ZrF4 with the silica 
wall. In contrast, Zr /0 2 lamps run cooler 
and produce a translucent layer of Zr0 2 on 
the wall. 

To ensure that a nonuniform ignition was 
not responsible for the decreased efficiency 
oi the longer lamps, a framing camera was 
used to acquire multiple exposures of the 
entire lamp length during its output. Occa
sional propagation of the bum front starting 
at either of the electrodes was observed, 
with less than 0.5 ms required for the front 
to travel the entire length of the lamp. In 
several cases, uniform ignition was estab
lished by the addition of fine copper whis
kers to the electrodes or by the introduction 
of a thin tungsten trigger wire in the middle 
of the lamp bore. However, we observed no 
substantial increase in duration of lamp out
put or decrease in darkening of the walls. 

Figure 6-41 shows the inferred color tem
peratures during the bum of the Zr/0 2 and 
Zr/OF, lamps, which were calculated from 
the ratio of the fil^red and unfiltered pyro
electric signals. At the peak of the output, 
the color temperatures of the 02 and OF2 

lamps are ~3500 and ~-4500 K, respec
tively. These values are in good agreement 
with the brightness temperatures of —3700 
and 4600 K, which are indicated by the ra
diative power from the lamps determined 
from the magnitude of the pyroelectric-
detector signals. Ths close correspondence 
between color and brightness temperatures 
is a strong indication of the blackbody na
ture of the pyrotechnic lamp output. 

The signals generated in the Nd:glass flu
orescence detector by the chemical lamps 
were observed to follow the pump pulses 
with an integration time roughly equal to 
the 350-jus spontaneous decay time of the 
excitation in ED-2. Peak excitation levels, 
relative to those produced by the standard 
output pulse of a 1.5-cm-bore xenon flash-
lamp, were 4 ± 0.5% and 8 ± 1% for the 
Zr/0 2 and Zr/OF2 lamps, respectively. Since 
the Nd fluorescence signals follow the lamp 
output with little delay, the peak signal is 
not sensitive to the lamp efficiency but, 
rather, to its instantaneous power. 

In Fig. 6-42, we show the calculated 
values for the ratio of peak Nd* pumping 
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efficiency to that of a xenon flashlamp. 
The values result from our previously de
scribed model for the blackbody pumping 
of Nd:glass3 2 The calculation assumed a 
steady-state, blackbody excitation pulse and 
a 350-fis lifetime for the Nd* excitation. In 
addition, the calculation incorporates our 
experimentally determined values for the 
pumping efficiencies of Ndiglass by the xe
non flashlamp (600-us pulse length). At 
3500 and 4500 K, the predicted values for 
the blackbody performance relative to the 
xenon lamp are 3 and 10%, respectively. 
The agreement between the experimental 
and predicted values for this ratio, based on 
measured temperatures, provides a good 
consistency check. Moreover, we conclude 
that a significant improvement in the 
pumping of Nd:glass by a chemical lamp 
could be achieved only through a dramatic 
increase in its radiant temperature. Such an 
increase seems unlikely. 

Author: K. S. Jancaitis 

Major Contributors: D. A. Masquelier 
and H. T. Powell 

Electron-Beam-Pumped Phosphors 

Electron-beam excif?tion of solid-state 
scintillators, or phosphors, can result in 
efficient generation of visible light confined 
to relatively narrow regions of the spec-
trum. 3 3 : u The conversion efficiency can 
exceed 20%, and, with proper choice of 
phosphors, radiaHon can be obtained any
where from the near infrared (IR) to the 
near ultraviolet (UV). These properties qual
ify the phosphors as a potentially useful 
pump source for new solid-state lasers. 

A demonstration of laser pumping using 
a conventional television phosphor was per
formed fairly early in the history of laser 
research.33 Conventional television phos
phors consist of glass plates covered with 
crystalline powder and organic binders. 
These phosphors have low heat capacity 
and poor thermal conductivity. Thus, they 
can be operated only at very low energy 
and average power densities before thermal 
quenching or physical destruction of the 
coating occurs (i.e., for current densities 
S50 mA/cm2 at 20 kV). 

New phosphors are being developed for 
high-brightness television tubes that are 

capable of higher power dissipation. 
Here, an epitaxial film of fluorescing mate
rial is grown on a crystalline substrate with 
good thermal properties. For example, re
searchers at North American Philips Lab
oratories have developed a cerium-doped 
yttrium aluminum garnet (YAG) grown on a 
YAG substrate, which has operated at 
1 A/cm2 at 20 kV without observed thermal 
quenching.36 The input power is higher by 
almost two orders of magnitude than that 
which can be tolerated by a conventional 
television phosphor. 

The temperature rise in the phosphor is 
determined by heat capacity, thermal con
ductivity, and depth of penetration by the 
electrons. Assuming a flat-topped excitation 
pulse of duration t and uniform energy de
position over depth /, the peak temperature 
rise at the end of the pulse 3 7 is 

T = — [ l - 4 i 2 e r f f - ' - ) l , (35) 

where E is the deposited energy per cm2, 
p is density, c is heat capacity, and a is 
the coefficient of heat conduction. For exam
ple, for YAG, a = 0.22 cmVs, and pcp = 
2.7 J/cm2<>C. The function r erf is the twice-
integrated error function compiled in Ref. 37. 

Assuming an excitation pulse of 100 /fs 
and / = 2 • 10 "" cm (for ~20-kV electrons), 
tbi temperature rise is 

T = 0 . 1 — . (36) 
pcr 

A temperature rise of 300°C reduces the 
fluorescence of the Ce:YAG by one-half,3" 
and this energy density occurs with an 
input beam fluence of ~1.6J/cm 2. Increas
ing the operating voltage to 200 kV, which 
is the maximum tolerable voltage before 
serious material damage occurs, increases 
the depth of electron penetration to 
~ 5 x 10 ~ 3 cm and the allowed e-beam 
fluence to 4 J/cm2. With an efficient phos
phor, this system could become a useful 
pump source for a solid-state laser. 

We constructed the experimental setup 
shown in Fig. 6-43 to test the new phos
phors. A glow-discharge electron beam39''10 

was used to generate >100-^s pulses with 
cuuents up to 0.2 A at ~25kV, focusable to 
a spot of 30 x 3 mm on a phosphor. The 
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Near-IR to UV light 

] Maximally reflective mirror 

i-ig. 6-43. Experimental 
setup for studying 
solid-state laser excita
tion using e-beam-
pumped phosphors. 

electron gun worked best at a pressure of 
10" ' Terr of helium. Philips Laboratories 
provided phosphor samples. The cerium-
do jeJ YAG layer was 10-/im thick and was 
overcoated with aluminum. We attached the 
laser crystal (for example, Nd:YLF or 
Nd:YAGy to the phosphor substrate using 
optical cement. 

Wt performed some phosphor tests with
out the laser crystal. Fluorescence efficiency 
of the phosphor did not roll over up to the 
maximum power inputs possible with this 
e-beam, but the absolute fluorescence effi
ciency measured with a calibrated pyroelec-
tric detector was below the expected 9% by 
at least a factor of 2. 

This system did not have enough gain for 
self-sustained laser oscillations. To estimate 
the gain, we added a xenon flashlamp, 
which also pumped the laser. We could eas
ily observe the change in laser threshold 
due to the e-beam-pumped phosphor and 
deduced a net single-pass gain of 0.5% 
from our preliminary measurements in 
Nd:YLF crystals. The cavity loss in the laser 
was 4%; thus the laser was below threshold 
with phosphor pumping alone. It should 
be possible to build a higher-Q laser cavity 
to reach oscillation threshold even with 
this simple geometry at somewhat higher 
e-beam fluence. 

It would be better, however, to epitaxially 
grow phosphors directly on the crystal it
self. We are considering phosphors thought 
to be more efficient and that match laser 
ions and crystalline hosts. 

Authors: J. Goldhar and W. F. Krupke 

Major Contributors: R. A. Pasha and 
G. T. UUery (IXNI); S, Colek and 
W. K. Zwicker (North American 
Philips Laboratories) 

Optical Materials, 
Surfaces, and Coatings 
Introduction 

We spent most of 1984 completing the 
development of antireflective (AR) coat
ings for fused-silica lenses in Nova and 
developing a recently discovered process for 
applying AR coatings to water-soluble FCDP 
crystals.41 Initially, we evaluated coatings 
made of a polymeric porous silica that was 
first produced at Westinghouse.42 We fabri
cated thin (60- to 90-nm) films with good 
resistance to damage induced by 0.35-/im 
laser pulses. Thicker layers o.: this mate
rial contained carbon and damaged at low 
fluences.41 Thus, we investigated alternative 
porous-silica coatings made from sols con
taining silica particles with diameters from 
5 to 20 nm. 

Coatings with high damage thresholds at 
0.35 fjm were readily applied to fused-silica 
substrates from these sols, regardless of 
whether the carrier was water or .ilcohol. 
We found that the alcohol solutions pro
vided damage-resistant AR coatingi on 
water-soluble KDP crystals. The lahVr dis
covery led to a change in the baselim* de
sign of Nova, from harmonic converte/s 
containing KDP crystals immersed in index-
matching liquid to converters with dry AR-
coated surfaces. 

We also completed a few tests of vacuum-
deposited, highly reflective (HR) coatings 
and evaluated the new sol-gel coatings for 
use at 1.06 jum. Finally, we began two new 
efforts: evaluation of damage in crystals of 
interest for high-average-power applications 
and a program to evaluate sol-gel coatings 
for U.S. Air Force (USAF) applications. 
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Sol-Gel Coatings 

Sol-Gel Aurireflective Coatings. A new 
porous-silica, narrowband AR coating was 
developed for the Nova silica and KDP op
tics.41 This coating was prepared from a sil
ica sol in ethanol, obtained by the ammonia 
catalyzed hydrolysis of tetraethyl silicate in 
ethanol, as follows: 

Si(OC2H5), + 2H 2 0 - . Si0 2 + 4C 2H 5OH . 
(37) 

The solution was prepared at room tem
perature by mixing the silicate in ethanol 
with a concentrated aqueous ammonia solu
tion. About three days are required to com
plete the formation of the sol. The resulting 
product consisted of a suspension of silica 
particles in ethanol. The particles are sub
stantially spherical with diameters greater 
than 200 A. We found that a silica con
centration of 3% was the most useful for 
coating fabrication. 

Optics were coated by dip, drain, or spin. 
After air irying, no further treatment was 
required. The coating consisted of layers of 
particles packed to yield an average poros
ity of about 50%. This resulted in a coating 
refractive index near the value of 1.22 that 
is required to give a quarterwave narrow
band coating on substrates with an index of 
about 1.5. 

The coating thickness could be varied ei
ther by changing the silica concentration in 
the sol or by changing the withdrawal rate 
or spin speed of the optic during the coat
ing process. Multiple coats could also be ap
plied The transmittance spectra of coatings 
on 5-cm-diam silica disks and 5- x 5-cm 
KDP crystals are shown in Figs. 6~i4 and 
6-45. Figure 6-44 also shows the effect of 
multicoats. Each of three coatin?, applica
tions produced a layer with an opticr.l 
thickness of about 46 nm. 

We scaled up this process to coat Nova 
optics. Ibr silica lenses and uebris shields, 
we used a 200-gal coating tank with a 
drain-coating process in which the costing 
mixture was drained at a constant rate from 
the tank containing the optic. We had no 
problem wit!- scaling up the sol preparation 
to 200 gal. However, to attain maximum pu
rity, we found it necessary to fractionally 
distill the tetraethyl silicate starting material 
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prior to use. We also found that filtra
tion of the coating mixture through a 
0.2-ftm filter was essential to maintain 
cleanliness in the system. The silica optics 
were coated at a thickness to give 100% 
transmission at 0.42 jum. This wavelength 
was selected to enable us to use the prod
ucts at both the second (2a>) and third (3ft>) 
harmonics. At both 2ft) and 3ft>, the theoret
ical two-surface transmittance of this coat-
;ng is 99.3%, and this vabe was obtained 
for several of the optics that were coated. 
For others, transmittance was lower by a 
few tenths of one percent. 

Fig, 6-44. Two-surface 
transmittance of a 
fused-silica window 
with sol AR coatings. 
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FiS-6-45. Two-surface 
Vtansmlttwtre ©* a 
KDP crystal with sol 
AR coatings. 
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Surface effects caused problems in the 
dip coating of large KDP samples. There
fore, we switched to a spin-coating process. 
Spinning has two principal advantages over 
dipping. In spinning, the two surfaces of a 
crystal are individually coated so that the 
coating applied to a given surface of the 
crystal can be tailored for the light that will 
pass through that surface. In addition, far 
le*̂ s material is required for coating by spin 
than that for either dip or drain. 

Sol-Gel Highly-Reflective Coatings. 
Oxide coatings with a high refractive index 
have been investigated as potential compo
nents for damage- resistant, dielectric HR 
coatings. These were prepared by applica
tion of solutions of metal chloride alkoxides 
to silica substrates. The derivatives, after 
coating, react with atmospheric moisture to 
give the relevant oxide, such that 

MCUOR),, - H,0 — MO , 

+ .vHCl + i/RDH (38) 

In contrast to the silica systerr, we found 
that a heat t eatment to at least 150°C was 
required to attain high-density (high-index) 
coatings. In this manner, Ta ;O s, Nb 2 0„ 

Z T 0 2 , and 1 i 0 2 coatings were prepared, 
each having an index greater than 2.0. 
Damage thresholds of 4.5 and 3.5 J/cm2 

were obtained for Ta 2 0 5 and Zr0 2 , respec
tively, at 0.346 /im; N b 2 0 5 and Ti0 2 ab
sorbed strongly at this wavelength. 

Multilayer reflective coatings were 
prepared using Ta 2 0 5 , with SiO z as the 
low-index component. Some problems 
were encountered with crazing due to 
stress; however, it was possible to 
produce a good coating with five layers of 
Ta 2O s and four layers of Si0 2 . This multi-
layer coating had a reflection of 93% 
at 0.4 /im. 

Laser Damage Studies 

Tests of Sol-Gel AR Coatings with 0.6-ns, 
0.355-pm Pulses. We tested about 100 sol-
gel coatings, which can be grouped into 
four sets: 
4 Siloxane AR coatings on silica. 
• Sol AR coatings on silica. 
• Sol AR coatings on KDP. 
• Coatings containing layers of progres

sively lower refractive index. 
The latter coatings were made by mixing 
the particulate silica in sols with the silox
ane silica. 

We made little progress in fabricating 
damage-resistan siloxane coatings for silica. 
However, we * iade several attempt to in
corporate oxi .izens into these films to elimi
nate the car'jon believed to be responsible 
for their low thresholds. Careful attention to 
all steps in fabrication of thin (60- to 90-nm) 
siloxane films usually produced coatings 
with 0.355-nm, 0.6-ns thresholds of 5 >̂  
9 J/cm :. We also femnd these coatings to be 
useful as 0.248-p m AR coatings, bri thicker 
siloxane coatings usually had 0. ,j5-/Jm 
thresholds below 2J/cnr. Fab.ication of 
damaf.e-resistant siloxane coatings contin
ues tc be an important task because this 
material is needed in several designs for 
brojtiband AR coatings. 

The distribution of thresholds measured 
on the newer sol AR coatings for silica is 
shown in Fig. 6-46. Both the maximum 
threshold and the range of thresholds are 
approximately the same as those measured 
in thin siloxane coatings, but thresholds of 
the sol coatings were independent of coat
ing thickness Our most recent results sug
gest that coatings with thresholds exceeding 
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J J/cm2 can be routinely fabricated by mak
ing the coating solutions Jrom distilled 
chemicals, filtering finished solutions to re
move large particles caused by clustering of 
the sol particles, and then carefully cleaning 
the substrates. 

It wc.s difficult to unambiguously estab
lish a C.355-/jm threshold for the sol coating 
on either diamond-turned or polished sur
faces of KDP crystals because the bulk 
of the KDP usually damaged at a fluence 
below :he apparent thieshold of the All 
coating. However, in measurement of third-
harmonic conversion efficiency using two 
AR coated 27-cm Nova crystals, we sub
jected two 1-cm-diam sites on the crystals 
to 1.3-ns, 1.053-jum pulses at fluences up 
to 5 J/CTT for about 240 shots. The con
verted fluences at 0.351 /*m were as high as 
3.3 J/cm2. Neither of these two test sites suf
fered damage. The distribution of fluences 
recorded in these tests is shown in Fig. 6-47. 
The outcome serves as an adequate charac
terization of the minimum damage resis
tance of sol coatings on KDP surfaces. 

Finally, we also tested AR coatings con
sisting of one to four layers of varied refrac
tive index made by using varied mixtures of 
the sol and siloxane solutions. Thresholds 
measured on some single-layer films of this 
tyne are shown in Table 6-4. Some of these 
thresholds were as high as 10 J/cm2, which 
is the median threshold for bare, polished 
silica. However, the multilayer films usually 
damaged at less than 2 J/cm2. We currently 
believe that this may be the best coating 
system for fabrication of broadband AR 
coatings, although problems remain in 
developing a successful technique for com
bining the acidic siloxane solutions with the 
basic sols. 

Dependence of Damage in Sol-Gel 
Films on Pulse Duration. In the Novette 
laser, lenses and windows that transmitted 
only the fundamental 1.053-/Jm beam were 
made of BK-7 glass with AR surfaces 
formed by neutral-solution processing 
(NSP). At positions in the chain where 
fluence was greatest, these lenses damaged 
due to the presence of a low-volume den
sity of platinum inclusions. It may btr 
necessary to replace some of the BK-7 com
ponents on Nova with components made of 
fused silica and coated with sol-gel AR 
films to avoid this problem. Therefore, we 
used pulses wUh durations of 1, 5.5 and 
9 ns to measure the 1.064-/*m damage 

fig. D-46. Damage 
thresholds measured 
with 0.355-fim, 0.6-ns 
pulses in sol AR 
coatings on ftiS-?*:!-
piHca substrates. 

2 4 6 8 10 
Damage threshold Qlcm2) 

2 3 4 
Fulse fluence (Jlcm1) 

Laser-damage 
Number of threshold 

Test layers a/cm :) 

L-710 1 9.7 ± 1.6 
L-719 1 10 ± 2 
L-748 2 2.9 ± 0.7 
L-770 1 9.7 ± 1.5 
L-779 1 •;2.0 
L-808 4 <2.1 
L-810 4 <2.2 
L-812 4 <2.1 
L-813 3 :..i ± o.4 
L-814 4 <3.0 
L-823 4 <2.4 

h Fig. 6-47. Comparison 
of input 1.053-/jm 
fluences with con
verted 0.353-/jm 
fluences used to 
measure harmonic-
conversion efficiency 
in AR-coated KDP 
crystals. 

Table 6-4. Laser-
damage thresholds 
measured with 0.355-
fim, 0.6-ns pulses on 
coatings made of sol-
siloxane mixtures. 

thresholds of 10 silica samples with scl-gel 
AR films.44 

The test coatings using a sol solution 
were prepared by the spin process de
scribed in "Sol-Gel Coatings," earlier in this 
article. We used a solution that deposited an 
88-nm-thick porous-silica layer. Three appli
cations provided coatings with thickness al
most equal to the 0.266-//m quarterwave 
thickness for the 1.064-/im wavelength. The 
substrates were Corning 7940 fused silica 
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Table 6-5, Laser-
damage thresholds at 
1.064 /im for sol-gel 
AR coatings on fused-
silica substrates. 
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Laser-damage thresholds {J/cm2) 

Fig. 6-48. Damage 
thresholds at 1.064 pm 
on porous-silica 
coatings vs pulse 
duration. 

Preparation 
group 

Coating 
type (sol) 

1-m 
Damage 

pulse 
Light 

55-ns pulse 9-ns pulse 
Sample,. 

Preparation 
group 

Coating 
type (sol) 

1-m 
Damage 

pulse 
Light Dam£ge Light Damage Light 

3811 1 Ethanol 10 ± 1.5 <8 27 ± 4 19 + 3 "6 + 5 32 ± 11 
3815 1 Ethanol 13 ± 2 5.8 ± 6 26 ± 4 21 ± 2 41 ± 6 . 34 ± 5 
3810 1 Methanol 9.4 ± 1.4 8.0 ± 2 16 ± 2.4 11 + 1 17 ± Z5 15 + 3 
3817 1 Methanol 7.7 ± 2 13 + 3 16 ± 45 >31 , 11 ± 2 >15 
3746 2 Methanol 3.4 ± 3 8 + 2 7.6 ± 1 14 ± 1 6.7 ± 1 >11 
3744 2 Ethanol 7 ± 1.2 7 ± 1.2 19 ± 1.8 18 + 1.8 28 ± 4 16 ± 1.6 
3815 3 Methanol 18 ± 2.7 12 ± 1 46 ± 7 30 + 1 61 ± 9 37 ± 15 
3817 3 Methanol 17 ± 2.6 12 ± 2 42 ± 6 33 ± 6 70'± 10 50 it 15 
3810 • 3 Ethanol 11 ± 1.7 1 1 + 2 45 ± 7 43 + 4 62 ± 10 53 ± 6 
3811 3 Ethanol 13 ± 2 13 + 1 48 ± 8 32 ± 3 40 + 4 32 + 3 

Fig. 6-49. Damage 
thresholds measured 
with 0.355-nm, 0.6-ns 
pulses on vacuum-
deposited HR coatings.1 

(a) Deposition temp = 150°C (b) Deposition temp = 250 eC 

V ,'i * 
None MgF2 Si0 2 None MgF2 SiQ2 

Type of overcoat 

that had been polished by Zygo, Inc. The 
two-surface transmittance of the coated 
samples at 1.064/xm was 99.5%. 

Damage .thresholds for the test samples 
are given in Table 6-5. The samples were 
prepared in three sets. The thresholds mea
sured on coatings in the first two sets indi
cated that coatings made from methanol 
solutions were less resistant to damage than 
were coatings prepared from ethanol solu
tions. Since both solutions should have 
yielded coatings of comparable purity, we 
used HF to remove the coatings made in 
the first set and then recoated the sub
strates, being careful with the cleanliness of 
the coating process. Thresholds measured 
on coatings in the third set were indepen
dent of precursor solution. 

The damage thresholds are plotted as a 
function of pulse duration in Fig. 6-48. The 
median thresholds at each pulse duration 
scaled as T = kt036, where k = 10.8 )/cm2, 
and r is pulse duration. This scaling is ap
proximately the same at the •/? scaling that 
we usually observe in tests of carefully pol
ished bare-silica substrates. 

The median of the 1-ns, 1.064-/im thresh
olds measured in these sol-gel coatings was 
10.8 J/cm2, the same as the corresponding 
median threshold for NSP surfaces on BK-7 
glass. * ̂ owo^r, the spread is much greater 
in the thresholds of sol-gel coatings. There
fore, while the sol-gel films should be us
able in Nova applications, the probability 
of making an unsatisfactory coating is 
greater than that of making an unsatisfac
tory NSP surface. 

Vacuum-Deposited HR Coatings. We 
evaluated several sets of vacuum-deposited 
HR coatings. The first set was fabricated at 
Optical Coating Laboratory, Inc. to provide 
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a second test of the usefulness of overcoat 
layers in improving thresholds of 0.355-/zm 
reflectors. These reflectors were deposited 
on substrates held at either 150° or 250°C, 
and each contained 25 quarierwave-thick 
layers alternating between MgF2 and Sc 20 3 . 
Some had halfwave-thick overcoat layers of 
either Si0 2 or of MgF2. The substrates were 
made of BK-7 glass. 

Figure 6-49 shows the damage thresholds 
measured on these reflectors with 0.6-ns, 
0.355-fim pulses. Overcoats did not provide 
an increase in thresholds. This outcome 
is in agreement with results of previous 
0.355-pm tests but contradicts results ob
tained at both 0.248 and 1.064/im. Thresh
olds were greatest for coatings deposited at 
250°C, but the median threshold for such 
coatings, 2.9 J/cm2, is not significantly 
greater than the median for coatings tested 
in 1983. Because continued and careful 
practice of the art of vacuum deposition 
yielded only a slight improvement, it seems 
likely that a major alteration of deposition 
technique is now needed. 

A coating technique under current eval
uation is ion-assisted vacuum deposition in 
which energetic (50- to 1000-eV) ions are 
applied to a film during its growth. Colli
sions between the ions and the atoms being 
adsorbed from the vapor increase the sur
face energy of the atoms and allow fabrica
tion of denser films. Two general results 
were obtained in evaluating several sets of 
coatings grown under bombardment by ei
ther oxygen or argon ions. First, when the 
ion stream was not electrically neutralized, 
surface charging at the substrate caused 
arcing between the tooling and the sub
strate, which resulted in deposition of metal 
in the film. Second, coatings bombarded 
with electrically neutral ion beams had 
good cosmetic quality, but thresholds were 
usually less than or equal to those of beams 
grown without ion-assisted deposition. 
While it is too early to accurately forecast 
the full potential or ion-assisted deposition, 
this technique has failed to quickly provide 
threshold improvement. 

We also measured thresholds well below 
2 J/cm2 on films grown by ion-beam sput
tering. This technique is one in which the 
coating vapor is made by ion bombardment 
of a target. 

Float-Polished Fused Silica. A float-
polishing procedure has been recently dem
onstrated.''5 In this technique, the substrate 
is either mechanically carried so that it is 
not in direct contact with the polishing lap 
or is moved so rapidly that it hydroplanes 
in the coating slurry. Loss of contact be
tween the lap and the substrate lessens th«? 
surface fracture caused by large particles 
embedded in the lap. In some instances, a 
very smooth surface seems to have been 
produced largely by chemical erosion rather 
than by abrasion. Float-polished samples of 
fused silica were provided to LLNL by J. R. 
McNeil of the University of New Mexico, 
where a capability for float polishing had 
been refined during an extended visit by 
the developer of this procedure.'15 

Nomarski microscopy showed that these 
surfaces consist of smooth areas bounded 
by large scratches believed to be residual 
grinding damage. Etching with mild HF did 
not reveal significant polishing damage in 
the smooth areas. At the large scratches, 
damage induced by 1-ns, 1.064-/im pulses 
occurred at fluences of 12 to 16 J/cm2, 
which is slightly less than the 16-J/crrr me
dian threshold for silica surfaces fabricated 
by standard abrasive polishing. The smooth 
areas had thresholds as high as 23 J/cm2. 
Therefore, either extended application of 
float polishing to eliminate residual grind
ing damage or use of float polishing as a 
final step on carefully polished surfaces 
might be a useful technique for producing 
damage-resistant surfaces. 

Crystals. We tested several crystals with 
nearly collimated beams that were approxi
mately 2 mm in diameter. In such tests, 
damage may occur at either a front- or rear-
polished surface, or at isolated inclusions 
in the bulk of the crystal. Only the thresh
old for the weakest part of a sample can 

Table 6-6. Laser-
damage thresholds 
measured wi th 1.064-
/im, 10-ns pulses on 
selected crystals. 

Sample 
Laser -damage thresholds (J/cnr 2) 

Material Sample Front surface Rear surface Bulk 

GSGG 9953 19 ± 2 16 ± 2 19 + 2 
Ci:Nd:GSGG 9954 16 ± 3 16 + 3 >28 
LiF 9952 >15 >15 8.8 ± 1.6 
UF 995? 14.6 ± 1.5 >24 12.4 ± 1.9 
CaF, 9956 >12 >12 8.4 ± 0.8 
CaF ; 9951 >13 >13 10.7 ± 2.6 
BaF2 9955 2 1 + 4 21 ± 4 28 ± 3 
BaF, 9950 22 ± 2 22 ± 2 >30 
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be measured unambiguously. If the bulk 
threshold is low, a surface threshold mea
sured a t higher fluences is of questionable 
significance. Similarly, scattering of laser 
light from surface damage might shield in
clusions in the bulk. 

Table 6-6 presents a representative set of 
thresholds measured with 10-ns, 1.064-/im 
pulses. For a few crystals, surface and bulk 
thresholds were sufficiently alike that all 
the thresholds could be measured, but the 
limiting threshold for most of the crystals 
was that for bulk damage at inclusions. 
This h a s been a consistent observation in 
our tests during the last 6 years in more 
than 300 crystals of a wide variety, 

Table 6-7. Desired 
properties for new Nd-
doped laser glasses in 
future laser systems. 

Fig. 6-50. Phosphate 
glass systems studied 
by (ai Hoya Optics, 
Inc. and (b) 5chott 
Glass Technologies, 
Inc. during 1983 
and 1934. 

Megajoule system 
Fluorescence lifetime (jis) >280 
Nd concentration (ions/cm3) - 5 x 1(P 
Emission cross section (pm2) < 3 
Thermal expansion (K~l) <90x lO" 7 

High-average-power system 
Fluorescence lifetime (jus) >180 i 
Nd concentration (ions/cm^) - 1 0 * 
Emission cross section (pm2) ~4 
Thermal figure-of-merit,a KT (W/m)>100 
a Rj = K(l - vJSj/aE, where K is thermal con

ductivity, v is Poisson's ratio, Sj is the stress at 
material fracture, a is the coefficient of thermal ex
pansion, and E is Young's modulus. 

including both oxide and fluoride materials. 
Therefore, it is our opinion that elimination 
of bulk inclusions in materials selected 
for use in high-power lasers is a ta?.k of 
high priority. 

UV Damage Studies for the USAE Be
cause coatings developed for Nova are 
potentially useful in several USAF applica
tions, funds were provided to LLNL to es
tablish two new test facilities for evaluating 
coatings produced at the Laboratory. The 
first facility will employ a 150-pps XeF laser, 
which emits 0.35-//m, 20-ns pulses. This 
laser has been installed in Building 165, and 
a damage experiment is being assembled 
around the laser. The second laboratory will 
employ a 10-pps, flashlamp-pumped dye 
laser, which generates 5C"-ns, 0.7-J pulses at 
a frequency between 0.35 and 0.4 ^ m . This 
laser will be installed in January 1985. With 
funding supplied by the USAF, w e will fab
ricate sol-gel coatings on CaF 2 or silica 
substrates and measure the damage thresh
olds of these coatings as a function of pulse 
duration and repetition rate. 

Authors: D . Milam and I. M. Thomas 

Major Contributors: M. C. Staggs, C. L. 
Weinzapfel, J. G. Wilder, S. E. Pelusc, 
and R. E. Wilder 
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Laser Glass 
New Laser-Glass Compositions 

In collaboration with Schott Glass Technol
ogies, Inc. and Hoya Optics, Inc., we con
tinued development of new laser-glass 
compositions in 1984. Our two main appli
cations are for ICF lasers and for high-
average-power (HAP) lasers. The two 
applications set somewhat different require
ments for laser glasses, which are listed 
in Table 6-7. 

Mngajoule-class laser» for fusion research 
require inexpensive glasses with good en
ergy storage. Of primary importance in 
achieving good energy storage is a long 
fluorescence lifetime for high purr.ping effi
ciency and a stimulated-emission cross sec
tion of about 3 pm 2 or less to minimize the 
loss from amplified spontaneous emission 
(ASE). To lower production costs of glass 
for a megajoule laser, the glass should be 
produced in a system that incorporates 
continuous melting and forming rather 
than the discontinuous process used for 
Nova laser glass. The glass companies are 

HAP lasers also require glasses with a 
long fluorescence lifetime, but at higher 
Nd-doping levels than that for a megajoule 
laser glass. In addition, HAP laser glasses 
must have good thermomechanical charac
teristics, high mechanical strength, and low 
thermooptic and stress-optic coefficients. We 
have focused on obtaining glasses with low 
concentration quenching and a high ther
mal figure of merit RT, which is defined in 
Table 6-7. 

The glass compositions studied by Hoya 
and Schott during 1984 are shown in 
Fig. 6-50. For comparison, we also show the 
compositions studied during 1983. Both 
companies discovered that silico-phosphate 
glasses have excellent characteristics for 
both megajoule and HAP lasers. The ther
momechanical and spectroscopic properties 
of selected silico-phosphates, ultraphos-
phates, and some commercial laser glasses 
are listed in Table 6-8, The thermal figure of 
merit for all glasses investigated, except for 
LG-670, is below the desired 100 W/m for a 
HAP laser. However, we conservatively esti
mated the strength based on the measured 
fracture toughness and an assumed maxi
mum surface-defect size of 100 fim. We 
predict a possible increase in strength, by 

designing sucl h systems foi • p r o d u c t i o n of at least a factor of 2, for suriace s with Table 6-8. Observed 
phosphate glass. smaller defects due to improved polishing proper! 

glasses. 
ies for laser 

Emission Fluorescence Thermal Thermal Young's Tensile Thermal figure 
cross section lifetime at conductivity expansion modulus Poisson's strength of merit 

Glass (pm 2 ) 10 2 1 ions/cm 3 (/rs) (W/m-K) (10- 7 /K) (CPa) ratio, l' (MPa) ( W m ) 

Phosphates 
UP-16 4.0 210 0.49 131 45 0.270 37" 22 
UP-91 3.3 188 0.65 90 61 0.247 60" 54 
UP-148 3.9 182 0.63 99 54 0.247 _ h 49 
UP-120 3.0 — 0.77 93 64 0.242 _ h 54 
UP-136 3.4 133 0.91 64 7y 0.212 _ b 81 

Silico-phosphr.tes 
UP-160 3.8 186 0.69 80 56 0.250 __b 64 
UP-137 2.9 155 0.91 64 73 0.210 — b 84 
Z-85 3.2 184 0.84 93 69 0.231 55" 55 
H-310 3.9 198 0.80 80 67 0.230 55" 63 

Commercial phosphates 
I.HG-5 4.1 135 0.77 98 64 0.184 90 90 (190) c 

I.HG-8 4.0 150 0.58 112 52 0.260 67 49 (102) f 

I.C-750 4.0 137 0.62 114 52 0.256 55 43 
Q-1110 3.8 180 0.73 96 73 0.24 65 59 

Commercial silicates 
LG-670 2.7 45 1.35 93 94 0.242 100 117 
LG-660 2.0 43 1.05 107 69 0.233 — — 

^Estimates basijd on measurements of fracture toughness. 
l>Assumed 53-MPa tensile strength. 
Strengthened glasses demonstrated by Hoya Optics, Inc. 
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Fig. 6-51. Water-
induced quenching in 
the phosphate glass 
UP-91. 

techniques, chemical polishing, or surface 
coatings. Hoya has already demonstrated 
strengthened LHG-5 and LHG-8 glasses, as 
listed in Table 6-8. 

Schott investigated silicate glasses for 
megajoule-laser applications. Such glasses 
are not as useful as phosphates because, at 
the Nd concentrations needed for efficient 
pumping, the Nd-fluorescence lifetimes are 
too short. Silicate glasses also have low 
emission cross sections, which makes en
ergy extraction difficult because of the high 
laser fluences required. 

A summary of the conclusions reached 
by Schott and Hoya is as follows: 
• The obtainable fluorescence lifetime at the 

Nd doping of 102 1 ions/cm3 is about 180 
to 200 /is for practical phosphate glasses. 
The longest lifetime found was 210/JS 
for UP-16, which has poor durability 
and strength. 

0 4 8 12 16 20 
Water-absorption coefficient (cm - 1) at 2747 (cm - 1) 

• The obtainable fluorescence lifetime at the 
Nd doping of 5 x 10 2 0 ions/cm3 is about 
280 to 300 ps. 

• The presence of Si0 2 in phosphate jlass 
lowers thermal expansion but decreases 
chemical durability. A1 20 3 can be added to 
increase durability. 

• The emission cross section can be con
trolled by varying the content of alkali, 
Al2Oj, and MgO. However, concentration 
quenching becomes more severe for the 
lower-cross-section glasses with con
centrations above 5 x 10 2 0Nd ions/cm3. 

Author: S. E. Stokowski 

Impurity Quenching 

In 1984 we measured the Nd-fluorescence 
quenching rates induced by OH", iron, and 
copper impuritips, thus expanding our pre
vious studies on self-quenching by Nd 
ions.46 Schott Glass Technologies, Inc. 
prepared samples of the silicate glass 
LG-660 and two phosphate glasses UP-91 
and UP-16 with these impurities added. 
Nominally, 30, 100, and 300 ppm of iron 
and copper were added to the melt. How
ever, we determined the actual concentra
tions in the glass samples by measuring the 
optical absorption coefficients at the absorp
tion band peaks. 

The additional decay induced by the im
purities appears to increase linearly with in
creasing impurity concentration. We show 
an example of the dependence in Fig. 6-51. 
Table 6-9 lists the additional decay rate in
duced per absorption coefficient (cm"'} of 
the impurity at the given wavelength. The 

Table 6-9. Increase in 
Nd-fluoresccnce decay 
rates due to OH , 
F C 2 H , and Cu 2* im
purities in LG-660, 
UP-91, and UP-16. 

Increase in decay rate <s J) 
Impurity Glass 0.5 x 10 2 0 ions c m - 3 5 x 10 2 0 ions cm" 3 10 x 10 2 0 ions c m - 3 

OH ~ (see footnote a) LG-660 
UP-91 
UP-16 

70 (3.4%) 
61 (2.3%) 
59 (2.3%) 

162 (4.2%) 
163 (4.6%) 
154 (4.4%) 

319 (2.4%) 
287 (5.1%) 
303 (5.9%) 

Fe2 + (see footnote b) LG-660 
UP-91 
UP-16 

29 (1.4%) 
51 (1.9%) 
71 (2.7%) 

43 (1.0%) 
75 (1.9%) 

120 (3.2%) 

67 (0.5%) 
125 (2.1%) 
184 (3.2%) 

Cu2 + (see footnote c) LG-660 
UP-91 
UP-16 

25 (1.2%) 
24 (0.9%) 
30 (1.1%) 

27 (0.7%) 
36(0.9%) 
54 (1.6%) 

37 (0.3%) 
41 (0.6%) 
69 (1.2%) 

increase in decay rate s" 1) perab soiption coefficient (cm ~ ] ) at the OH" 1R band pea k. Peak = 2880, 2750, 
and 2750 cm - * for LG-660, UP-91, and UP-16, respectively. 

bPer 1 0 " 2 c m - 1 absorption coefficient at 1000,1100, and 1100 nm for LG-60, UP-91, and UF-16, respectively. 
cPer 10" 2 cm~ l absorption coefficient at960nm, 
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Impurity 

, Peak 
wavelength 

(nm) 

Absorption coeffident 
at peak per ppm impurity 

suaud to melt (cm""') 

Absorption coeffident 
at 1.053 /im per pprii impurity 

added to melt (cm" •) 

Fe 2 + 

Cu2^ 

LG-660 990 , 1.1 x 1 0 - 3 

UP-91 1080 7.5 x 10" 4 

UP-16 1060 5.9 x 10~ 4 

LG-660 750 6.7 x 10" 4 

UP-91 900 2.8 x 1 0 - 3 

UP-16 920 2.5 x 10~ 3 

1.0 x 1 0 " J 

7.3 x 1 0 - * 
5.8 x 10"* 
3.0 x 10 " 4 

Z3 x 1 0 " 3 

2.1 x 10 ~ 3 

table also lists the percentage increase 
in Nd decay rate over the decay rate ex
trapolated to the pure sample. All results 
in Table 6-9 are based on linear fits, 
which have regression coefficients greater 
than 0.98. 

The OH" impurity-induced decay rate 
is nearly independent of glass type. Be
tween 5 and 10 wt% of NdjO^ the OH" 
impurity-induced decay rate 'ncreases by a 
factor of 2; however, the rate only increases 
by a factor of about 2.5 between 0.5 and 
5 wt%. Thus, the quenching rate is not 
strictly proportional to the Nd concentra
tion. At Nd concentrations used in practical 
laser glass, water content is a critical 
factor in the pump efficiency of a laser. 
Most laser glass produced in a large furnace 
has an OH ~ attenuation coefficient 
between 1 and 2cm ' 1 , For maximum 
efficiency, we must keep this coefficient 
below 1 cm"'. 

Iron and copper are the impurities with 
the largest expected effect on Nd quenching 
because their energy levels match the 4 F 3 / 2 

initial-state energy of the Nd fluorescence. 
Table 6-10 lists the spectroscopic properties 
of Fe 2 ' and O r • in LG-660, UP-91, and 
UP-16. Of particular significance is the large 
difference between silicate and phosphate 
glasses in the attenuation coefficient of 
Cu2 * per ppm of added copper. This differ
ence could be due to the presence of some 
Cu1* in the silicate. We have also found 
Fe 3 ' in both the silicate and phosphate 
glasses; however, its fraction of the total 
iron content is small, particularly in the 
more highly doped samples. 

Both copper and iron are less effective in 
•uenching the Nd fluorescence in LG-660 
than in LG-750. This effect could be due to 
the 50%-smaller Nd transition strength in 
the silicate, which, according to the dipole-
dipole quenching theory, should result in 
less quenching. For phosphate glasses, the 
percent increase * decay rate due to added 
iron or copper is approximately independent 

of Nd concentration, which is a somewhat 
unexpected, but fortunate result. 

In addition to their detrimental effect on 
the Nd decay rate, copper and iron also 
contribute to passive loss at the laser 
wavelength of 1.053 fim. The absorption 
coefficients of these ions at 1.053 ^m 
are listed in Table 6-10 in terms of ppm 
impurity added to the melt. (The actual im
purity concentrations in the glass samples 
are not known.) To keep the passive loss 
below 10 " 3 cm ~', copper concentrations 
in laser glass melts must remain below 
0.4 ppm and thosr for iron must remain 
below 1 to 2 ppm. 

Author: S. E. Stokowsk! 

N d Spectra 

During 1984 we observed the absorption 
spectra of the Nd laser transition Hu/7 — 
4 F 3 / 2 in two laser glasses. This absorption is 
weak because the lower state is approxi
mately 1800 cm"' above the ground state 
and has a small population. The three rea
sons for our interest in this absorption are 
as follows: 
• The attenuation coefficient due to this 

transition limits the maximum power 
available in a zig-zag laser, particularly 
when the glass temperature increases. 

» The emission cross section for this transi
tion can be determined from the absorp
tion strength and its temperature 
dependence. 

• A comparison of the fluorescence and ab
sorption speccra yields information about 
the inhomogeneities of the Nd spectra. 
We measured the absorption spectra in 

the phosphate glass LG-750 and the silicate 
glass LG-660. When the absorption spectra 
are compared to fluorescence spectra in 
Fig. 6-52, it is clear that the absorption and 
fluorescence peaks are at the same wave
length. The absorption cross section is 

Table 6-10. Spectro
scopic properties 
of impurity Jons 
in LG-660, UP-91, 
and UP-16. 
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Laser Glass 
Fig. 6-52. Absorp
tion and fluorescence 
spectra of the 
\ - J F„ ir 2 transi
tion of Nd 3 f in the 
(a) phosphate glass 
LG-750 and (b) silicate 
glass LG-660 at 298 K. 

Tableb-ll. I PA and 
2PA cot fflcicnts in 
several transparent 
oxide glasses. 

a at 0.5525 am 
(10- 3 cm- ' ) 

,3 at 0.5525 pm 
(cm/TW) 

P at 0532pm 
(cm/TW) 

p at 0.351 urn (Ref. 48) 
(cm/TW) 

LC-650 0.318 
LC-660 0.317 
LC-670 0.376 
LSG-91H 0.296 
BK-3 0.280 
BK-7 0.312 
BK-10 0.275 
LC-750 0.320 

1.2 ± 0.2 
0.4 ± 0.1 
1.1 ± 0.2 
0.7 ± 0.1 
0.3 ± 0.1 
0.6 ± 0.1 
0.6 ± 0.1 

2.0 ± 1.0 
0.3 ± 0.3 
0.4 + 0.4 

0 
S0.4 

2.7 ± 1.5 
<0.5 
S0.4 

0.6 ± 0.6 
2.9 ± 1.5 
0.4 ± 0.4 

5.5 
30 
15 

"Ucdiie is the wavelength at which the linear absorption coefneient at equals 1 cm 

larger than the fluorescence cross section for 
shorter wavelengths; however, the opposite 
relationship holds for longer wavelengths. 
This expected behavior is due to thermal-
ization among the substater within the 
initial-state manifolds. The attenuation 
coefficient is 2 x 10 4 cm ' in LG-750 
and about 10 4 cm ' in LG-660 per 
10:" Nd ions-cm ] at 298 K. Thus, at high 
Nd concentrations, the absorption due to 
Nd will become significant. The shoulder c.t 
1.09 //m in LG-660 appears in both the flu
orescence and absorption spectra. The 
shoulder is due to site-to-site inhomogene-
ities and not to the splitting of the ""F-,,.;, 
state manifold. 

Author: S. E. Stokowski 

Measurements of Weak One-
and Two-Photon Absorption 
in Oxide Glasses 

As part of our research into the basic opti
cal properties of laser glasses, we measured 
the two-photon absorption (2PA) coefficient 

P of some highly transparent oxide glasses. 
We tested several alkali silicate compo
sitions (LG-650, LG-660, LG-670, and 
LSG-91H), several borosilicates (BK-3, BK-7, 
and BK-10), and one phosphate (LG-750). 
Other than for fused silica47 and BK-3, BK-7, 
and BK-10 (Refs. 47 and 48), no previous 
data exist for 2PA in laser glasses. 

We used a previously described tech
nique of dual-beam thermal lensing.41' A 
10-Hz pulsed dye laser [A = 0.5525//m, 
r = 5 ns, full width at half maximum 
(FWHM)] was the pump beam, and a 
continuous-wave He-Ne laser was the 
probe. The peak intensity of the pump 
beam was about 2 GW/cnr in the samples, 
and each sample was about 1 cm thick. The 
samples exhibited no obvious absorption 
when measured in a Cary 17 spectropho
tometer, but a weak one-photon absorption 
(1PA) coefficient a was detected with the 
thermal lensing technique. 

Table 6-11 shows the measured values of 
the coefficients a and /J. The magnitudes of 
the linear and nonlinear absorptions appear 
to be independent. The fact that nearly all 
of the nonlinear coefficients are within one 
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order of magnitude of each other suggests 
that some common, unidentified mecha
nisms may account for 2PA in the samples, 
for comparison, Table 6-11 also shows the 
vplues of p measured at 0.351 and 0.532/Jm 
in borosilicate glasses as part of previous 
studies of two-photon-induced solariza-
tion.'i;'''la In the borosilicates, the values of P 
change little between 0.5525 and 0.532 lira, 
but they increase by about an order of 
magnitude at 0.351 //m. 

Author: W. T. White, in 

Nonlinear and 
Electrooptic Systems 
Introduction 

The engineering development of frequency-
conversion and optical-switch technology is 
a high priority for the activation of Nova 
and for future ICF laser development. In 
1984, we continued research on the technol
ogy of frequency conversion and studied 
the performance of the Nova frequency-
conversion arrays. We also constructed a 
demonstration model of a 27- x 27-cm 
Pockel's cell using a technology scalable to 
future laser systems. 

High-Dynamic-Range Quadrature 
Doubling Experiments 

The quadrature second harmonic generation 
(SHG) scheme was designed to give high-

dynamic-range frequency conversion; that 
is, high conversion efficiency over a wide 
range of drive intensities. In this scheme, 
fully described in the laser Program Annual 
Report S3 (Ref. 50), the planes formed by 
the beam direction and the optic axes of 
two JCD'P crystals of unequal thickness are 
arranged to be orthogonal (see Fig. 6-53). 
Thus, the green light from the first crystal 
passes through the second without back-
conversion. The second crystal converts 
only the red drive left unconverted from 
the first crystal. The overall conversion 
efficiency is 

1i + M 1 ~ 1\) (39) 

The quadrature concept was tested this 
year using the Cyclops laser to verify the 
high dynamic range. The experiment con
firmed that quadrature schemes are capable 
of very high conversion efficiencies (>95%) 
over a wide range of drive intensities and 
that this efficiency can be attained using 
pulses that are Gaussian in space and time. 

Two crystals of KD*P, with thicknesses of 
12 and 44 mm, were used in the experi
ment. The deuteration level was measured, 
using nuclear magnetic resonance (NMR), 
to be 90.6%, and the optica] absorption at 
1.053 jum was measured to be 0.6%/cm for 
light appropriately polarized for Type II op
eration. The optical absorption at 0.532 /im 
is essentially zero. The Fresnel loss from 
the surfaces is 3.75%. Thus, the losses lie 
between 15 and 18.4%, depending on the 
conversion efficiency; the higher loss corre
sponds to lower efficiency. The 1.053-um 
drive had a Gaussian profile in space and 
rime with a pulse width (FWHW) of 1.2 ns 
and a diameter of 3 cm. It was close to 

Fig. 6-53. The quadra
ture scheme for 2«j. 

7) - 7)i + 1)2 (1 - 7))) 
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Fig. 6-54. Experimental 
data on a 12/44 quad
rature system shows 
the high dynamic 
range and conversion 
efficiency this scheme 
permits. 

diffraction limited. The measured conversion 
efficiency, including all the losses, is shown 
as a function of the average drive intensity 
in Fig. 6-54. The efficiency rises above 70% 
at ~200 MW/cm2. In the region from 1 to 
3 GW/cm2 the efficiency was nearly 80%, 
which is very close to the maximum achiev
able. This experiment demonstrates the 
high dynamic range (~45 before surface 
losses are subtracted out) and the high effi
ciency of quadrature schemes. Using the AR 
coatings developed recently at LLNL, there 

0.1 1 
l«i drive (GW/cm2) 

is every reason to expect that system ef
ficiencies approaching 95% are possible. 

Quadrature schemes are robust in that 
their sensitivity to beam profile, polarization 
errors, laser bandwidth, and angular and 
thermal misadjustments is lower than that 
of single crystal schemes. They will find 
many programmatic uses in the future. 

A four-crystal quadrature scheme has 
been developed to give high dynamic range 
at ico. This is shown in Fig. 6-55. As yet, 
high dynamic range at 3o appears to be 
impossible, although some four-crystal 
3<u schemes do show a slight increase over 
the two-crystal doubter/mixer approach. 
However, their dynamic range is still less 
than 10. 

Author: D. Eimerl 

Nova Frequency-Conversion-Array 
Development 

We have performed detailed second-
harmonic generation (SHG) and third-
harmonic generation (THG) measurements 
on the Cyclops laser system to support 
development of the Nova frequency-
conversion array, as described in "Nova 
Frequency Conversion and Focusing Sys
tems," in Section 2. Recent measurements 
using Nova production sol-gel coated 
27- x 27- x 1-cm KDP crystals have re
sulted in 80% energy conversion to the 

Fig. 6-55. A thin-thick 
polarization-switched 
quadrature scheme 
for 4t». 
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third harmonic as measured by calorimetry. 
Our results for frequency conversion are in 
reasonable agreement with computer-code 
calculations anc1 indicate the high sensitivity 
of cascade THG to fundamental-beam po
larization angle and to the alignment of 
the third-harmonic crystal. 

We performed our measurements with 
the Cyclops laser system, which operates at 
the 1.053-/im Nova wavelength and gener
ates a nominally 1.3-ns Gaussian laser 
pulse. We used a 2 x beam-reducing tele
scope and fundamental energies of 2.5 to 
3.0 J to obtain peak intensities up to 
5 GW/cm2 in a nominally 1-cm-diam beam. 
Laser damage to 1.05-tim, 45-deg HR turn
ing mirrors limited most measurements to 
intensities below 3.0 GW/cm2, but this 

intensity was sufficient to cover the range 
of interest on Nova. 

For our SHG experiments, shown in 
Fig. 6-56, we used a single 1.0-cm-thick 
Nova production crystal. SHG experiments 
weje useful in verifying the accuracy of our 
calorimetry and crystal-alignment procedure 
with a vidicon camera system. For our THG 
experiments, shown in Fig. 6-57, we added 
the second 1.0-cm-thick Nova production 
crystal and performed sum-frequency mix
ing to generate the third-harmonic wave
length. Both 27- x 27- x l-cm crystals were 
mounted in a precision aluminum egg crate 
designed specifically for these experiments. 
The crystals were held in the egg crate with 
absorbing-glass-backed buttons used on 
Nova, and the egg crate was mounted 

2oi Calorimeter 
BG-18 Vidicon camera 

T 1 HR ^" m focal-length lens 
' - | •3j±] 

Two HR flat mirrors 
k to raise beamline at 45 deg 

lo> Calorimeter c r y s t a , m o u n t 

2x telescope 

IOJ calorimeter 

Polarizer 
at 45 deg 

Aj-A3 Apertures 
BG-18 Filter glass 
65,-853 Wedged beam splitters 
HR Highly reflecting mirror 
ND Neutral-density filter 
RG-1000 Filter glass 

4-m focal-length lens 

t 
All-, 

A,-A3 

BS,-BS, 
HR " 
ND 
UG-11 

Vidicon camera 
ND h 

Two HR flat mirrors 
to raise bea..Mine at 45 deg 

Retroprism | P 

Stepper-mo tor-
driven 

crystal mount 

A per ru res 
Wedcd beam splitters 
Highly reflecting mirror 
Neutral-density filter 
Filter glass 

2x telescope 

lo> Calorimeter 

Polarizer 
at 45 deg 

Fig. 6-56. Experimen
tal arrangement for 
single-crystal Type II 
SHG. 

Fig. 6-57. Experimental 
arrangement for 
Type II cascade THG. 
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Fig. 6-58. Crystal 
arrangement and po
larization directions 
for Type II cascade 
THG. 

inside a 25-in.-diam Aerotech mirror mount. 
Precision stepper-motor-driven micrometer 
screws, controlled with an LSI-11 minicom
puter, were used to make fine adjustments 
in crystal angles. The egg crate was oriented 
in the mirror mount so that the crystal faces 
containing the optical axes would be paral
lel to the horizontal and vertical rotation 
axes of the mirror mount. 

The crystal arrangement and polarization 
directions are shown in Fig. 6-58 (Ref, 51). 
The doubling crystal was oriented with its 
optic axis in the horizontal plane so that ro
tation about the vertical axis established the 
phase-matched condition. The mixing crys
tal had its optic axis oriented in the vertical 
plane so that horizontal-axis rotations were 
required to obtain phase matching. The an
gular rotation of the mirror mount was cali
brated by reflecting a He-Ne laser off the 
surface of the first crystal at near-normal in
cidence and noting the beam deflection as a 
function of motor steps. Calibration was 
0.74 ± 0.01 /irad/step. 

The crystal alignment was accomplished 
by placing a corner cube in the beamline 
following both crystals and retroreflecting 
the 10-pps oscillator beam. Approximately 
5% of the retroreflected beam was picked 
off with an uncoated 3-deg beam-splitting 
wedge (BSj) and directed into a lens with a 
4-m focal length. A vidicon camera was 

placed in the focal plane of this lens, and 
the far field of the retroreflected oscillator 
beam was displayed on a TV monitor. With 
the corner cube blocked, the crystals were 
rotated so that the reflection from the first 
crystal would be coincident with the posi
tion previously established on the monitor 
screen by the corner cube. This established 
the "normal" position for the crystal pair. 
The egg crate was purposely wedged so 
that the rehoreflection from the second 
crystal surfaces were displaced from the re
flections of the first crystal by approxi
mately 2200 /irad in the horizontal plane. 
This was done to minimize etalon effects 
between crystals and to allow a clear identi
fication of each crystal. The etalon effects 
internal to each crystal were substantially 
eliminated by the sol-gel AR coatings. Inter
nal etalon effects were observed in reflec
tion as a function of crystal tuning angle, 
but they were not observed to degrade the 
frequency-conversion process. 

The field of view of our vidicon camera 
system was approximately 900 x 1125 jirad. 
Changes in crystal angle as small as 20 jxrad 
could be clearly detected. We estimate our 
precision in determining the normal posi
tion of the crystal at ±50^rad. With an ad
ditional uncertainty of ±50//rad at the 
phase-matched position as a result of uncer
tainty in stepper-motor calibration, our 

Extraordinary axis 

Output 

Vertical 
axis 

Doubling 
crystal 

Optic axis 

Input 
Extraordinary axis 
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total alignment accuracy was estimated at 
±100/jrad. The fai-field of the Cyclops 
oscillator beam, as seen by tivj vidicon 
system, had a full angular divergence of 
approximately 125/jrad. 

Single-crystal SHG experiments were per
formed first. The crystal was nominally 
aligned for phase matching by rotation 
from the normal position about the vertical 
axis of the mirror mount by - 2380 p rad. A 
negative angle of rotation in this case is a 
decrease in the angle of beam propagation 
to the optical axis of the doubling crystal. 
As seen in Fig. 6-56, three calorimeters were 
used with 5-mm-diam apertures and appro
priate filter glasses to separate the second-
harmonic and fundamental wavelengths. 
The input la) energy, output 2(0 energy, 
and residual l<u energy were measured on 
every shot, and the corresponding beam en
ergies and fundamental input intensity were 
determined from the calculated ratios from 
the beam splitters. We estimate the accuracy 

of the calorimetry at ±2% per station, and 
therefore the energy conversion ratio of 
second-harmonic to fundamental wave
lengths could be determined to ±4%. 

A 2-in.-diam S-l vacuum photodiode 
coupled to a TEK 7104 oscilloscope were 
used on occasional shots to monitor the 
temporal shape of the Cyclops laser pulse. 
Figure 6-59 shows a typical example of the • 
pulse. From previous experience with 

Fig. 6-59. Temporal 
shape of Cyclops lnsor 
pulse. 
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conversion efficiency 
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Fig. 6-61. Type II cas
cade THG conversion 
efficiency with opti
mum crystal tuning 
angles from the nor
mal position. 

mode-locked pulses, we know that the 
TEK 7104 scope and vacuum photodiode 
combination exhibit a rise time of 0.5 ns. 
Assuming the detection system rise time 
adds to the laser-pulse full width in a root-
mean-squared fashion, we estimated the 
laser-pulse full width to be 1.3 ± 0.1 ns. 
Therefore, in computing the fundamental 
input intensity (averaged over the calorim
eter aperture), an uncertainty of +10% has 
been assumed (including a calorimetry erroi 
of 2%). 

The GHG conversion efficiencies data for 
cur single-crystal experiments are shown 
in Fig. 6-60. The output 2a>/l0) energy-
conversion ratio, the fraction of residual to 
input la> energy, and the fraction of total 
lo> and 2(0 to input la) energy are plotted 
vs input la) intensity, Each, data point is ac
companied by a letter denoting the angular 
tuning of the doubling crystal from the nor
mal position, described earlier. Data points 
lying on a vertical line are from the same 
laser shot. The data points are plotted 
against theoretical curves that are computed 
assuming a Gaussian temporal pulse shape 
and a crystal detuning of 100 jurad frcm 
perfect phase matching. The data were ob
tained in the same run and with a crystal 
temperature of 21.5 ± 0.3°C. 

Data points that range in angular tuning 
from -2315 to -1515j/rad (points C to G) 

T 
Total 

1 2 3 
Inp«*lo» intensity (GW/cm2) 

are at or above the computed conversion 
curve. The points with the highest conver
sion were taken with angular tunings of 
-2115 and - 1915 /irad. An angle from the 
normal of - 2371 /irad at 20°C (i.e., an in
ternal angle of -1587 firad) corresponds to 
the optimum phase-matched condition for 
the Nova KDP crystals. Applying a tem
perature correction of +176jurad/°C gives 
a theoretical optimum angular tuning of 
-2107^rad, whkh is in good agreement 
with our data. 

For THG experiments, the mixing crystal 
was mounted to the egg crate following the 
doubler, with its optic axis in the vertical 
plane (orthogonal to the doubler). With the 
doubling crystal nominally aligned for 
SHG, the mixing crystal and doubler were 
rotated together about the horizontal axis 
by +2371 /zrad. A positive rotation angle 
represents an increase in the angle of the 
propagation direction to the optic axis of 
the mixing crystal This alignment proce
dure is equivalent to that performed on 
Nova.51 To obtain the optimum 35.3-deg, 
la) input polarization angle y/ (measured 
from the ordinary axis of the doubling crys
tal, i.e., the vertical axis), a half-wave plate 
was inserted before the first beam-splitting 
wedge and appropriately adjusted. 

The calorimeter arrangement used for 
THG measurements was simplified some
what from the euriier scheme. In addition to 
the inp::t la) calorimeter, one calorimeter 
was placed after the crystals to measure the 
generated 3a> energy, and one calorimeter 
measured the total energy at all three fre
quencies. This arrangement allowed us to 
measure the 3o)/lo) energy-conversion ratio 
and the total ratio of transmitted energy to 
input 1(0 energy, but not the residual la) 
and la) fractions. At high la) energies, the 
total-energy calorimeter had to be blocked 
to prevent damage. At 2 GW/cm2 and be
low, the total-energy data indicated good 
agreement with the computed curves; thus, 
we were confident with respect to the accu
racy of the calorimetry. 

Two typical Jata runs are plotted in 
Fig. 6-61 as a function of input 1(0 intensity. 
The theory curves in these two figures are 
based on 100-/irad angular detuning from 
perfrct phase-matching of both the second-
harmonir and mixing processes. All the 
data points are 10 to 20% above the com
puted conversion curve. Peak energy 
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conversion of 80% ± 5% occurs at an input 
la) intensity of approximately 2.25 GW/cm2 

and greater. Coating damage to the 45-deg 
turning mirrors prevented reliable measure
ments at higher input la> intensity, and this 
prevented us from seeing the expected roll
over in conversion above 4 GW/cm2. The 
optimum angular tuning of the mixing crys
tal was predetermined by taking five to 
seven data points at 2 GW/cm2 while "rock
ing" the crystal angle in steps of 100 fiead. 
At temperatures slightly above 20°C, the 
optimum tuning for the mixing crystal ap
peared to be +2580 to + 2680//rad, which 
is greater than the theoretical 20°C value of 
+ 2371 firad. The THG experiments were 
performed at two places on the crystal aper
ture: at 6 cm from the midpoint of one edge 
and at 17 cm r̂om the midpoint. No differ
ences in conversion efficiency or angular 
tuning were observed to exceed our stated 
error estimates. 

The sensitivity of the cascade process to 
angular tuning of the mixing crystal for in
put 1(0 intensities from 1.0 to 3.0 GW/cm2 is 
shown in Fig. 6-62. Similar to the data in 
Fig. 6-61, the optimum mixing-crystal tuning 
corresponded to + 2680 urad. However, the 
input polarization angle for this data run 

was inadvertently set at 37.7 deg rather 
than the optimum value ol 35.3 deg. This 
probably accounts for the premature 
rollover in conversion efficiency after 
2.0 GW/cm2. The data points for the 
+ 2680-/rrad detuning are nevertheless still 

above the theoretical curve in Fig. 6-62 
based on perfect phase matching and a 
37.7-deg polarization. 

The conversion efficiencies for the 
+ 2380- and + 2480-firad data points appear 
to fall off much more rapidly than those for 
the + 2828- and + 2925-/irad data points as 
a function of detuning from + 2680 urad. 
Assuming a temperature correction for the 
THG process of + 196/trad/°C the opti
mum angular tuning should be +2567/irad 
for a crystal temperature of 21°C. Much of 
our THG data indicates a slightly larger 
tuning as optimum for the mixing crystal. 
However, our estimated alignment accuracy 
of ± 100 urad and uncertainty in tempera
ture preclude making a definitive judgment 
based on the present data. The THG con
version efficiency was also briefly im csti-
gated for polarization angles less than 
35.3 deg. The conversion efficiency for 
polarization angles of 33.3 and 34.3 deg 
is substantially degraded at input 1(0 

Fig. 6-62. Type II cas
cade THG convention 
efficiency as a func
tion of second (mixing) 
crystal tuning from 
the normal position. 

2 3 
Input lw intensity (GW/cm2) 
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Fig. 6-63. 26- X 26-cm-
aperture PockeiB cell 
mounted on a laige 
tilt-rotation table. 

intensities above 2 GW/cm2 compared to 
the 35.3-deg data. 

!r» summary, our experiments indicate 
that sol-gel AR-coated Nova production 
crystals are capable of 80% energy conver
sion ftom the fundamental to the third-
harmonic wavelength. Our data were 
obtained with a spatially and temporally 
well controlled laser beam and with crystal-
alignment procedures that are functionally 
equivalent to those implemented on Nova. 
Our measurements also indicate the rela
tively high angular sensitivity of THG com
pared to single-crystal Type n SHG and 
dem onstrate the necessity of having tight 
control of polarization angle for THG. 

Authors: R. Gonzales, M. A. Henesian, 
D. Milam, and C. L. Weinzapfel 

Major Cuntributors: R. D. Boyd, J. T. Hunt, 
M. A. Summers, and C. L. Verdmak 

Plasma-Electrode Pockels Cell 

Large-aperture optical switches are of 
great potential importance for the realiza
tion of the next generation of high-energy 

ICF lasers. Large-aperture switches may be 
used for the isolation of amplifier stages in 
master-oscillator power-amplifier (MOPA) 
chains, for injc^cn and extraction from 
regenerative amplifier cavities, and for isola
tion from target retroreflections. Conven
tional technologies for optical switches 
are not scalable to the large apertures 
(1 to 5 m) required for the next generation 
of ICF lasers.52 

We proposed a new approach to the 
problem of designing large-area electro-
optical switches and recently tested small-
scale devices. 5 3 - 5 5 We used ionized gas as 
large-area conducting electrodes for longitu
dinal electrooptic switches. Using plasma 
electrodes, we built a Pockels cell with 
an open aperture of 26 x 26 cm and a 
Z-cut KDP crystal with dimensions of 
27 x 27 x 1.1 cm (Ref. 56). The device is 
the largest high-performance optical switch 
ever built and can now be developed for 
integration into new laser systems with 
large architectures. 

Figure 6-63 is a photograph of the 
Pockels cell. The cell body was machined 
from Ludte and consists of two separate 
discharge chambers separated by the center 
section, which holds the electrooptic crystal. 
The crystal can be mounted "bare," with 
plasma directly in contact with its surfaces, 
or in a "sandwich" geometry, with the crys
tal located between two glass plates.54 

The bare-crystal Pockels cell has the advan
tage of mechanical simplicity and contains 
the smallest number of optical surfaces. 
However, the bare crystal requires develop
ment of high-quality AR coatings for KDP. 
Fortunately, recent developments in sol-
gel coating technology now allow high-
damage-threshold AR coatings to be ap
plied to large-aperture KDP crystals. In 
addition, the bare crystal has high capaci
tance and a relatively low half-wave volt
age. Thus, significantly slower turn-on 
times are obtained when compared to those 
for the sandwich configuration. In our 
26- X 26-cm Pockels cell, we tested both 
the bare and sandwich configurations, and 
the results confirmed our expectations.56 

Figure 6-64 shows the four-electrode 
geometry for creating the plasma electrodes 
and the electrical circuit for applying the 
switching voltage. Pairs of electrodes on the 
same side of the crystal are used to estab
lish plasma in both chambers, with mini
mum voltage applied across the crystal. 

6-56 



Nonlinear and Electrooptic Systems 

Following preionization, the main switching 
pulse is applied to a pair of electrodes on 
the opposing sides of the crystal. The volt
age pulse charges the crystal faces using the 
plasma as the conducting electrode. A l-/is 
preionization pulse of nominally 30 kV 
breaks down the gas to form the plasma 
and, after a 200-ns delay, triggers the main 
switching pulser. A 50-ns transmission line 
at 25-Q impedance (two RG 217 cables) 
couples the main pulser to the Pockels cell. 
The driving line is terminated at the cell 
with a 25-Q load for the sandwich configu
ration and with a 10-fl load for the bare-

crystal configuration. The ballast resistance 
for each preionization electrode is 25012. 
Prior to operation, the discharge chambers 
are evacuated and filled with helium gas. 
Typical operating pressures are in the range 
of 5 to 10 Torr. 

The Pockels cell was routinely operated 
at approximately 1 pps for many hours dur
ing the course of experiments, and no deg
radation of performance was observed. An 
occasional pumping out and refilling of the 
cell with helium was required due to a slow 
buildup of impurities in the gas from out-
gassing of the Ludte. Exposure to the 

Preionization 

200-ns 
delay 

Fig. 6-64. Electrical cir
cuit (four-electrode 
geometry) for driving 
the plasma-electrode 
Pocket!) cell. 

Pockels cell 

- KDP crystal 

^ 
Switching pulse 

0 to 70 kV 
• - ^ W V — i ZDQommcriS-

-*r 

! 25-n, 
" 1 | 50-ns delay 

• • line 

I 
I 
I 
I 
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Preionization 
S-20 vacuum 

photodiode 

Analyzer O 
__> Argon-ion laser 

-Point B 
-Point A 

Polarizer 

H V ^ - Switching pulse 

Fig. 6-65. Optical lay
out for testing the 
switching performance 
of 3 pockets cell at 
points A and It across 
the aperture. 

plasma discharge caused no observable de
terioration of the bare KDP-crystal surfaces. 

Experiments were conducted with our 
previously developed 5-cm-aperture Pockels 
cell54 to determine the effect of the plasma-
electrode glow discharge on the colloidal 
silica sol-gel, AR coating devised recently 
for KDP crystals. We investigated both he-
Hum and argon discharges at pressures 
from 2 to 10 Torr. A soft sol-gel coating was 
deposited on two-thirds of the aperture of a 
5- X 5-cm KDP crystal, and the remaining 
one-third was left uncoated to serve as a 
reference. The crystal was coated in the 
same manner on both sides and optimized 
for maximum transmission at 0.633 fim. A 
He-Ne laser beam was modulated with a 
chopper and split into two equal-intensity 
beams, one reflected from the coated sur
face and one from the uncoated surface. 
Yhe KDP crystal was polished with parallel 
faces, and reflections from both were moni
tored. Phase-sensitive detection with lock-in 
amplifiers was used to minimize noise 
pickup from the discharge. A 20-kV, 10-Hz, 
15-^s-long voltage pulse was applied to the 
KDP crystal. The leadi-.tg edge of the pulse 
broke down the gas forming the glow-
discharge plasma that constitutes the 
plasma electrodes of the Pockels cell. 

With the virgin AR coating in the helium 
discharge at 10 Torr, the AR properties of 
the coating dramatically improved over 
~120min. The coating reflectivity was ini
tially ~0.6% per surface and was reduced 
to less than —0.1% •per surface by the ac-
tioi.' of the discharge. With the discharge 
removed, the coating was placed under vac
uum for several hours during which the 

reflectivity gradually increased to its initial 
value. This process was repeated several 
times in helium and then in argon gas, and 
similar results were obtained. Eventually, 
however, the degree of improvement de
creased, and the reflectivity of the coating 
increased to ~ 2 % per surface. Repeated 
discharge in argon eventually caused coat
ing deterioration after > 3 x 105 shots. 
Over the course of these measurements, the 
forward-scattered light from the coated sur
faces did not increase. The physical mecha
nisms responsible for these observations 
are not yet understood. However, the soft 
sol-gel AR coating appears to have good 
resistance to sputtering from the plasma-
electrode discharge and would probably 
work successfully in a large-aperture 
Pockels cell. 

The optical performance of the 
26- x 26-cm Pockels cell was monitored 
with a single-mode conrinous-wave (cw), 
argon-ion laser of nominally 1-W output at 
0.514 jxm to probe discrete points on the 
aperture, as illustrated in Fig. 6-65. A vac
uum photodiode with an S-20 cathode and 
a subnanosecond response time was used 
as a detector. Polarizers w.«• placed at both 
the laser and the detector ana vere ori
ented for minimum transmission. The 
argon-ion laser was aligned to propagate 
along the z axis of the crystal by monitoring 
the isogyre pattern at each probed point. 
The optical signals were recorded on a 7104 
oscilloscope, and the photographs were dig
itized using a HP-9874 digitizer. From the 
optical transmission, the voltage at each 
probed point was calculated using the 
electrooptic coefficient for KDP. 

Figure 6-66 shows the voltage measured 
directly on the electrodes for the bare-
crystal configuration and the voltage de
duced from optical transmission at two 
points on the aperture. Point A was mid
way up the crystal on the side nearest the 
main switching electrodes; point B was on 
the side nearest the preionization electrodes. 
A voltage of 1.5 tunes the bare-crystal half-
wave voltage of 8 kV (V„) was applied in 
this example. The voltages at points A and 
B rose to nearly the same value 70 ns after 
application of the main purser voltage. 

We define the optical risetime of the 
Pockels cell as the interval from the 
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beginning of transmission at point A to 
95% transmission at point B. At 8 kV, cor
responding to a half-wave retardation at 
0.5145 jum, the rise time of the bare-crystal 
Pockels cell was •^90 ns by this criterion. In 
this operating regime, the Pockels cell re
sembles a resistive transmission line, and 
the switching time is determined bv the dif
fusion of charge across the aperture. The 
total preionizing current in these experi
ments was —100 A. Further increase in the 
preionizing current as well as increase of 
the crystal thickness, which reduces the ca
pacitance, will result in shorter switching 
times for the bare-crystal configuration. 

The sandwich geometry was tested with 
~-6-mnvthick glass plates mounted on each 
side of the KDP crystal. A 1-mm gap be
tween each plate and the KDP crystal was 
filled with Koolase, which is an index-
matching fluid for harmonic-generation 
crystals,57 After a few days, we observed a 
chemical reaction between the Koolase and 
the Lucite walls of the Pockels cell. Even 
though this did not affect our measure
ments, we do not recommend this index-
matching fluid for future work. It is also 
important that the pressure above the 
index-matching liquid be kept nearly the 
same as that in the discharge chamber. If 
the index-matching liquid is at a pressure 

higher than that in the chamber, the glass 
plates will be placed under stress, thus re
ducing the optical figure of the Pockels cell. 
The plates might break if a sufficient differ
ence in pressure occurs. 

The results obtained with the sandwich 
configuration are shown in Fig. 6-67 for 
an applied voltage of 36 kV equal to the 
external half-wave voltage. The half-wave 
voltage increased by a factor of 4 com
pared to that for the bare crystal, and the 
switching time became significantly shorter. 
The turn-on time was limited by the high-
voltage pulser rise time, which was ^20 ns 
for the 25-£2 load used with the sandwich. 
A switching speed comparable to the elec
tromagnetic propagation time across the 
crystal (~5ns) should be obtainable by fur
ther lowering the high-voltage driver im
pedance and using a crystal that is 2 to 
3 times thicker. 

The field uniformity across the aperture 
was monitored by firing the pulser at 
1.5 times the half-wave voltage and moni
toring the optical transmission at many 
points. The results for the saidwich con
figuration show that after --20 ns, all 
points on the aperture were charged to the 
same volnge within 10%, the size of our 
experimental error. To confirm this out
come, a diagnostic technique was developed 

Fig. 6-66. Voltage 
pulse VP measured by 
a high-voltage probe 
across the switching 
electrodes. Voltages 
V A and VB were calcu
lated from transmis
sion data at two 
extreme points on the 
bare crystd. 
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Fig. 6-67. Voltage 
pulses Vp, V^, Mid VB 

for a sandwich 
geometry. 

Fig. 6-68, Arrangement 
for the framing camera 
using a pulsed dye 
laser for full-aperture 
diagnostics. 
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to freeze-frame photograph the entire 
aperture during the turn-on of the 
optical transmission. 

A framing camera was devised using a 
5-ns pulse from a sjiall nitrogen-laser-
pumped dye laser operating at 0.550 fim. 
The dye-laser pulse was synchronized with 
the high-voltage switching pulser and was 
incident on a ground-glass scatter plate 
placed in the nominal focal plane of a large 
(70- x 95-cm) Fresnei lens. The arrangement 
is shown in Fig. 6-68. The scattered light 
was collimated by the Fresnei lens and 
overfilled the 26- x 26-cm aperture of the 
Pockels cell. After the dye-laser light passed 
through the Pockels cell, a second large 
Fresnei lens imaged it to the input lens of a 
photographic film camera. A Polaroid sheet 

polarizer was placed in the focal plane of a 
second Fresnei lens with sufficient angular 
acceptance to act as an analyzer. The timing 
of the dye-laser probe was adjusted relative 
to the high-voitage switching pulse by us
ing various delay cables. In this way, the 
optical transmission of the entire aperture. 
was freeze-framed at different times during 
the turn-on of the cell. Three photographs 
on Plus-X film are shown in Fig. 6-69. The 
data show excellent switching uniformity of 
the plasma electrodes after an ~20-ns volt
age propagation time across the aperture. 
The nonuniformities visible in the photo
graphs are due to imperfections in the 
FreFresnel lenses. 

In conclusion, we have demonstrated that 
the plasma-electrode concept is scalable to 
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26 cm 

0 to 5 ns- 8 to 13 ns l i fe 16 ns 

the large apertures that are of interest for 
new fusion lasers. The aperture can be fur
ther increased either by growing iaiger 
crystals or by segmentation. The switching 
times of our Pockels cell are short enough 
for most fusion-laser applications. Further 
engineering work should result in even 
faster large-area switches based on 
this concept. 

Authors:). Goldhar and M. A. Henesian 

Major Contributors: R. A. Pasha and 
G.T.UUery 

Nonlinear and 
Electrooptic Materials 
Nonlinear Materials Laboratory 

Frequency conversion and electrooptic 
switching are an important aspect of mod
ern laser technology. Most practical lasers 
are not tunable, and the frequencies directly 
available from a lasing ion are discrete. Fre
quency conversion through harmonic gen
eration, or sum and difference frequency 
generation, provides wavelengths in other
wise inaccessible regions of the spectrum. 
Electrooptic devices permit switching, opti
cal isolation, and pulse-shape control. The 
cost and performance of a fusion laser is 
critically dependent on the properties of its 
nonlinear components; optimizing the non
linear materials can increase design flexibil
ity and reduce cost. 

This year the program launched a new 
project in nonlinear materials. Its purpose is 
to identify materials whose properties (non
linear and otherwise) permit reduced cost 

and improved laser performance. The pro
gram's primary focus is on harmonic gen
eration and electrcoptic switching for fusion 
lasers; the secondary focus is on high-
average-power lasers. Our scientific aim is 
to lay a solid basis for optimizing nonlinear 
materials for high-power-laser applications. 

We had already analyzed one of the per
formance requirements for fusion lasers, 
high-dynamic-range frequency conversion.59 

The two-crystal quadrature system, in
vented last year, was predicted to have a 
dynamic range of ~50 for 100-^rad laser 
pulses in potassium dideuterium phosphate 
(KD*P) and to be capable of increased 
wavelength, divergence, and polarization 
bandwidth. This year these predictions were 
confirmed experimentally on Cyclops; a dy
namic range of ~70 with a peak conversion 
efficiency oi over 95% was obtained with 
the 44/12 mm quadrature system described 
in "High-Dynamic-Range Quadrature Dou
bling Experiments," earlier in this section. 
The analysis was continued this year. We 
derived the range of material constants over 
which high performance can be achieved, 
and determined the relation of crystallo-
graphic symmetry to these requirements. 
The most important parameters for single-
pulse systems are damage threshold and 
the behavior of the linear index as a func
tion of wavelength, angle, and temperature. 
It is likely that there are many materials 
with sufficient nonlinearity to perform wel „• 
this is not considered to be the most critiaJ 
parameter. It is the damage threshold and 
linear index that determine the utility of 
the material. 

This year we began a survey of all 
known acentric crystals with useful trans
parency in the visible, UV, and neav-IR 
ranges. A number of potentially interesting 

Fig. 6-69. Photographs 
from the framing cam
era show the turn-on 
of optical transmission 
across the 26- x 26-
cm-aperture Pockels 
cell. 
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new materials were identified. (Refer to 
"Crystal Symmetry and the Electrooptic Ef
fect" in the next article.) 

We also developed the concept of index 
engineering to obtain favorable phase-
matching properties. This was tested suc
cessfully in the KDP group of isomorphs as 
reported in "New Harmonic Materials: In
dex Engineering" later in this section. With 
this series of homologs, we can do noncriti-
cal phase-matching (NCPM) at room tem
perature and at wavelengths ranging from 
0.5 to 0.7 ftm. This is expected to be a very 
important tool for materials engineering. 
Work on other crystal systems is planned. 

Authors: D. Eimerl and S. P. Velsko 

Crystal Symmetry and the 
Electrooptic Effect 

The search for new electrooptic materials to 
improve laser performance and reduce cost 
requires assessing the potential of candidate 
materials for a desired application. If a .' l 

of criteria is used to set up screening te ., 
the number of candidates to evaluate can 
be reduced. One such criterion is the well-
known requirement that there be no inver
sion center in the crystal structure. Of the 
32 crystal classes only 18 are acentric. The 
use of von Neumann's principle further re
duces the number of independent compo
nents the electrooptic tensor ma* have.5 9 

From knowledge of the crystal class 
alone, a considerable amount of information 
may be inferred. There are several other cri
teria that may be used, based on the in
tended application. Recent fusion research, 
reported in "Plasma Electrode Pockels 
Cell," earlier in this section, has led to a 
breakthrough in large-aperture optical-
switch technology. The nonlinear material 
used in this device must satisfy several 
criteria, including: 
• A high threshold for high-intensity laser-

induced damage. 
• A moderately large electrooptic coefficient. 
• Near collinearity of the applied electric 

field with the direction of propagation of 
the laser beam. 

• No depolarization of the laser beam dur
ing operation of the switch. 

The first two criteria are probably not corre
lated strongly with the crystal class, but the 
last two are essentially symmetry require
ments on the effective electrooptic tensor, 
and they might be expected to carry certain 
implications for the crystal symmetry of the 
electrooptic material. 

The objective of the present study was to 
determine the relative merits of the acentric 
crystal classes for use in large-aperture 
electrooptic devices. This objective imposes 
two new requirements: the applied field 
must be nearly collrnear with the beam di
rection, ar.d there must be no depolariza
tion of the beam. 

We considered plane electromagnetic 
waves propagating in an arbitrary direction 
in an elertroopnc crystal. We examined in 
detail the index changes and the rotation of 
the propagation eigenmodes that result 
when an electric field with an arbitrary di
rection is applied. The study extended to all 
18 electrooptic classes, including the biaxial 
classes 2, m, 222, and mtnl. We showed that 
there are indeed advantages to using crys
tals of certain classes; those advantages are 
dependent upon the geometry used and 
upon the performance requirements. 

First, the optical properties of biaxial me
dia were fully analyzed, and the perturba
tion theory for the distortion of the index 
ellipsoid was developed. We then treated 
the general problem in uniaxial media and 
in biaxial media. Finally, we analyzed the 
case of propagation along an optic axis and 
the role of permutation symmetry. 

The index ellipsoid experiences both a ro
tation and a change in shape or birefrin
gence as a result of the applied fi^id. The 
tensor character of the effect is insufficient 
on its own to lead to any general conclu
sions about these perturbations. However, 
as the crystal symmetry increases, some 
simple geometric relations become evident. 
In particular, if the crystal symmetry is high 
enough, the ellipsoid rotation and the in
duced birefringence become orthogonal in 
the sense that they are proportional to or
thogonal components of the applied field 

We begin with the crystals of lowest sym
metry, the triclinic class 1, and consider suc
cessively higher crystal symmetries, ending 
with "43m. For propagation in a general di
rection, there is insufficient symmetry in 
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any of the biaxial classes to draw any uni
versal conclusions about the index ellipsoid. 
It appears that for the biaxial classes in gen
era., the electrooptic effect depends on the 
relative magnitudes of the electrooptic coef
ficients and the linear refractive indices. 

Consider fust the orthogonality of the 
perturbations, in the sense described above. 
The eigenmode rotation % and the birefrin
gence An are linear in the applied field. 
That is, 

and 

AH = W-E 

(40) 

(41) 

where E is the applied field. If the applied 
field is chosen to maximize the induced bi-
r fringence with no ellipsoid rotation, then 
the effective electrooptic coefficient is pro
portional tc the sine of the angle between Z 
and W. If Z-W = 0, this geometric factor is 
maximal. Orthogonality, therefore, ad
dresses the size of the effective electrooptic 
coefficient. Now, all classes except 4, 42m, 
23, and 43m necessarily have Z.W =0 . 
Moreover, these classes also have orthog
onal perturbations if the propagation direc
tion is chosen appropriately. Thus, uniaxial 
crystals can definitely be configured to be 
orthogonal, whereas orthogonality for biax
ial crystals depends on the electrooptic coef
ficients and the linear refractive indices. 

If the direction of the applied field is ar
bitrary, then it is always possible to make 
the ellipse rotation zero by an appropriate 
choice of applied field direction. We require 
only that W-E =0. Then orthogonality 
guarantees that the induced birefringence is 
both finite and maximal. If the applied field 
is constrained to be collinear with the beam 
direction, then it is not always possible to 
have finite induced birefringence and zero 
rotation simultaneously. Again, for the biax
ial classes, this depends on the electrooptic 
coefficients and the linear refractive indices. 
However, the uniaxial crystals divide into 
three categories: 
• Those for which the rotation is identically 

zero (4mm, 6mm). 
• Those for which the rotation can be made 

to be zero for an appropriate choice of 

beam direcdon (4, 6, 42m, 3, 32, 3m, 62m, 
23, 43m). 

• Those that are unsuitable because the in
duced birefringence is zero if the rotation 
is zero (4, 6, 422, 622). 
Finally, we considered the case of propa

gation along an optic axis. To avoid signifi
cant beam depolarization, the eigenmodes 
must not rotate with the applied field. For 
some crystal classes, the eigenmodes are 
locked in place by virtue of the crystal sym
metry. The eigenmode rotation is described 
in Tables 6-12 and 6-13. Locking occurs in 
the biaxial class m if the crystallographic 
mirror plane contains the optic axis. This 
also occurs in the biaxial class mm2, except 
when the optic axis is perpendicular to the 
two-fold crystallographic axis. For the other 
biaxial classes, 1, 2, and 222, locking does 
not occur in general. Among the uniaxial 
classes, locking occurs for all the tetragonal 
and cubic classes and for the hexagonal 
classes 6, 622, and 6mm. The trigonal 
classes, 3, 3m, and 32, and the remaining 
hexagonal classes, 6 and 62m, are unsuitable 
in this configuration. 

If both the beam direction and the ap
plied field are parallel to the optic axis, then 
the only uniaxial crystals that can generate 
birefringence are 7, 42m,- 23, and 43m. All 
members oi these four classes exhibit 
eigenmode locking. For biaxial crystals the 
formulas change, but the conclusions relat
ing to crystal class are the same as for gen
eral applied fields. 

Crystal class Tan 2a 

4, 422, 4IHII1,6, 622, 6mm 

42111, 23, 43lil 

3,6 

0 
~'a/'n 

1 
(ruE2 +!•;;£! \ 
\ r 2 2 £ 2 - r u E , / 

3m, 62m 
32 

E2/E, 
-Ej/E, 

Class 
Plane 1 2 in 222 miii2 

x-z 
x-y 
1/-2 

ya 
Y 
Y 

yP 
Y 
Y 

Yylc 

Y 
Y 

y Vyl 
y y 
y Yyl 

a Y indicates birefringence with E |[ s. 
by indicates the Z and W are orthogonal. 
c l indicates that (he eigenmodes do not rotate for 

E || s || i, where z is the optic axis. 

Table 6-12. Eigenmode 
rotation for uniaxial 
crystals. 

Table 6-13. Summary 
of electrooptic behav
ior in dielec* !c planes. 
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Permutation symmetry was not used 
to derive any of these conclusions, and it 
does not alter them in any way. The large-
aperture requirements on electrooptic ma
terials reduce the number of crystal classes 
from which a material may be chosen. This 
information will be useful in researching 
new electrooptic materials. 

Author: D. Eimerl 

Crystal Symmetry and 
Noncritically Phase-Matched 
Harmonic Conversion 

The nonlinear material used for frequency 
conversion of fusion lasers must satisfy sev
eral criteria, including: 
• A high threshold for damage induced by 

high-intensity lasers. 
• A moderately large nonlinear coupling 

coefficient. 
• Comparative insensitivity to crystal ori

entation relative to the laser beam. 
The first two criteria are probably not 

correlated strongly with the crystal class, 
but the last is essentially a requirement on 
the crystal orientation. Together with the re
quirement that the effective tensor coupling 
does not vanish, this requirement has cer
tain implications for the crystal symmetry 
and linear refractive indices of the 
electrooptic material. 

Th ^ importance of NCPM in frequency 
conversion is well known. In general, effi
cient riL'xing or conversion requires that the 
wave velocities be precisely matched. Such 
matching can be accomplished using bi-
refringent crystals, but the crystal must be 
oriented correctly. Usually the orientation 
must be controlled to within "~1 mrad. 
Clearly, the divergence of the laser beam 
must he limited to significantly less than 
the tolerance in the orientation angle. Un
der NCPM, the restrictions on the crystal 
orientation and the beam divergence are 
very forgiving; they may be as large as 
100 mrad. This allows very efficient mixing, 
especially for beams with spatial modula
tions. Achieving NCPM requires special re
lations between the refractive indices of the 
crystal at the relevant frequencies. 

On the other hand, the nonlinear cou
pling between the waves depends on 
the orientation of the crystal and on its 
crystallographic symmetry. At the crystal 

orientations involved in NCPM, the nonlin
ear coupling between the waves is zero for 
some crystal classes, 

We studied the conditions on the linear 
indices and crystal symmetry under which 
NCPM is possible with a nonzerc nonlinear 
coupling. The goal of this study was to 
understand the limitations of crystal sym
metry in NCPM three-wave mixing. A thor
ough analysis of phase-matching in biaxial 
media showed that the only way to achieve 
NCPM is to arrange for propagation along 
one of the dielectric axes, In uniaxial media, 
NCPM is achieved by propagation in any 
direction in the plane perpendicular to the 
polar axis. Our analysis of the coupling 
coefficients for these orientations is 
given below. 

Crystal Symmetry and NCPM. Consider 
a biaxial crystal with normal dispersion and 
three dielectric axes labeled in order of 
their indices, 

na > n0 > nY , (42) 

which are assumed to be unequal. There 
are three dielectric axes and two types of 
phase-matching for each axis of propaga
tion. The relevant couplings are summa
rized in Table 6-14. 

In Type 1 phase-matching, the two lowest-
frequency waves have the same polariza
tion. In Type II phase-matching, the lowest-
frequency waves have different polariza
tions. There are two kinds of Type II 
processes; in one, the lowest-frequency 
wave has the higher index polarization, and 
in the other, the lowest-frequency wave has 
the lower index. 

Biaxial Crystals. There is no fixed -ela
tion between the crystallograph'c axes (abr) 
and the dielectric axes (afty) in biaxial me
dia. Therefore, it is not always possible to 
draw conclusions about the relation be
tween crystal symmetry and NCPM. 

NCPM requires that there be a coupling 
with two indices the seme and the third 
index different. It is immediately clear 
that the crystal class 222 is not capable 
of NCPM. 

For crystals of class 2, noncritical coupling 
is not possible for waves propagating along 
the b axis. For a-axis propagation, Type I 
phase-matching is possible only if nb < nr 

For L'-axis propagation, we require nb < na 

Thus, if the 2 axis is also the high-index 
axis, no noncritical processes are allowed. 
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Noncrirical coupling is also possible for 
crystals of class m. For waves propagating 
perpendicular to the mirror plane, both 
Type I and Type II processes are possible 
regardless of whether na > uc or na < nc. 
For propagation in the mirror plane, both 
typns are again possible. If na < ;if„ then 
the waves mujt propagate along the caxis. 
If /., < H(„ they must go along the a axis. 
Given a sufficiency high birefringence, it is 
always possible to find a coefficient allowed 
by crystal symmetry that generates either a 
Type I or a Type II process. 

For mw2 crystals, there are no noncritical 
processes for waves propagating parallel to 
the 2 axis. If nt < n,„ then both Type I and 
II processes exist for rt-axis propagation. For 
ft-axis propagation, a Type II process exists 
regardless of the relative magnitude of na 

and M,., whereas a Type 1 process exists only 
if H( < na. Given sufficiently high birefrin
gence, it is always possible to find a coef
ficient allowed by crystal symmetry that 
generates either a Type I or a Type II pro
cess for m crystals. 

These results for biaxial crystals are sum
marized in Table S-15, which shows the 
combinations of birefringence A?i and cou
pling constants rf^, required to achieve 
NCPM for Type I and Type II processes 
with the axis of propagation and biaxial 
crystal class. This table applies o:".ly to crys
tals for which three indices are clearly dis
tinct. Biaxial crystals that are nearly uniaxial 
are discussed below. 

Uniaxial Crystals. Two of the indices are 
equal in uniaxial crystals. If nf5 = nyl then 
the crystal is positively birefringent, and the 
a axis is the polar axis (c axis) of the crystal. 
If tifi = ntl, then the crystal is negatively bi
refringent and the y axis is the polar axis of 
the crystal. Recall that NCPM is achieved 
for propagation in any direction per
pendicular to the polar axis. The waves 
therefore propagate in the a-b ptene :;* an 
angle <f> to the c axis. 

For Type I processes, the effective cou
pling for positively birefringent crystals is 

(43) dM - - Srfî  + Crf23 ; 
for negatively birefringent crystals, it is 

a.. S2iJ3, - 2SG* h, + C%2 (44) 

where 

Type 

acbb 
dcbc 

dbaa 
dbab 

Table 6-14. Tensor 
couplings required to 
achieve NCPM in bi
axial crystals. 

Crystal class 
An iinn2 

Type I processes 
''12 "a < "b 
rfl.1 "a < "c 
''21 "b < "a 
''23 "b < "c 
<11 "c < "a 
"*32 "c < "b 
Typo II processes 

"a < "b 
"{. < "c 
nb < na 

"c < "b 
«r < "o 

For Type II processes, the effective coupling 
for positive crystals is 

rfrff = s%5 ~ s c ( ' r f ] 4 + rf2.s) + c 2 ( / 2 4 • (45) 

and for negative crystals, it is 

Table 6-15. Coupling 
constants rfcff for all 
combinations of bi
refringence An and 
crystal class that sup
port NCPM in biaxial 
crystals. 

rfrfl -Srf« + Cd,c (46) 

C = cos <f>, and S - sin i 

The restrictions placed by crystal sy .nie-
try on the tensor coupling have profound 
consequences for NCPM in uniaxial crys
tals. First, there are no uniaxial crystals for 
which any of the couplings dxy d2y di5, or 
rf-u are allowed. Therefore, we can immedi
ately conclude that Type II processes for 
negative crystals, and Type I processes for 
positive crystals, cannot exhibit NCPM. Sec
ond, the relevant coefficients (or combina
tions) for the remaining two cases, Type II 
positive and Type I negative, are all zero for 
crystal classes 422, 32, "6, 622, and 6w2. 
Therefore, NCPM is not possible for these 
classes regardless of the sign of theii bi
refringence, and only eight uniaxial crystal 
classes are capable of supporting NCPM: 4, 
4, 4mm, 4m2, 3, 3m, 6, and 6»i»i. Onh posi
tively birefringent crystals can support 
Type II NCPM, and only negatively bi
refringent crystals can support Type I 
NCPM. These are severe restrictions on the 
crystal class and birefringence. 

Finally, th^ effect of Kleinman symmetry, 
the symmetry of the tensor coupling under 
interchange of any of its indices, is to set 
rfM = d25 = 0 in the classes 4, 422, 3, 32, 
6, and 622. This does not alter any of the 
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conclusions drawn about the effect of crys
tal symmetry on NCPM, although it may 
possibly affect the magnitude of ddl. We 
conclude that permutation symmetry is not 
relevant to this issue. 

NCPM in Nearly Uniaxial Crystals. If 
the optic angle of a biaxial crystal is close to 
0 or 180 deg, then two indices are nearly 
equal, and the angular sensitivity of the 
phase-matching is small for waves propa
gating in any direction in the plane 
spanned by the two, nearly equal direc
tions. For example, in a crystal where nb 

~~ H,, the angular sensitivity is small for 
propagation perpendicular to the a axis, that 
is, in the b~c plane itself. This leads us to 
re-examine the couplings for biaxial classes 
with this extra degree of freedom in the di
rection of propagation. 

If the a and b axes are the nearly equal 
index axes, then the polar axis is the c axis, 
and the same formulas derived above for 
uniaxial crystals apply to this case. The 
couplings in the cases where the a or b axis 
is the polar axis are obtained by cyclic 
permutation of the l r tnsor components in 
these formulas. 

The extra feature of the nearly uniaxial 
case is that by propagating in a plane away 
from the dielectric axes, it is possible to 
couple the waves through the tensor com
ponents rf14, rf^,, and rf36. ThebL three tensor 
components can support Type I NCPM for 
negative crystals and Type II NCPM for 
positive crystals, and they are present in all 
biaxial crystals. Thus, besides the processes 
summarized in Table 6-15, these additional 
processes are possible for biaxial crystals 
whose optic angle is close to 0 or 180 deg. 

This class of materials is quite large 
and is of particular interest as a way to re
duce the angular sensitivity of frequency-
conversion crystals. Refer to Zumsteg, 
Bierlein, and Gier"' for a discussion of 
KTiOP04, one of the materials in this class. 

Author: D. Eimerl 

Electrooptics in the Biaxial 
Crystal BaMgF4 

In a longitudinal electrooptic switch that 
utilizes a uniaxial crystal such as KDP, a 
laser beam is propagated along the optic 
axis, which is also the direction of the ap
plied electric field. In the absence of an 

electric field, no birefringence is observed 
along the optic axis. When a voltage is ap
plied to transparent electrodes or ring elec
trodes to establish the electric field, the 
uniaxial crystal exhibits birefringence along 
the optic axis, and the induced phase re
tardation between "fast" and "slow" rays is 
independent of crystal thickness. For this 
reason the crystal thickness need not be rig
orously constant across the aperture, and 
we also find no first-order sensitivity to 
misalignment for small angular deviations. 
However, when a biaxial crystal is used in 
an electrooptical switch, only one of these 
two properties can be obtained. 

A biaxial crystal has two optic axes, both 
contained in one of the three dielectric 
planes, and it exhibits a natural birefrin
gence when a laser beam is propagated 
down any one of the three dielectric axes. If 
the direction of propagation is along an op
tic axis, we find considerable sensitivity to 
misalignment, but the crystal thickness is 
not critical. If, however, the direction of 
propagation b along one dielectric axis, 
then the crystal thickness must be precisely 
controlled, but we find a reduced sensitivity 
to angular misalignment. There is a consid
erable difference between the voltages re
quired to induce complete switching in 
these two configurations. 

We considered several orthorhombic, 
biaxial crystals as materials for use 
in electrooptic switches, and we investi
gated their angular sensitivity for propaga
tion along an optic axis and their thickness 
tolerances for propagation along a dielectric 
axis. In particular, we measured the 
half-wave voltages for longitudinal and 
transverse configurah'ons in BaMgF4 

and compared the measurements with 
theoretical estimates. 

The BaMgF4 crystal we used was grown 
by H. Guggenheim61 at the Bell Laboratories 
and oriented, cut, and polished at LLNL. 
A sample with dimensions of 8.6 x 8.0 
x 7.5 mm was used for the measurements 
reported here. A low-power He-Ne laser at 
6328 A served as the probe beam. 

Placing the crystal between crossed polar
izers and propagating rays close to one ol 
the optic axes produced the isogyre pattern 
characteristic of a biaxial crystal that is 
shown in Fig. 6-70. For comparison, the 
isogyre pattern for a 10-mm-thick uniaxial 
KDP crystal is shown in Fig. 6-71. As we 
can see from these pictures, the acceptance 



angle for KDP is one order of magnitude 
greater than tint for BaMgF4 in the sensi
tive direction. For propagation in the x-y 
plane cf BaMgF4 that contains the optic 
axes (see Fig. 6-72), the two indices along 
the eigen directions are determined by 

and 

(47) 
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- ^ # : 

Fig. 6-70. Isogyre pat
tern (transmission 
through crossed polar
izers) of BaMgF4 for 
propagation along one 
of the optic axes. 

cos" 9 (48) 

We specify the ordinary polarization nQ as 
that along the z axis and the extraordinary 
polarization «„ as that contained in the x-y 
plane. 6 is the angle of the propagation di
rection with respect to the 1/ axis of the crys
tal. For BaMgF., at 1.06/mi (Ref. 61), 

H, = 1.4674 

H„ = 1.4436 

and 

n. = 1.4604 

(49) 

(50) 

(51) 

Thus, the indices for both polarizations are 
equal at the angle 6 = 34 deg, which speci
fies the optic-axis direction. 

The acceptance angle for small deviations 
from one of the optic-axis directions can be 
calculated from the angular sensitivity of 
the index of refraction. By differentiating 
Eq. (48), we find 

36 iv, sin tfcos e —r \"l <) 
(52) 

For an angular deviation A9 in the x-y 
plane from the optic axis, with path length 
along the optic axis / and wavelength X, the 
induced phase difference is 

&<p -
2 T T [ A 0 / W 

A \ae. (53) 

and the transmission with the crystal placed 
between crossed polarizers is given by 

... . , /Ac i N 

/ = sin- - r (54) 

10 mrad 

Optic 
axis 

\ \ 

1 Optic 
axis 
/ / / / / 

\ \ 
/ $ = 34 deg 

/ 

Assuming we are willing to tolerate a leak
age transmission of T < 1%, we obtain A0 
< 0.2 rad for a 1-cm crystal and an angular 
acceptance of A6 < 0.15 mrad from Eq. 
(53). A similar calculation for a 1-cm-thick 
KDP crystal gives an angular acceptance of 
A<P < 10 mrad for < 1 % transmission be
tween crossed polarizers. 

The calculation of the electrooptic ef
fect for propagation along the optic axis 
is straightforward. Using first-order 

Fig. 6-71. [sogyre pat
tern of KDP. for propa
gation along the optic 
axis. 

Fig. 6-72. Dielectric 
and crystallographic 
axrz of BaMgF4 (point 
group-orthorhombic 
mm2). The optic axes 
are in the x-y plane at 
& = 34 deg and 
1.064 pm. 
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perturbation theory, we can write expres
sions for the indices of refraction in the 
presence of an external electric field E: 

1 1 
— = — + M 3 3 , 
ni nj 

and 

(55) 

- 2S,S S M 1 2 , (56) 

where 

Mil = A ^ = ruEx + r ! 2 £„ + rnEz (57) 

M 2 2 = A ( ^ j = r 2l E « + r 22 £ J + r23 £z ( 5 8 > 

M» = A ^ = r 3 1 E , + r 3 2 £ v + ^ E , (59) 

M,2 = A ^ j ) = r 6 1 £ , + r M £ y + r 6 3 E : (60) 

and the appropriate direction cosines are 
S, = sin 9 and S, = cos 9. 

BaMgF 4 belongs to the mm2-C 2 v point 
group for which the elec^ooptic tensor is 
given as 

0 0 r , 3 

0 0 r 2 3 

0 0 r 3 3 . (61) 
0 r 4 2 0 
r 5 1 0 0 
0 0 0 

This sets most of the terms in Eqs. (57) 
through (60) to zero and simplifies Eqs. (55) 
and (56) to: 

1 1 

and 

+ rnE. (62, 

Only the z component of the applied elec
tric field induces phase differences. Thus, a 
nonlinear electrooptic effect occurs with the 
electric field along the optic axis. The crystal-
must be tilted in such a way that there is a 
finite projection of the field on the z axis. 
From Eq. (63) we obtain 

(64) 

Writing the path length along the optic axis 
as / and the thickness of the crystal along 
the 2 direction as d, we can calculate the 
half-wave voltage, 

V, 
" ' "?(r„ - rjjS? - raSl 

(65) 

A = -^ + (S 2r 2 3 + S;r 1 3)E : . (63) 

applied along the z direction. The rfl coef
ficients have not been measured for BaMgF4. 
However, a range of values, estimated from 
the known SHG coefficients using formulas 
based on wave-mixing and on anharmonic 
oscillator treatments of the electroorjtic ef
fect are given as 

r,3 = -0.076 to -0.20 x 10" 1 2 m/V , (66) 

r 2 3 = +0.150 to +0.40 x 10 - ' 2 m/V , (67) 

r 3 3 = +0.056 to +0.15 x 10 " , ! m / V , (68) 

r 5 1 = +0.120 to +0.37 x 10" 1 2m/V , (69) 

and 

r 4 2 = +0.080 to +0.22 x 1 0 " 1 2 m / V .(70) 

Assuming l/d = 1, we calculate from 
Eq. (65) a half-wave voltage Vn ranging 
from 2.13 to 5.71 MV at X = 1 pm. and 1.27 
to 3.4 MV for H e - N e lasers. 

Because Vn depends on the difference 
between several electrooptic coefficients, 
and because there is some uncertainty 
about relative signs and values of these co
efficients, V„ can significantly differ from 
these estimates. Thus, experimental mea
surement is essential. 

The expenmental setup is shown in 
Fig. 6-73. The voltage is applied along the 
z axis, and the laser is propagated along the 
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Analyzer 
2 

/ Brass , 
/ electrode Polarizer 

- 4 5 deg 
j BaMgF4 

•+*+J crystal \ / / * 
i 

To y x K 45 deg 

/ Hj~Ne 
/ \ / \ / t

 i a s e r 

/OT/6L / ^ 

/ y ^ / \ X < X 
/ X* / \ , M4 Plate 

Brass j / J 

electrode f 

r,jtic axis. The incident polarization was 
aligned at 45 deg to the two polarization 
eigen directions of the crystal, and a A/4 
plate was inserted before the crystal for 
maximum sensitivity. The optical transmis
sion with the crystal placed between 
crossed polarizers is given by 

KV_ 
? V, 

(71) 

where the A/4 plate biases the transmission 
to the 50% point (0 = tc/i). An 8.5-kV 
pulse of ~-l-ms duration produced a modu
lation / = 0.5%. The half-wave voltage from 
Eq. (71), when V « V'„, is given by 

2.7 MV (72) 

Tliis value is in the mid-range estimated for 
the He-Ne laser. 

Now consider a different geometry for a 
Pockels cell with the beam propagating 
down the z axis and the applied field along 
the 2 direction. Because the material is bi-
refringent, the thickness variation will give 
a fringe pattern when the crystal is placed 
between the crossed polarizers. For 1% 
leakage tran* mission, we require 

/flA/(«, 
< 10" (73) 

which gives A/ < 1.2 /jm. Because we are 
presently fabricating KDP crystals for Nova 
with this degree of precision,62 fabrication 
of other crystals should also be possible, 

for this longitudinal arrangement, the 
alignment tolerance is sensitive to tilts only 

in the second order. For a 1-cm-thick 
BaMgF4 crystal, the alignment sensitivity is 
close to 10 mrad, a value comparable to that 
for KDP crystals. 

The half-wave voltage for this geometry 
is given by 

Vff = ^ r ^ 7 • (74) 

For A = 1 jum, Eq. (74) yields 560 kV to 
1.52 MV for VK. We measured Va as 
^800 kV at 0.63 ̂ m. When this experimen
tal value is scaled up to 1.3 MV for a l-/xin 
laser, the half-wave voltage is near the top 
end of the estimated range. 

A somewhat lower Vn was observed for a 
transverse configuration with the laser 
propagating down the x axis and the ap
plied field along the z direction. In th« con
figuration, we measured Vff as —600 kV. 
When extrapolated for X = 1 /jm, this mea
surement becomes 1.0 MV, somewhat lt_ss 
than our estimated values of 1.5 to 3.7 MV. 

The transverse electrooptic effect can be 
used with large laser beams by tilting a 
thin plate of the electrooptic material so 
that a component of the electric field (ap
plied with plasma electrodes) is perpendicu
lar to the direction of propagation inside the 
material. We term this lovel geometry the 
"quasi-transverse" configuration. This is 
shown in Hg. 6-74 for BaMgF4. This con
figuration will also work with transverse 
electrooptic crystals (linear and quadratic ef
fects), isotropic Kerr-effect glasses, transpar
ent ceramics, and liquids. For BaMgF4, 
however, a large-aperture application in the 
quasi-transverse geometry increases the ap
plied voltage requirement by a facto* of 

Fig. 6-73. Experimental 
configuration for mea
surement of half-wavft 
voltage Vn; electric 
field applied along the 
z direction and propa
gating down the optic 
axis in BaMgF4. 
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Fig.,6-74. Quasi-
transverse, large-
aperture Pockels cell; 
applied field E (trans
parent plasma elec
trodes) normal to 
crystal surface; compo
nent £. orthogonal to 
propagation direction 
A inside BaMgF4 

crystal. 

Nonlinear and Electrooptic Materials 

BaMgF4 

Analyzer 

Direction o propagation New Harmonic Materials: 
Index Engineering Optic axis z axis New Harmonic Materials: 
Index Engineering Crystal V„{\Mpm) AS (mrad) V„ (1.06,im) A,' (Jim) 

New Harmonic Materials: 
Index Engineering 

B,iM 8P 4 

BaZnl 4 

I.i(COOH).II,0 
d-Cd(Mii0 4 ) , 

4.5 MV'1 

9.1 MV b 

5 8 k V ( 

26 kV1' 

0.15 
0.12 
0.026 
0.3 

1.3 MV° 
240 k V b 

7 9 k V c 

49 k V b 

1.2 
1.3 
0.3 

80.0 

The goal of advanced nonlinear materials 
research is to develop the capability of 
matching material parameters to a desired 

^Mea^ired at 6328 A <v.-J scaled to 1.06^m. 
l,Calculaled from ry: coefficients scaled from SHG coefficients. 
'Calculated from known coefficients. 

Table 6-16. Electro-
ortic switching with 
biaxial materials. 

~cot 30 deg = 1.73. This requires that 
V, be >i.7MV for a 1-^m laser, therefore 
this approach has no advantage over the 
longitudinal configuration along the z axis. 
Although clean measurements were not 
possible with the present technique, the 
V„ for the other configurations were 
much higher. 

We have concluded that BaMgF4 is 
not a good candidate for an electrooptic 
s.vitch because the voltages required are 
one order of magnitude too high for practi
cal applications However, there are other 
biaxial crystalline materials with the 
same symmetry that may be more useful. 
Table 6-16 lists some of the more promising 
candidates and the estimated switching 
voltages. The half-wave voltages, angular 
sensitivities, and thickness tolerances of 
these crystals must be confirmed experi
mentally before Ihe materials can become 
serious candidates for electrooptic switches 
using plasma electrodes. 

Authors: J. Uoldhar and M. A. Henesian 

Major Contributors: R. A. Pasha and H.J. 
Guggenheim (Bell Laboratories) 

application. Although it is conceivable that 
enough materials could be found to cover 
all applications, this is considered unlikely. 
Rather, we expect to identify a suite of pure 
materials that sparsely cover a broad range 
of operating conditions and to develop the 
skills to engineer or fine-tune nonlinear ma
terials to specific applications. Our survey 
work to find a suite of base materials is in 
progress, and we have developed the tech
nique of index engineering, successfully ap
plying it to the KDP series of homologs. 

Index engineering is a method of adjust
ing the refractive indices of a material to 
obtain NCPM over a range of wavelengths. 
The index is adjusted either by doping the 
crystal or by making solid solutions. The in
dex adjustments affect the lattice constants 
and the UV absorption edge, changing both 
the birefringence and the wavelength dis
persion. By an adroit choice of materials, 
some decoupling between the changes in 
the birefringence and the dispersion can 
be arranged. 

The concept was tested using the group 
of KDP homologs. Table 6-17 lists the 
wavelengths at which NCPM was achieved 
for Type I doubling. (The coupling for 
Type II doubling vanishes at NCPM in the 
KDP group.) The following substitutions 
and solid solutions were attempted: 
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• RbxK, x H , P 0 4 , 
• K H 2 ( , _ < ) D ; p ° 4 . 
• KH,(P04), ^(As0 4 ) x , 
• RbH,(P0 4),. y(As0 4) x , and 
• NH 4H 2(P0 4),_ x(As0 4) x . 
Some work on D-H and K-Rb substitution 
has been reported,63"65 but none has been 
reported on the P-As substitution. If the 
full range of solid solutions exists, then pre
sumably NCPM is possible anywhere be
tween 0.515 to 0.699 ^m. 

RDP-KDF. Crystals were grown from 
aqueous solution containing redissolved, 
pure end-member crystals. The solutions 
and crystals were analyzed to determine -
segregation coefficient and phase purity. 
The proportion in solid solution is quite 
small, 0 < x < 0.15, and at the upper end 
of this range the segregation coefficient for 
rubidium depends strongly on the con
centration of rubidium in the solution. For 
x = 0.11, the segregation coefficient is 7, but 
for rubidium concentrations in solution 
greater than Cs (Rb) = 70%, the concentra
tion in the crystal appeared to be inhomo-
geneous =>nd some cracking occurred. For 
Cs(Rb) < 70%, the crystals appeared to be 
homogeneous. The homogeneity was tested 
by observing the dependence of the dou
bling efficiency to 0.266 p m o n the crystal 
orientation. The lobes and zeros oi the 
sine" 0 distribution were clearly observable 
in a 1-cm crystal, indicating that the pihase 
matching was not disturbed. At the highest 
concentrations, the NCPM wavelength was 
0.530 /jm. Thus, Rb-K substitution gives 
about the same variation in NCPM as D-H 
substitution, 0.515 to 0.530 /itn. 

Arsenate-Phosphate Series. Crystals 
were grown from aqueous solution contain
ing redissoived, pure end-member crystals. 
The atomic concentrations in the solutions 
were 0, 0.2, 0.4, 0.6, 0.8, and 1. Attempts to 
grow them using arsenic acid rather than 
the alkali salt were unsuccessful. The solu
tions and crystals were analyzed chemically 
and with x-ray diffraction to determine the 
segregation coefficients and phase purity. 
The complete solid solution exists for both 
Rb and K salts, and the segregation coef
ficient for As in the phosphate crystal is 0.8; 
that is, there is proportionately more A> in 
the crystals than in the solution. 

Specific crystals were grown in an 
attempt to fabricate a crystal that exhibits 

Crysla! I (I'm) 

KDP 
KD*P (90%) 
ADP 
RDP 
KDA 
ADA 
RDA 

0.515 
0527 
0.528 
0.623 
0.609 
0.587 
0.695 

Table 6-17. NCPM 
wavelengths in KDP 
homologs. 

NCPM at room temperature for A 
= 0.532 ftm. If the NCPM wavelength var
ies linearly with the As concentration, the 
appropriate solid solutions are 
• KH,P 0 8 2 As 0 1 8 O 4 and 
• NH4H,P„97As0.„3O4 . 
The crystals were grown by the temperature-
lowering technique from pure KDP or ADP 
seeds in a solution with the appropriate 
molar fractions of the end-member com
pounds. The As concentration in the 
ADP/A crystal was 4%, and the crystal was 
not phase-matchable at 0.532 um, in agree
ment with the assumption that NCPM is 
linear with As concentration. The As con
centration in the KDP crystal was 21%, and 
its phase-matching angle at 0.532 fim was 
81 deg. Apparently, NCPM in KDP/A is not 
linear in the As concentration. 

The homogeneity of the KDP/A crystal 
was tested by observing the sine2 6 depen
dence of the doubling efficiency. The first 
lobe and zero of the distribution were only 
barely observable in a 1-cm crystal, indicat
ing that the phase matching was disturbed 
by the crystal inhomoger.eity. Clearly, some 
further work on the As-P solid solutions 
is necessary. 

Author: D. Eimerl 

Rapid Growth of KDP Crystals 

Introduction. Our immediate objective dur
ing 1984 was to increase the growth rate of 
KDP single crystals from the industrial rate 
of 1.5 mm/day to about 15 mm/day. The 
higher rate would reduce the time for t oule 
growth from one year to one month and ef
fect a roughly proportionate decrease in 
production cost. In addition, the broader 
objective of this research is to establish a 
scientific and engineering basis for the 
development of economical processes for 
the growth of any optical crystal from solu
tions or fluxes under analogous conditions 
of mixed kinetic and mass-transport control. 
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Fig. 6-75. Three-zone 
crystallizer used to de
fine system mass and 
heat transfer require
ments for high-rate 
crystal growth at con
stant temperature and 
supersaluratiun. 

-Liquid level 

Baffles 
Filters 

Superheater 

In the first year of this project which 
was initiated in 1984, we identified 
three fundamental limitations of current 
industrial practice: 
1. Bulk transport of dissolved KDP into the 

growth chamber is insufficient to support 
high growth rates. 

2. The rate of solute transport across the dif
fusion boundary layer adjacent to the 
growing crystal is insufficient. 

3. The industry does not continuously mea
sure or control supersaturation, which is 
the driving force for crystal growth. 

Accordingly, we have performed a heat and 
mass-transport analysis of a canonical 
growth system with separate chambers for 
crystal growth, stock dissolution, and super
heating. This analysis of multizone crystal
lizers yielded the transfer rates required for 
high-rate growth. We developed a semi-
empirical model using hydrodynamics, 
mass-transport, and growth kinetics to pre
dict the operating conditions necessary for 
high-rate growth in three candidate cell 
configurations. This model has been veri
fied for 20- to 25-mm crystals grown at 
rates as high as 1 mm/h using a turbine to 
enhance solute flux to the pyramidal faces. 
Finally, we identified three in situ, non
destructive techniques for the determination 
of supersatu ration that are based on dif
ferential measurements of solution density, 
buoyancy, and electrical conductivity. 

Analysis of Multizone Crystallizers. 
Philips Laboratories was subcontracted to 

develop a growth process66 with separate 
vessels for crystal growth, feed stock disso
lution, and superheating. The theoretical 
groundwork for the design and operation of 
multizone crystallizers was done here.6 7 The 
three-zone system in Fig. 6-75 was chosen 
to illustrate the theoretical findings, which 
are more broadly applicable. The math
ematical procedure we devel ped relates 
process-control parameters (flow rates and 
zone temperatures) lo the growth of indi
vidual crystal faces at a fixed temperature 
and supersaturation. Heat and mass trans
port requirements for high-rate growth were 
determined in terms of generalized kinetic 
and hydrodynamic modclo under conditions 
of 3-D crystal growth. Maintenance of con
stant temperature and supersaturation at i:he 
crystal surface requires time-dependent con
trol over the rate of feed of solution to the 
growth chamber. Requirements for heat re
moval from the chamber (a function of feed 
rate) can be offset by increases in solute 
feed concentration and corresponding in
creases in solution temperature at the inlet 
to the giowth chamber. Procedures were 
formulated to optimize feed rate, tempera
ture, and heat rejection, but no cell configu
ration was identified for the optimization of 
these factors. 

Growth of Crystals at High Rates Un
der Mixed Kinetic and Mass Transport 
Control. We determined the operating con
ditions (flow rates, temperature, and super-
saturation) required for the growth of KDP 
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crystals in three candidate cell designs at 
specified rates.68 First, a kinetic equation for 
KDP growth in the [001] direction was de
rived from published rate data for 3-mm 
crystals grown in a solution of specified 
bulk concentration under impinging flow.6'J 

Concentration at the crystal surface was de
termined by application of mass-transport 
theory, in which transport by convective-
diffusion to the right-angle pyramid was 
approximated by equations for a right-angle 
cone.7" Resultant values of surface con
centration c^ absolute temperature T, and 
the rate of KDP growth in the [001] direc
tion g. were reduced by linear regression to 
a kinetic equation of the following form: 

g ; = y e x p ( - H B / R T ) ] K - c , . , (75) 

where c s 1 t is the solubility of KDP in units, 
kg-KDP/kg-H20. The regression analysis 
yielded a rate constant, k„ = 3492 m/s; an 
activalion energy, HR = 41.399 kj/mol; and 
an effective reaction order, n = 2.277. The 
required average flux to the pyramid is then 
given by 

= sAi (76) 

where dK0[, is crystal density. 
Next, transport models were chosen for 

three configurations of potential interest to 
the crystal grower: 
1. Pyramidal growth under axial flow. 
2. Growth of sector disks or blocks cut from 

the (101) plane with perpendicularly im
pinging flow. 

3. Single crystal surfaces positioned in one 
wall of a narrow, rectangular duct-flow 
channel in the laminar and turbulent 
regimes. 

To calculate the average flux to the pyramid 
in the first configuration, we use the cor
relation for cones, taking the pyramid slant 
height as the characteristic dimension X in 
lieu of the cone generatrix: 

0.8 D d , <M, 
"<s 

1 -I C|, ' " 1 + C, 

/ U Y 1 5 / vY 1 3- 1 

<v) \D) 
(77) 

where U is the potential PJW rate, D is 
the diffusion coefficient, d h and d„ are bulk 

and surface solution densities, respectively, 
c b is the bulk concentratir; and v is 
kinematic viscosity. 

We determined the solubility and density 
of KDP solutions over the operating range 
of potential interest (( = 30 to 90°C) and re
duced the data by linear regression to equa
tions of the form: 

csat = *i + fc' + ty" 

and 

d, + d2c + d3c2 + dat + d,f-

(7») 

(79) 

Finally, Eqs. (75) to (79) were solved nu
merically using correlations for the kine
matic viscosity and diffusion coefficient" to 
yield a functional dependence G of growth 
rate on temperature, relative bulk super-
saturation [cr = (cb - cSil,)/cSil(], and a hy-
drodynamic parameter U/X: 

G{T, a, U/X) (80) 

Curves of constant growth rate are plotted 
on axes T and a in Fig. 6-76, which also 
shows the metastable limit of the solution 

100 

i 
0 0.05 0.10 

Relative supersaturation 

100 \ VU/X Is"1) 'V ' 1 ' -
= l \ Unstable 

so 5 ^ 
3 0 - ^ ^ — : 

' U/X(s">)at s, = 15 mm/d 

0.5 1.0 
Relative supersatu ration 

Fig. 6-76. Constant 
growth rate gz as a 
function of tempera
ture and bulk relative 
supersaturation for a 
fixed hydrodynarv: 
parameter U/.X = 
30 s I The broken 
line indicates the re
ported metastable 
limit of the solution. 

Fig. 6-77. Lines of 
constant growth rate 
i$: - IS mm/d) for 
various values of ll/X 
vs temperature and 
relative bulk 
supersaturation. 
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Fig. 6-78. A turbine 
with peripheral stalors 
used in studies of the 
growth of crystals at 
high rates (gl mm/h). 

according to Loiacono.66 The effect of the 
hydrodynamic parameter U/X is shown in 
Fig. 6-77. Analogous results are obtained for 
the flow channel in either turbulent or lam
inar flow, when appropriate transport cor
relations are used in place of Eq. (77). 

In summary growth rates of 15 mm/day 
or greater are predicted for relative 

supersaturations below 0.1 and at tempera
tures above 50°C in both impinging and 
parallel flow systems. At higher tempera
tures, the required supersaturation appears 
to decrease relative to the metastable limit 
of the solution. The ratio of velocity to crys
tal dimension is a measure of the degree of 
kinetic control; for fixed growth rates, the 
growth process is controlled completely by 
kinetics as U/X approaches infinity, and by 
mass-transport as U/X approaches zero. 

Experimental Studies of Crystal 
Growth. Crystal boules 20 to 25 mm thick 
(X = 14 to 18 mm) were grown at rates up 
to 25 mm/day using a novel turbine (shown 
in Fig. 6-78) to enhance mass transport. The 
crystal seed was attached to the turbine so 
that the axis of rotation coincided with the 
z axis of the crystal. 

Figure 6-79 shows the growth rate g. com
puted on the basis of Eq. (80), the integrated 
rate (crystal tip displacement), and the ex
perimental displacement. The agreement be
tween model and experiment is e'.cellent in 
view of the tenfold increase in crystal size 
from that of the rate data6" nn which the 
model is based, extrapolation to higher tem
peratures, and the approximations involved 
in the transport model. Growth rates of 5 to 
25 mm/day were achieved. 

Preliminary measurements of laser dam
age to samples grown at rates of 5 to 
20 mm/day indicate damage thresholds that 

I ig. 6-79. Comparison 
of the computed 
growlh rate g:, the in
tegrated growth rale 
(i.e., computed crystal 
tip displacement), and 
the experimental dis
placement for a typical 
.growth experiment. 

Computed—v. 
growth rate g, \ 

T = 51 to 55° C 
c5 = 0.46 k glkg'H,0 
U/X - 30 s- ' 

20 

10 3 
E 
E 

Time (h) 
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are comparable to or greater than the 
thresholds for industrial crystals grown at 
1 to 1.5 mm/day. 

The Measurement of Supersaturation. 
The driving force for crystal growth is 
related to the difference between surface 
concentration and solubility. The narrow 
range of accessible metastable concentra
tions requires that bulk concentration and 
solubility each be measured with great pre
cision (at least to 0.1%) if the growth rate is 
to be accurately controlled (to 5%). This can 
be done by measuring the difference be
tween a property of the growth solution 
(e.g., buoyancy, electrical conductivity, re
fractive index, or density) and that of a ref
erence solution of known concentration. We 
used differential hydrometry to detect 
changes in concentration to levels below 
1 g-KDP/kg-H,0. Systems based on dif
ferential buoyancy or electrical conductivity 
that are appropriate for industrial use have 
been designed. 

Author: J. F. Copper 

Advanced Crystalline 
Laser Materials 
Introduction 

Recent analysis shows the potential for 
solid-state laser media to produce the high 
average output power at high efficiency re
quired for eventual operation of a fusion 
power plant. 7 ' 7 2 For such high-average-
power operation, the solid-state gain me
dium is configured as face pump disks, with 
heat removed by flowing gas across the 
disk faces. Achievement of this system re
quires an integrated and self-consistent pro
gram of research and development on 
improved pumping sources, sensitizing and 
activator ions, and solid-state host materials. 
Our current analysis of each of these areas 
suggests the feasibility of overall laser ef
ficiencies in excess of 10%. The solid-state 
media under consideration include both 
crystalline materials and composite glass 
structures consisting of a thin layer of active 
material with layers of nonabsorbing glass 
for mechanical support. 

In the following mree articles, we sum
marize progress in the development of 

advanced crystalline laser materials. The 
scope of this project includes spectroscopic 
analysis of microcrystals, synthesis and laser 
testing of larger (~l-cm), single crystals 
and the ultimate deployment of large-disk-
geometry crystal slabs (tens of centimeters) 
in high-average-power laser configurations. 

Authors: J. A. Caird and M. D. Shinn 

Spectroscopic and Laser Studies 
of Gadolinium Gallium Garnets 

Our current work on gadolinium scandium 
gallium garnet (GSGG) is motivated by sev
eral factors. It is the first crystal to be iden
tified that can be grown in sufficient size 
and with an optical quality consistent with 
the cross section of the Nd active ion and 
the ASE and parasitic limits to permit vali
dation of the design concepts for high-
average-power lasers. It is important to rec
ognize that the nonlinear refractive index of 
GSGG is too large for this material to be 
considered for ultimate application in a 
fusion power plant. Nonetheless, in addi
tion to serving as an appropriate surrogate 
for design-concept studies, it has other po
tentially useful applications. 

The base crystal, gadolinium gallium gar
net (GGG), with the chemical formula 
Gd 3 Ga 5 0 1 2 , was developed by the electron
ics industry for magnetic bubble-memory 
substrates. For this application, 10-cm-diam 
crystals are routinely grown by the 
Czochralski technique. An example of a 
typical commercial GGG single crystal is 
shown in Fig. 6-80. 

Both GGG and several substitutional 
variants of GGG have been used as host 
crystals, which can be readily doped with 

Fig. 6-80. Production 
boule of gadolinium 
gallium fairer (GGG) 
of 8-cm aperture and 
."5-cm length (Material 
Progress, Inc., Santa 
Rcsa, Cali'.). 
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Fig.6-BI. Absorption 
spffctrum of 
GSGQCr.Nd showing 
broad absorption 
bands due to C r 1 ' 
and sharp lines due to 
N d 1 ' . The emission 
spectrum of C r 1 ' :.s 
also shewn. 
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strong N d ' * absorption lines, as shown 
in Fig. 6-81. 

To evaluate the potential of GSGG:Cr,Nd 
as a laser material, we have made several 
spectroscopic and laser measurements. 
Thermomechanical properties were also 
studied and will be published in a forth
coming report. The ;>eak stimulated-
emission cross section for Nd* ' in GSGG 
was determined through analysis of its ab
sorption and fluorescence spectra. The 
emission cross section is given by 

A2A„A. 
(81) 

9101) 9200 9300 9400 
Energy (wave numbers) 

H;,.t-h2. GSGG:Nd 
4 | \V2 - ^ n ^ fully re-
snlved fluorescence 
;;pertriim was used 
to determine the line 
width Ar„ and the 
intLar-Si.irk component 
branching ralio / / s 

lor the laser transition 
II, -\y 

active laser ions. GSGG [chemical formula 
Gd-/,Sc,Ga) s 0 1 2 ] doped with chromium and 
neodymium ions is a particularly attractive 
laser material for the aforementioned rea
sons.'^ The absorption spectrum of a typical 
GSGG:Cr,Nd crystal is shown in Fig. 6-81. 
The principal advantage of this crystal is its 
officient absorption of flashlamp light in the 
visible portion of the spectrum. Light ab
sorbed in the broad C r ' absorption bands 
is efficiently transferred to N d 1 ' ions, from 
which it is extracted as laser emission. Effi
cient energy transfer occuis through nonra-
diativx dipole-dipole interaction due to the 
overlap of the Cr^' emission band with 

where r r is the radiative lifetime of the 
upper laser level, / J m is the inte-manifold 
branching ratio for the 4F^ -, — 4 1 , , , , group 
of transitions, /J s is the branching ratio of 
the transition between the individual Stark-
split components of the upper- and lower-
energy manifolds, Av is the line width 
(FWHM) of the homogeneously broad
ened Stark component of Lorentzian line 
shape, A is the laser wavelength, and n is 
the ret. active index of the material at 
that wavelength. 

A radiauve lifetime of 278/(s was mea
sured in low-concentration samples. An 
intermanifoid branching ratio, / 3 m = 0.5? *vas 
calculated using the Judd-Ofelt theory, 7 - 1 7 3 

wit.' intensity parameters determined by 
VKiiysis of the Nd*' absorption spectrum. 
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The Stark component line width, Av s = 
11.5 cm ', and branching ratio, /3 S = 0.35, 
were obtained by analysis of the fluores
cence spectrum shown in Fig. 6-82. The in
dex of refraction, u = 1.942, at the laser 
wavelength, A = 1.061 / /m, was measured 
at the Hughes Research Laboratories 7 6 using 
an undoped sample of GSGG supplied by 
LLNL. Equation (81) thus gives an emission 
cross section of a = 1.41 x 10 1 9 c m 2 . This 
value is lower than that for YAG:Nd by 
about a factor of 2 but is 3 times higher 
than typical values for Nd doped glasses. 
Perhaps the most significant impact of this 
result lies in its impact on the control of 
ASE in slab-geometry lasers. At a constant 
level of stored energy per unit volume, a 
GSGG:Cr,Nd slab can have twice the linear 
dimensions of a YAG:Nd slab. 

We performed a series of experiments to 
determine the level of loss per unit length 
in GSGG:Cr,Nd laser rods and its effects on 
laser performance. We measured losses in 
the laser rods with a modified version of 
the technique first proposed by FindJay and 
Clay." In their method, the threshold for 
laser oscillation is measured in a laser reso
nator as a function of the reflectivity of the 
output coupler, which is varied by changing 
mirrors. In a free-running laser resonator, 
the threshold condition for laser action can 
be expressed as 

R 1 U I 1 -exp 2\oNlh S\L\ (82) 

where J? l l l l t is the reflectivity of the output 
coupler, Nlh is the population density in the 

excited state at threshold, S is the loss per 
unit length, and L is the length of the laser 
rod. Taking the natural log of Eq. (82) yields 

2<jiVthL - 281 = - In Rox (83) 

For the Findlay-Clay analysis, it is not 
necessary to know the inversion density in 
absolute terms. Any signal or quantity that 
is proportional to N t h can be used. Findlay 
and Clay proposed the use of preshot en
ergy in the capacitor bank of the flashlamp 
pulse-forming network (PFN) as a quantity 
that is directly proportional to the inversion 
density. We attempted to use this method, 
but we found that the assumption of pro
portionality between capacitor energy and 
inversion density led to systematic errors, 
especially at low input energy, where the 
data are most important. The discrepancies 
appear to arise when a reasonable fraction 
of the stored electrical eneigy is consumed 
in the lamp-ignition process. 

To avoid the aforementioned systematic 
errors, we decided to use the 1.3-/jm flu
orescence from the laser rod to produce a 
signal proportional to the excited-state 
density. The experimental arrangement is 
shown in Fig. 6-83. Mj is the output coupler 
w'th reflectivity K i m t , which is varied by 
changing out this mirror. M 2 is the rear mir
ror of the laser resonator, with —100% 
reflectivity at 1.06 ftm but very high trans
mission (T> 90%) at 1.3 jum. The fluores
cence is imaged through a field stop onto 
an InAs detector cooled to liquid-nitrogen 
temperature. A narrow-band filter is also 

l.Ofc-^m-. M 

L\bv( output Pump cavity 

Liimp — ^ -
i 

PFN 

1 In As 

1.3-/Lim 
fluorescence 

Fig. 6-83. Apparatus 
for measurement of 
1.3-/im fluorescence 
intensity from h laser 
rod simultaneous with 
detection of laser ac
tion .it 1.06/im. 

Mj Output coupler with reflectivity Ruut 

M 2 1-m-rndius, HR mirror at 1.06 /xm; transmission > 90% at 1.3 /im 
L," 25-cm focal-length 
A Api*rtun?-f,eld stop 
L, 7.5-cm focal-length lens 
F~ l.3-jxm narrow-band filter 
PFN Pulse-forming network 
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Fig. 6-84. Comparison 
of loss measurements 
on GSGG:Cr,Nd and 
YAG:Nd. 

used to filter out 1.06 /Jm signals and to 
reduce any effect of scattered flashfamp 
light. A small correction factor is used to ac
count for signal variations caused by 
changes in the 1.3-fim reflectivity of the 
output coupler M,. 

The results of the loss measurements 
on four 0.25-in.-diam x 3-in.-long 
GSGG:Cr,Nd rods obtained from four dii-
ferent vendors and one YAG:Nd rod of the 
same size are shown in Fig. 6-84. From 
Eq. (83), it is evident that the intercept 
of the straight lines in the figure with the 
horizontal axis is equal to -28L or the 
round-trip loss factor for the resonator. 
The loss per unit length of laser crystal is 
obtained by dividing this number by twice 
the length of the rod. The losses measured 
for these and a few other rods are given 
in Table 6-18. 

The lowest loss was obtained for the 
YAG:Nd rod, with a round-trip loss of 5%, 
or 0.3% cm '. The two best GSGG:Cr,Nd 

rods measured to date yielded a round-
trip loss of approximately 12%, or about 
0.8% cm" 1, Also listed in Table 6-18 are the 
attenuation coefficients expected in these 
materials due to absorption from the ther
mally pr pulated lower laser level at the 
laser w? /elength and room temperature. 
The insertion loss in the best GSGG:Cr,Nd 
rods is several times the expected intrinsic 
attenuation and indicates that there is 
room for significant improvement in 
material quality. 

Several GSGG:Cr,Nd laser rods exhibited 
loss levels >2% cm"'. Several different 
sources of loss have been observed. These 
sources include (1) distortion due to embed
ded strain in the crystal; (2) scattering from 
visible defects in the crystals, such as dislo
cations, inclusions and bubbles; and (3) lin
ear absorption due to impurities. The 
magnitude of the contribution from each of 
these mechanisms to the total measured 
loss varies from rod to rod. Improving crys
tal perfection is a major goal of our near-
term efforts with respect to crystal growth. 

We also measured the lasing efficiency of 
the free-running oscillators for each rod 
with a number of output coupling mirrors. 
The best results for each rod are listed in 
Table 6-18. Even for moderately lossy rods, 
the GSGG rods all performed better than 
YAG:Nd. The lowest loss GSGG rods 
showed almost twice the efficiency of the 
YAG rod in the same laser head, despite 
higher losses in the GSGG rods. The output 
energy vs input energy for the best GSGG 
rod tested to date is shown in Fig. 6-85. The 
YAG:Nd results for the same resonator are 
plotted for comparison. 

The value for the stimulated-emission 
cross section of Nd 1 ' in GSGG, determined 

Table 6-18. Loss and 
efficiency measure
ments on 0.25-in.-
diam « 3-in.-long 
laser reds. 

Rod 
Host 

crystal 
Output 

(slope) 
efficiency 

(absolute) 
Insertion loss'' 
l l O ^ c m 1 ) 

<r(Nd) 
at 1.06/im 

( 1 0 - 2 c m - ' ) 

Nd 
concentration 

1 0 2 " c m - 3 

Cr 
concentration 

1 1 , 2 0 . i 3 

Table 6-18. Loss and 
efficiency measure
ments on 0.25-in.-
diam « 3-in.-long 
laser reds. 43833 YAC 3.8 2.8 0.30 0.21' 1.4" 0 

91! GSGG 5.0 35 0.85 0.19 3.0 0.29 
52-1 CSGC 6.4 4.9 1.29 0.08 1.3 0.92 
55-1 CSGG 6.5 4.9 0.79 0.16 2.5 0.92 
57-1 GSGG 4.9 3.0 3.31 0.13 2.0 0.92 
004-2 
77A4 

GSGG 
GSGG 

5.') 
5.1 

3.9 
3.3 

2.13 
3.10 

0.15 
0.118 

2.3 
1.3 

2.0 
1.0 

60-1 CSGC 7.0 5.0 0.78 0.13 2.0 2.0 

••'Hiuilay-Clay ploi. 
''Listiniatu t\m*d on assumed 1% doping. 
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above, places a constraint on the aperture 
of the active components because of ASE. 
This, in turn, limits the maximum power 
output per active laser component. If the 
N d S t cross section can be reduced without 
compromising other properties, scaling to 
larger apertures is possible. 

A host material that may satisfy this cri
terion is GGG with a structure modified by 
calcium and zirconium ions [GGG(Ca,Zr)]. 
This modified version of GGG was also 
originally synthesized for use as a magnetic 
bubble memory substrate; hence, knowl
edge of how to grow large-di-u-.eter crystals 
already exists.78 

Crystals of GGG(Ca,Zr):Cr, 
GGG(Ca,Zr):Nd, and GGG(Ca,Zr):Cr,Nd 
were grown by F. Bruni at Material Progress 
Corp., using the Czochralski method. The 
composition of the latter two crystals was 
determined using x-ray fluorescence. 

The fluorescence due to the 4 F 3 / 2 —• 4 I n /2 
transition of Nd 3 * in GGG(Ca,Zr) is shown 
in Fig. 6-86. When compared to GSGG:Nd 
(see Fig. 6-82), a large degree of inhomoge-
neous broadening exists. We believe this 
inhomogeneous broadening is due to non-
equivalent Nd 3 * sites, which are the result 
of the many different positions the charge-
compensated ion pairs (Ca-Zr) may assume 
in the lattice. Using radiative rates and 
branching ratios calculated from the Judd-
Ofelt theory 7 ' 1 7 5 and the measured fluores
cence spectrum, the peak cross section, 
referenced to the 4 F V 2 manifold population, 
was 7.1 x 10 2 D cm 2 using the method of 
Caird et al. 7 9 This value is less than the 
equivalently defined value for Nd 3 f in 
GSGG by almost a factor of 2. Another 
consequence of the increased inhomoge
neous broadening is a reduction in the de
gree of concentration quenching, compared 
to that in either GSGG:Nd or YAG:Nd. 

The sensitization of Nd 3 * -fluorescence 
by Cr 3 ' ions was also studied and found 
to be comparable to that observed for 
GSGG:Cr,Nd. A summary of some 
of the spectroscopic properties of 
GGG(Ca,Zr):Cr,Nd is givm in Table 6-19. 

The laser performance of a 0.25-in.-
diam x 3-in.-long rod of GGG(Ca,Zr):Cr,Nd 
was measured in the free-running mode. 
The best results are shown in Fig. 6-87. The 
best penurmance of a YAGiNd laser rod in 
the same cavity is also shown. Even though 

I " " "T—•-•.'•" T ' " 1 
O GSGG:Cr,Nd 

15 - a YAG:Nd 
7% slope efficiency 

S 5.0% absolute—r""° 
So efficiency ° 
5! 1.0 o 
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Fig. 6-85. Laser output 
energy vs input en
ergy (capacitor bank) 
for GSGG:Cr,Nd and 
YAG:Nd in the same 
free-running laser res
onator. Output-coupler 
reflectivity was 49%. 
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Fig. 6-86. Emission 
spectrum due to 
the *Fy2 — 4£n/2 tran
sitions of N<p * in 
GGG(Ca,Zr) at room 
temperature. 

Table 6-19. Spectro
scopic properties of 

F GGG(Ca,Zr);Cr,Nd. 

Judd-Ofelt Parameters ( 1 0 - 2 0 cm2) 
"2 0.27 
"4 3.03 
" 6 3.54 

4 p3/2 Judd-Ofelt calculated radiative lifetime (/is) 244 
Measured Nd lifetime (/is) 246 
4 F 3 / 2 Stark splitting (cm " ' ) 57 
4^3/2 ~ 4 ' l l /2 P^k wavelength (/im) 1.061 
^3/2 — ^r ] 1 / 2 peak cross section (10*20 cm2} 7.1 
4 A 2 -~ 4 T 2 peak wavelength (pm) 0.64 
4T"2 fluorescence lifetime (/is) 
Nd3 + segregation coefficient 

113 4T"2 fluorescence lifetime (/is) 
Nd3 + segregation coefficient 0.56 
Cr 3* segregation coefficient 2.5 
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Fig. 6-87. Laser 
performance of 
GGG(Ca,Zr):Cr,Nd and 
of YAG:Nd in the 
same cavity. 
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Fig. 6-88. Absorption 
and emission 
spectra of Cr 3 ' in 
N a 3 G a 2 L i 3 F 1 2 al room 
temperature. 

the former rod was of poor optical quality, 
with observable banding of the Cr3* den
sity and internal strain, it still performed 
better than YAG:Nd. We believe that better 
performance can be expected if material of 
higher optical quality can be grown. 

Authors: J. A. Caird and M. D. Shinn 

Studies of Other Crystal 
Laser Candidates 

Our interest in other crystal systems is 
motivated by material requirements for ulti
mate laser fusion applications. For such 
applications, GSGG:Cr,Nd and other oxide 
gallium garnets are excluded by their large 
nonlinear refractive indices. In addition, 
the linear refractive index of GSGG is large 
(» =: 1.94), which leads to a reduced flu
orescence lifetime. Furthermore, the 
emission cross section is too large for 
fusion applications. 

One promising alternate concept is Cr,Nd 
co-doping of a fluoride host crystal. The 
lower crystal field in fluoride hosts facili
tates efficient energy transfer to the Nd 
ion by broadening Cr emission bands 

and increasing their overlap of the Nd 
absorption bands. 

Na3Ga2Li3F12:Cr. The fluoride garnet 
crystal Na3Ga2Li3F12:Cr is isomorphic to ox
ide garnets, such as YAG. Our crystals were 
obtained from H. Guggenheim at AT&T 
Bell Laboratories, Murray Hill, N.J., who 
grew them in a horizontal zone furnace. 
The crystals contained few cracks and had 
no observable change in color along their 
lengths, suggesting that the segregation 
coefficient of Cr3 * in this material is 
nearly unity. 

The absorption and emission spectra for 
Na3Ga2Li3F12:Cr are shown in Fig. 6-88. The 
emission is entirely from the ^ excited 
state to the 4 A 2 ground state as indicated by 
its bandlike character. The fluorescence ex
hibited a single exponential decay with a 
time constant of 330 /ts. 

Laser emission from a Na3Ga2Li3F|2:Cr 
(4 at.% Cr) crystal was obtained using the 
experimental setup shown in Fig. 6-89. 
Both resonator mirrors had high reflectivity 
(>99%) in the region from 0.76/im to be
yond 0.85 pm. The 0.51-cm-fhick laser crys
tal was cut: and polished at LLNL. Surface 
reflection losses were minimized by placing 
the crystal between quartz windows, which 

1.2 

0.9 

l o . e 

NajGa^F^Cr^ 
T =• 300K 

Absorption MCt) = 2.1 X 102" tons cm-3 

Emission Is 
9 £ 

0.20 0.60 
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6-80 



Advanced Crystalline Laser Materials 
were AR coated on the outside surface 
only. Index-matching fluid was held by cap
illary action between the crystal and 
the inner surface of the windows. A 
flashlamp-pumped dye laser (Candela 
LFDL-6) operating with a 1-^s pulse width 
at a wavelength of 0,64 pm was used to 
produce a population inversion in the crys
tal. It was difficult to accurately determine 
the threshold for laser action because crys
tal laser action took place almost immedi
ately after the dye laser reached its 
oscillation threshold. We estimated that the 
absorbed energy flux at threshold was 
about 0.5 J/cm2. The lasing wavelength was 
0.776//m, which is very close to the peak of 
the fluorescence spectrum (see Fig. 6-88). To 
our knowledge, this is the first time laser 
action has been obtained from this crystal. 

It appears that this material could be a 
useful, tunable laser in the near infrared. 

More work is needed on the thermome-
chanical properties of the material, and fur
ther tests are required 'o see if it can be 
flashlamp pumped. 

KZnF3:Cr. The cubic perovskite KZru> 
doped with Cr3'1", has been found to lase in 
the 0.82-pm region by Brauch and Diirr.80 

This is an interesting result because most 
Cr3* -based lasers are derived from hosts 
that have a bivalent ion site, such as 
sapphire or alexandrite. To better understand 
the optical properties of this material, we 
have had a series of KZnF3 crystals, doped 
with various amounts of chromium, grown 
by H. Newkirk at LLNL using the horizontal 
Bridgeman method. H. Guggenheim has also 
provided one crystal. Two of the LLML-
grown crystals are shown in Fig. 6-90. 

Emission and absorption spectra taken at 
room temperature are in general agreement 
with Brauch and Diirr. The fluorescence 

Index-matching -
fluid at interface i 

0.776- fim-
output. 

Fig. 6-89. Experimental 
arrangement for pro
duction of laser action 
in a Na 3Ca 2Li 3F ] 2:Cr 
fluoride garnet crystal. 

X Na 3 Ga 2 U 3 F 1 2 :Cr laser crystal (0.51-cm thick) 

W r W 2 Fused-silica windows, AR coated outside 
Mj-M2 24-cm-radius mirrors, max reflectivity 0.75 to 0.80 /*m 
L 25-cm focal-length lens 

Long-wavelength pass filter 
Diffuse scatterer 
Photodiode detector 

Fig. 6-90. KZnF3 crys
tals grown at LLNL. 
Upper boule was 
grown from a melt 
with l-wt% CrF3 dop
ing level. Lower, 
undoped boule lies in 
a graphite boat used 
in the crystal-growth 
process. 

ins 
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Fig. 6-91. Absorption 
and emission spectra 
of Cr-1' in Sr^aFg at 
room temperature. 

decay was single exponential, with a lifetime 
of 176 fis, in contrast to Brauch and Dun's 
value of about 85 /is. It is possible that the 
discrepancy lies in the preparation of the 
material. Their crystals were grown from 
purified fluorides, as received from the 
manufacturer. Our fluorides are hydroflu-
orinated to ensure that oxide contaminants 
are removed. Diirr believes, based on ESR 
data, that an appreciable amount of charge 
compensation in his crystals is due to oxy
gen ions.8 0 This should result in optical 
properties different than the intrinsic 
charge-compensation K + vacancies.81 The 
charge compensation is apparently local 
enough to reduce the site symmetry at the 
Cr3* site, which, in turn, enhances the 
stimulated-emissicn cross section. It also 
gives rise to a segregation coefficient of 
about 0.1, as determined by x-ray fluores
cence measurements. This leads to a visible 
gradient of Cr3* concentration in the crystal 
(as is apparent in Fig. 6-90). This result also 
appears to limit the maximum amount of 
C r + in KZnF; to less than 1 at.%, otherwise 
the strain is high enough that numerous 
cracks occur. Further attention to the growth 
may solve this problem. 

Laser action from a KZnF3:Cr crystal was 
produced with an experimental arrange
ment almost identical to that shown in 
Fig. 6-£">. The on!y change was that a 
thicker .egion of index-matching fluid 
(—1 cm) was used between the windows 
and the crystal. The KZnF3:Cr crystal used 
in the laser experiment was grown by 
H. Newkirk and W. Wade at LLNL by the 
horizontal zone method in a graphite boat. 
The melt from which it was grown had 

0.6 
Wavelength (fim) 

0.5 wt% Cr. A clear, 4.1-cm-long section was 
cut and polished at the LLNL optics shop. 
The pump energy absorbed by the crystal 
at threshold was estimated to be 5 J/cm2 at 
the center of the pump beam. Lasing oc
curred primarily at a wavelength of 
0.799 jum, with a weaker sideband at 
0.8165 jinx. This laser experiment was the 
first to be performed at LLNL using an in-
house grown, cut, and polished crystal. 

Improvements in the performance of 
KZnF3;Cr as a laser crystal could be 
achieved by using higher Cr3 + doping lev
els. The strong segregation of Cr3 + out of 
the crystal might be reduced through 
charge compensation by another dopant, 
such as Li + , 

An attempt to co-dope KZnF3:Cr with 
Nd failed due to the vety low segregation 
coeff ient for Nd. In addition, no crystal
line material was obtained in attempted 
growth of RbCaF3:Cr. However, preliminary 
spectra show that RbCdF3:Cr is a broad
band emitter with short fluorescence life
time (=;170/is). Further examination of this 
material is in progress. 

SrGaF5:Cr. Strontium gallium penta-
fluoride has a tetragonal crv^tal structure, 
with two types of octahedrally coordinated 
Ga 3 + sites.82 Several crystals, grown with 
2at.% chromium in the melt, were obt*' led 
from H. Guggenheim. The optical qual,.y of 
the Bridgeman-grown crystal was poor, with 
many cracks and bubbles. A Czochralski-
grown crystal appears to be of higher 
optical quality. 

The absorption and emission spectra of 
SrGaFs:Cr are shown in Fig. 6-91. Com
pared û  Na3GaXi3F l 2:Cr (see Fig. 6-88), the 
4 T : level is at lower energy in both absorp
tion ami emission. The fluorescence decay 
could be resolved ii^i the sum of two 
exponentials, with lifetimes of 9.5 and 
41 /is. The o b s e r - ^ n of a dual lifetime is 
consistent with occupation of both Ga 3 ' 
sites by Cr1 * s. These lifetimes are short 
compared to Cr 3 ' in other fluoride media. 
At this time, it is not known whether the 
observed lifetimes are radiative. Experi
ments are planned to answer this question. 
If the lifetimes are radiative, calculations in
dicate that the emission ;ross section will 
be high (4 to 6 x 10 -° env) relative to 
those for other Cr-doped systems and in 
the region where efficient extraction of 
stored energy can be achieved in a short 
(i.e., 10-ns) pulse. 
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LaMgAln019:Cr. Lanthanum magnesium 
hexaluminate (LMAO), doped with Nd 3 * 
ions, is being considered as a replacement 
for YAG:Nd in commercial systems by the 
French10 and Soviets/4 Du«. *.o the various 
positions of the Mg : ' ion relative to the La 
site, inhomogenet. -s broadening of the 
Nd 1 ' transitions occurs. Such broadening 
reduces the effect of concentration quench
ing of the Nd 1 ' fluorescence, permits 
higher doping levels, and, in turn, enhances 
the pumping efficiency. The thermomechan-
ical and optical properties of LMAO appear 
to lie in the range that would make it use
ful as a fusion driver.*"1 

The LMAO lattice also contains octahe
dral Al' sites, which can accept transition 
metal ions such as Cr 1 ' . Preliminary results 
on a Cr-doped LMAO crystal grown at 
L.LNL indicate that the absorption is similar 
to that of alexandrite, with the 2E level 
clearly at lower •,-.?rgy than the ""Ti level.'Vl 

Fluorescence measurements indicate that 
the AT2 level shares population in thermal 
equilibrium with the :E level, since both 
line and band emission are observed (as in 
alexandrite). The fluorescence decay is the 
sum of at least two exponentials, and the 
slower decaying component has a lif-time 
of about 3 ms. Thus, Cr 1 ' wili probably not 
sensitize Nd 1 ' fluorescence efficiently in 
this host crystal/' 

It is possible that the gallium analog of 
LMAO may exhibit better Cr 1 ' photonic 
properties because the crystal field should 
be lower. Other sensitization schemes for 
LMAO are possible, and deserve further 
studv because divalent and trivalent ion 
sites are available. 

Authors: J. A. Laird, M. D. Shinn, 
H. W. Newkirk (LLNL), and H.J. 
Guggenheim (Bell Telephone 
Laboratories) 

Crystal Growth 

As a part of our continuing effort to rapidly 
grow a wide variety of crystals for evalua
tion, several additional crystal-growth sta
tions were constructed and placed into 
operation during 1984. This equipment is 
located in Building 241, Chemistry and Ma
terials Science Department, together with 
the hydrofluorination systems already op
erating. The station:- permit the preparative 

chemistry of high-purity starting materials 
and the single crystal growth of oxide and 
fluoride compounds to 2000°C 

A resistance-heated furnace is on line and 
has the capability to control crystal diame
ter using the crucible weighing technique. 
The furnace has a crucible capacity permit
ting the growth of boules to a diameter of 
45 mm. The furnace may be operated as a 
Czochralski crystal-growth station or as a 
con trolled-atmosphere heat-treating furnace. 
Processing control by a programmable mi-
crop; ocessor car. be interfaced to a personal 
computer for more centralized control. An
other independently operating Czochralski 
growth station can control crystal diameter 
by weighing the boule. Processing control 
by a microprocessor is interfaced to a per
sona! computer. It may also be operated in 
the vertical Bridgeman growth mode for 
crystals up to a diameter of 25 mm. 

When ner-jd, rf power can be trans
ferred to a i adjacent station and used to 
operate a horizontal zone melter or refiner. 
A resistance-heated zone melter and refiner, 
using two narrow zone furnaces in tandem, 
provides two refinements in a single pass. 
Replacing the two furnaces with a longer 
single zone furnace provides the capability 
for horizontal freezing operations. This unit 
will be replaced by a new unit that will 
double the crystal-production capacity. 
These stations will be operated as zone 
melters in horizontal or vertical positions 
and as Czochralski pullers with controlled 
atmospheres. A flux growth station using a 
resistance-heated furnace with three inde
pendently controlled zones is operated by 
programmable microprocessors. The furnace 
is mounted in a vertical posii.on on a 

Table b-20. Crystal 
boules grown at LLNL 
m 19M. 

From the mell 
KZirf j iWoCr 3 * 
KZnF 3: 5% Cr 3 • 
KZnF 3: 0.5% C r 3 * 
KZnF 3: 0.2% Cr 3 * 
KZnF 3 undopcd 

From the flux 
Rb,NaYF 6 + 0.1% Yb 3 * 
Rh,NaCdF 6 t- i % Y b 3 + 

Rb^NaGdF,, + 5^. C r 3 * 
RbiNaYP 6 -; i % N d 3 ' 
RKNaCdF 6 + 5% Yb 3 f 

Rb~ JaYF 6 + 1% Yb 3 ' 
Rb,NaNdF 6 

Rb2NaGd 0 7 5 N«iF 6 Cr ( ! ; , 
CsiN. - j N i l F 6 

KMRFJ + 1%'Fe 2* 
LiBnF* + 1% V-* 

RhCdF,: 11.5% Cr 1 * 
RhCaFy 0.5% C r 3 * 
L i M s A l l l O l ^ 0 . 5 % C r u 

RbiNaYF 6 * 0.1% N d 3 * 
RbiNaGdF,, + 1% N d 3 • 
RbnNaYF,, + 5% Yb 3 * 
RbjNaYF,, + 5% Cr 3 * 
Rb-A'-iCdr-,, ^ u'Yc N d 3 

RNNaYF 6 i- 5 % N d l f 

Cs->N, 1Li l, r sNdF 6Cr i;% 1 

KIVF3 
LillaFj + 1% Eu 2 * 
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Tabic 6-21. Cost 
breakdown for concep
tual multipass system 
vs Nova. 

gimballed stand to permit rotation of the 
furnace, while hot, to drain the contents of 
the crucibles. A metallic envelope surround
ing the crucibles permits operation in con
trolled atmospheres to 1200°C 

Using this equipment, several large 
single-crystal boules were grown for mea
surement of mechanical properties, spectro
scopic evaluation, and laser testing. The 
crystal boules are listed in Table 6-20. 

Author: H. W. Newkirk 

Multimegajoule 
Laser Project 
Introduction 

The objective of the multimegajoule laser 
project is to provide a low-cost, single-shot, 
5- to 10-MJ, short-wavelength laser driver to 
demonstrate high-gain inertial-confinement 
fusion. This project is still in the conceptual 
stage and has led to the invention of a vari
ety of new laser architectures, materials, 
and components. In the following three ar
ticles, we present an analysis of the basic 
differences between multipass systems and 
our traditional preamplifier/ampiifier laser 
systems. We also discuss our cost objectives 

Budget category 
Megnjoule laser 

(V million) 
Nova 

($ million) 

I..IMT thiiin hardware 
Labor 

Design 
Assembly 

Oscillators, diagnostics, and control 
Target system 
Tooling 

Subtotal 
Buildings 

Total cost 

20 
30 
15 
20 

JO 
260 

20 
40 
14 
9 

_12 
140 
J6 
176 

for a si*np'ified multimegajoule laser design 
and j-.--i.ent the simplest, lowest-cost laser 
concept that we have yet analyzed. 

Author: J. F. Holzrichter 

Development Objectives 

To meet our objective of constructing a 
5- to 10-MJ, short-wavelength laser for $200 
to 300 million (overnight construction cost), 
we must reduce the reaming costs of the 
laser hardware by at least tenfold, com
pared to those costs for the Nova laser 
project. In addition, we plan to use man
power (design and assembly), diagnostics, 
and target-system costs that are similar 
to those on Nova. Table 6-21 jhows the cost 
breakdown of the Nova project and a pro
posed breakdown for a conceptual 
multipass system that we invented in 1984 
and describe below. To meet the cost objec
tives shown in Table 6-21, we have insti
tuted research programs to reduce costs in 
all areas of technical activity. We have made 
considerable progress in these areas. 

Our technical approach in accomplishing 
our objectives is to reduce the cost of 
individual parts and to increase the effec
tiveness (on a J/$ basis) in using these 
parts. Tables 6-22 and 6-23 summarize the 
techniques that we have developed to meet 
the cost objectives shown in Table 6-21. In 
Table 6-21, the techniques that we are using 
to reduce the cost of the amplifier are 
reviewed. In any of the compact laser 
systems, amplifier cost dominates the 
optical-system cost and accounts for up to 
two-thirds of the system cost. The amplifier 
is assembled from materials in separate cost 
centers: laser glass, pulse power, and me
chanical hardware. Table 6-22 shows how 
we are working to reduce the costs in each 

i.ible6-22. Techniques 
to reduce amplifier 
cast. Cost center 

Technique to reach 10 x 
cost reduction 

Expected 
improvement 

factor 

Progress 
during 
1984 

Liser medium Improved extraction ~2xj 2x| 
8x 

~4x/ Reduced glass cost ~ 4 
2x| 

8x 
~4x/ 

Pulse power Improved amplifier storage officii: 
Reduced pulse-power cost 

nicy ::il 4x1 
12 x 

~3xj 
Mechanical hardware Architecture ~2'\ ~2x | 

Surface/vol time -3xj -r 
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of these amplifier centers to meet our objec
tive of one-tenth the Nova cost. Significant 
cost reduction, for example, can be achieved 
by better using the laser glass. This is possi
ble because improved extraction occurs 
when ihe amplifier medium (glass) is oper
ated at a higher level of saturation (higher 
fluence). We plan to extract twice the en
ergy stored in the laser glass of the ampli
fier, compared to that extracted in Nova. 

In the previous articles on laser technol
ogy (see "Laser Glass," earlier in this sec
tion), considerable progress in reduced 
materials costs was described. Lower-cost 
glass, based on continuous production tech
nology, should reduce the cost from the 
Nova a\(.rage of $4/cm1 to a cost as low as 
$0.50/cm\ Improved amplifier efficiency, 
from 1 to 4%, reduces pulse power costs 
from $0.40 to S0.10/J, and large, compact 
(log-pile) mechanical structures reduce the 
cost for the flashlamp amplifier structures.88 

Table 6-23 shows the cost benefits that 
can accrue by using the optical materials in 
the laser chain at a higher fluen-re and by 
taking advantage of simpler system ar
chitectures. Such architectures lead to a re
duction in the number of optical elements 
in the laser system. For example, we have 
made significant progress in increasing the 
'threshold at which AR-coated optics dam
age, from 5 Jem 2 (1-ns Nova operation) 
to 30 J-cm 2 (20-ns megajoule operation). 
We are pursuing several similar approaches 
to enhancing HR surfaces. One of the ad
vantages of operating the laser amplifier 
systems at 1 //m is that higher damage 
thresholds appear to be attainable at th&t 
wavelength than at longer or shorter wave
lengths. Subsequent harmonic conversion to 
nto reduces the fluence (by the efficiency of 

conversion) but places an increased strain 
on the focusing optics, which have lower 
damage thresholds/ depending on whether 
the final wavelength is 2<u, 3o>, or 4ft). 

In summary, our objective is to obtain 
successful performance of a 5- to 10-MJ 
laser-target system by using a simplified ar
chitecture, by reducing the recurring cost of 
the laser components, and by more effec
tively using the laser materials. 

Author: J. F. Holzrichter 

N e w Compact Multipass 
Laser Design 

Figure 6-92 shows a simple laser design that 
has the fewest laser components of all 
fusion systems that we have studied and 
that packs closely, thus minimizing space 
requirements. The laser operation begins 
with the reflection of a spherical wave from 
a sacrificial mirror target located — 1 cm 
from the fusion target. The sacrificial mirror 
reflects light into a large, solid angle that in 
ciudes many beamlines, such as the one 
shown. Approximately 1 fi] of energy enters 
the laser chain through the partial reflecting 
output mirror. Energy is amplified in the 
backward direction and relayed down to a 

Table 6-23. Techniques 
to reduce optical train 
costs. 

Cost-reduction technique 
Improvement 

factor 
Progress 

during 1984 

Increase average optical fluence 
1 /im, 5 J/cm2 - 20 J/cm2 

0.25 jim, 1 J/cm2 — 4 J/cm2 

Reduce number of surfaces 
Reduce cost/cm- of mirrors, 
windows, and harmonic crystals 

Total improvement 

C!0 |/cmz) 

14 J/cm2) 

10 x 

f Phase conjugator 
or retro reflector 

it ^-Harmonic Wedge 

Dichroic mirror 
( -80% reflectivity 
at 1.05 fim, 0% 
reflectivity at nw 

Hg. 6-92. Multipass 
laser chain injected 
from a target reflector, 
harmonically con
verted, and focused 
onto a fusion target. 

Sacrificial mirror 

35 cm 

hocusing 
optic 

Master 
oscillator 
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1- to 5-cm square beam, where it continues 
to propagate to the preamplifier-phase-
conjugator system. Upon reaching the 
phase conjugator (or retroreflector), the 
beam phase (direct.cn) is reversed. The 
beam then propagates out through the laser 
chain, with phase precorrected to both 
point the beam exactly at the sacrificial tar
get and to precorrect the optical phase ab
erration in the amplifier medium. As the 
beam reaches the harmonic converter, it 
attains enough energy and power den
sity (~17kJ total at several GW/cm2) to 

I i H . h-'t.V Typical am- -
plilier element ,ind es
timated dimensions. 
1 ,u)i unit could pro-
d u a ' !- M of sliort-
ua \e lem; th light. 

I if*, h-l l . I hitt^-six 
amplifier units art.' 
stacked into a log-pile 
configuration for effi
cient use of sipiifc. 
1-1 .islilamps between 
each amplifier i-k" 
nu' H pump sever.il *•'!-
cm^nls M unci' All 
amplifiers ,ue injected 
Mimill.ineinisU by Hu-
same seed pulse 

!•'%. 6-'W. Twelve 
packages of each 36-
uiiit amplifier struf-
lure tan be arranged 
to occupy a space sim
ilar to tlut of the 
presenl Nova Liber. 

T r T Tfff l£ 20 to 30 m 

400-kJ 
harmonic 
light out 

Amplifif 
section 

}- 2.4 nv H 

LJ ^ ^ 
• •ML Target chamber I I 

P d r.n_n_n._j 

6-06 

http://direct.cn
http://sever.il


Multimegajoule Laser ~ 

efficiently convert to a shorter wavelength. 
The harmonically converted beam passes 
through the dichroic output mirror and is 
deflected by the wedge, causing it to be 
focused onto the fusion target. 

Each laser beam, operating under these 
optimal conditions, can produce —12 kj 
of short-wavelength light. To provide 5 
or 10 MJ of short-wavelength light (see 
Figs. 6-93 through 6-96), 450 to 900 total 
beams (or 12 to ?•* dusters of 36 beams 
each) are required. The identical nature of 
each beamline enhances the opportunities 
for cost reduction and permits straightfor
ward testing of one such architecture. 

Summary. The Advanced Laser Program 
objectives are determined by the require
ments of the subsystems. The requirements 
consia! of the following elements: high 
damage thresholds on reflectors; AR layers 
and diehroic coatings; high-efficiency ampli
fiers; low-cost production of laser glass, 
pulse power, and optical elements; and spe
cial optical elements, such as an effective 
phase conjugator and isolator. The com
bination of a compact architecture and 
lower-cost, higher-performance components 
can lead to significant reduction in ove-jli 
system cost. 

Author: J. F. Holzrichter 

Comparison of Architectures 

Introduction. Within the next decade, we 
must construct a new laser system if 1CF 
experiments are to be extended to higher 
energies. An economically attractive laser 
system will require improvements in both 
tu'ilormance and reductions in unit costs by 
one oider o! magnitude compared with 
present sysu'ms Significant improvements 
ii\ the unit costs o\ construction couK be 
achieved by changing :he optical configura
tion or architecture o! the laser system. We 
have explored several configurations in de
tail during 1*384. 

Currently, we envision a departure from 
the linear-chain approach for laser systems 
to a design that uses multiple passes 
through a large laser amplv'ier. From our 
experience gained dining the construc
tion of Shiva and Nova, we found that 

preamplifier components constitute an inor
dinately large fraction of the hardware cost 
of a laser system, compared to the large, 
final amplifier st?ges. In addition, high ex
traction efficiency can be achieved at rela
tively low fluences in multipass systems. 

If we select a multipass system over the 
linear chain, we have concluded that a 
change in architecture alone will not pro
vide the magnitude of cost reduction neces
sary to make a new laser system more 
economically attractive. Tb:.- does not mean 
that a change of architecture would be dis
advantageous. Rather, the differences in 
performance and cost of various architec
tures are relatively small compared to the 
magnitude of ir.iprovemt.nt in cost effec
tiveness that will be required for future sys
tems. To reach our cost goals, we will have 
to focus on reducing the cost of individual 
laser components by improvements in man
ufacturing processes and by designing sys
tems that take maximum advantage of 
economy of scale. 

Types oi* Architectures. We use the term 
architecture to refer to the specific arrange
ment of optical components that form a 
functional system. Examples of five configu
rations are shown in Fig. 6-97. Each architec
ture can be conveniently categorized bv the 
number of passes the beam makes 'hrough 
an element of the amplifier medium. 

Figure 6-97{a) is the familiar linear-chain 
system or MOPA. The beam passes only 
once through a given amplifier. Efficient use 
of the gain medium requires that the inten
sity of the beam be increased either 
by increasing the size of the beam or by 
subdividing it into multiple beanu. In 

¥'%. 6-96. Opposing 
beams from each array 
of twelve 36-unit am
plifier packages are ar
rayed around ihe 
target. Tne amount of 
space is similar to the 
present Nova and 
Shiva buildings. 

http://ir.iprovemt.nt


Fig. 6-97. Represen
tative selection of ar-
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systems. 
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(a) Linear-chain, single-pass system Frequency-converter-^ 2<o, 3<u 

Driver 
Preamplifier 

Target 

(b) Cp.ssegrainian, double-pass syslem with single-pass preamplifier 
leu 2to, 3w 

» . 1 
r^^i /^ Amplifier ltu # £&*^ 

^Cassegrainian Frequency -* *Tiv»,h 
tplnerone converter Jailer 

Amplifier ltu 
^Cassegrainian Frequency -

telescope converter 
(c) Regenerative, multipass amplifier with polarization switch 

Target 

Frequency converter 

Amplifier 

Driver I 

(d) Regenerative, multipass amplifier with frequency-conversion switch 

CM: Frequency-converter switch 

Frequency-converter crystal 

2<o, 4w 

~^C ' $ 
'-Dkhcoic minor w Target 

(e) Regenerative amplifier with noncollinear frequency-conversion switch 

Driver Amplifier 

OH-=n 
Driver Amplifier 
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conventional MOPA construction, individual 
amplifiers are matched to the size of 
the beam; however, in principle, the beam 
could be folded appropriately to pass 
through different parts of a single amplifier. 

Multiple passes through the same volume 
of active medium require some means for 
separating input and output beams. Angular 
separation can be used if the field of view 
of the amplifier is large enough. In the sys
tem shown in Fig. 6-97{b), a Cassegrainian 
telescope is used to expand the beam that 
passes twice through the outer annulus of 
the amplifier. The center of the amplifier 
can be used as a convenient preamplifier. 

In Fig. 6-97(c), rotation of the angle of po
larization is used to separate the input and 
output beams. Two passes through the am
plifier can be obtained by use of a passive 
rotator. More passes require an active 
switch that must open and close within 
some fraction of the transit time through 
the cavitv. 

Figure 6-97(d) shows how frequency con
version can be used as a switch. Such 
switcnes use the dependence on nonlinear 
intensity or the narrow angular acceptance 
at ,;le of the frequency-conversion process 
to distinguish between multiple passes. 

More esoteric configurations using fre
quency conversion can be conceived. The 
architecture shown in Fig. 6-97(e), is based 
on the fact that a frequency-con verted 
beam need not be collinear with the input 
drive beams but requires the presence of 
both beams to convert eff vntly. 

Fach of the five architectures has advan
tages and disadvantages, and each one dif
fers with respect to performance and cost. 
Ne\ ' 'u'less our study has shown that the 
sin les in these archi lectures far out-
iveiL, the differences. Most of the compo
nents are the same, and each architecture 
requires large final amplifiers. Each system 
requires spatial filters to limit longitudinal 
ASH, lo control the growth of spatial noise, 
and to relay the beam image. In addition, 
each system has elements for frequency 
conversion and focusing on target, and each 
cuie needs a driver ol' some sort. The pri
mal- differences among systems arise from 
thi' i iiber of required preamplifiers and 
the pie^ence or absence of a switch. 

Transverse Scaling. Transverse scaling 
and associated issues are insensihw to 

the choice of architecture. An obvious ex
ception to this general rule is the case of an 
architecture-dependent component, such as 
a switch. At the energies of interest, a com
plete system must consist of many beams 
organized into assemblies at a scale set by 
structural and economic considerations. The 
fundamental size of an individual beam is 
that of an ASE-limited disk in the amplifier, 
and all large amplifiers for any architecture 
must consist of multiple disks arranged in 
longitudinal and transverse arrays of vari
ous dimensions. Spatial filters can be con
structed with focusing elements matched 
either to the aperture of a single laser 
disk oir to a large number of apertures. 
Frequency-conversion crystals are matched 
to some unit number of besms. Ou • experi
ence with the Nova amplifiers and crystal 
arrays suggests that assemblies of multiple 
beams into larger structural units will result 
in substantial cost savings. At present, 
however, we have insufficient data to estab
lish the scale of the minimum-cost beam-
line. However, the modularization will be 
similar for any of the architectures we 
might choose. 

Our ultimate choice of an architecture, 
therefore, will be based on the performance 
and cost of a single beam. Because our study 
shows that the largest contrast is between a 
linear MOPA [Fig. 6-97(a)J and a regenerative 
multipass amplifier [Fig. 6-97{e)], we have se
lected these two configurations to illustrate 
specific issues. 

Extraction Efficiency. One potential dif
ference between multipass and single-pa -is 
systems arises from the fraction of energy 
stored in the amplifier that can be extrac.ed. 
Tne extraction efficiency reaches a maxi
mum at a fluence determined by the gain, 
the loss, and the number of passes. How
ever, maximum extraction efficiency for an 
idealized amplifier is independent of the 
number of passes through the amplifier. 
Figure 6-98 shows extraction efficiencies 
for an amplifier with a gain of 20 and fixed 
losses per pass as a function of output 
fluence for 1, 2, and 4 passes. Each curve 
reaches the same maximum extraction effi
ciency although the fluence required to 
reach maximum extraction efficiency for a 
multipass amplifier«' -eases as the number 
of passes increases. NIUM of the fluena-
difference in a multipass amplifier is 
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obtained between 1 and 2 passes through 
the amplifier. 

An important question is whether the dif
ference in fluence required to obtain a spe
cific extraction efficiency represents an 
advantage for one approach over another. 
The answer depends on several factors. If 
the fluence is limited by damage to the 
laser medium in the amplifier, then a 
multipass system can extract up to 30% 
more energy from the amplifier than a 
single-pass system, as indicated in Fig. 6-98. 
If damage is not an issue and extraction ef
ficiency is limited only by internal losses, 
then the single-pass system can reach the 
same t <traetion efficiency at an output 
fluence that is higher by a factor of 2. 

In practice, the differences between svs-
tems are smaller than this simple analysis 
suggest;.. Nonlinear effects and pulse distor
tion inoiMse as the point of maximum ex
traction efficiency is approached. A design 
using snme fraction of the maximum extrac
tion efficiency (perhaps 90%) is more desir
able, and the difference in fluence in this 
cas * would only he about 30%. 

Laser Glass. Extraction efficiencv and 
output fin* nee also depend on the satura
tion flueiKo ol the laser glass. In principle, 
the extraction efficiencies of multipass M\<\ 
single-pass amplifiers can W' made identical 
at the same output fluence by choosing two 
different laser glasses with appropriate 
saturation fluences. A •. miparison of the 
performance of systems with different 

glasses reveals a significant difference in 
the: extraction characteristics of multipass 
and single-pass ampliiiers. For a given 
amount of energy stored in an amplifier, a 
multipass system extracts a fraction of this 
energy at a fluence that is independent of 
the saturation fluence. In contrast, a single-
pass amplifier requires a fluence thai: in
creases with saturation fluence to obtain the 
same extraction efficiency. If the output 
fluence is limited by some mechanism, 
such as optical damage, and if for some 
other reason, such as material cost, larger 
apertures, or improved excitation effi
ciency, it were appropriate to choose a high-
saturation-fluence glass, multipass systems 
would be clearly advantageous. 

A closer examination reveals that other 
factors reduce this potential advantage. For 
an amplifier with constant stored energy, 
gain varies inversely with saturation 
fluence. The internal losses in the laser me 
dium tend to be relatively independent of 
saturation fluence. Figure 6-99 shows the 
extraction efficiency as a function of satura
tion fluence for an amplifier with constant 
stored energy and losses. The upper curve 
is the maximum local extraction efficiency 
set by the losses. The extraction efficiency 
decreases monotonically with increasing 
saturation fluence of the glass. If the fluence 
is limited by damage, extraction efficiency is 
reduced, as shown in the lower curve. The 
damage fluence is assumed to be equal to 
the fluence required for maximum extrac
tion efficiency in a gla*. with a saturation 
fluence of 65 cm : . These two cases co*re-
spond closely to multipass (upper curve) 
and single-pass (lower curve) systems. The 
difference between the two cases, which 
could be attributed to a difference 
in architecture, is relatively small. The 
larger variation is associated with the gen
eral difficulty of using high-saturation-
fluence glasses without a corresponding 
reduction i.i the losses. In fact, there is 
some evidence of improved storage effi
ciency in some high-saturation-fluence 
glasses Development of such glass, with 
improved characteristics sufficient to over
come the degradation due to losse , will in
fluence the choice ot architecture ,wxi 
render multipass systems more aitn.ntKe. 

Pulse Distortion. Efficient extraction 
of energy stored in an amplifier requires 
operation in the i (united regime. As 
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fluence increases, gain decreases. This rela
tionship can produce severe distortion of 
the amplified pulse. A significant difference 
in pulse distortion of the linear-chain sys
tem and a multipass amplifier arises under 
saturating conditions. 

A convenient measure of pulse response 
is the ratio of final to initial power P(/P] re
quired at the input to maintain constant in
tensity (a square pulse) at the output. 
Figure 6-100 shows a comparison of pulse 
distortion, defined in this manner, as a 
function of output fluence for a single pass 
;;nd for multiple passes through the same 
amplifier. As the output fluence increases, 
the square-pulse distortion increases mono-
tonically. At the output fluence giving 
maximum extraction efficiency, the pulse 
distortion for a single-pass or for a 
multipass amplifier is on the order of the 
single-pass gain. However, optimal designs 
of a linear chain consist of several stages of 
saturated amplification to obtain the same 
overall gain as the multipass system, and 
the pulse distortions of individual stages are 
multiplied. Thus, the square-pulse distortion 
for the linear chain is significantly higher 
than that lor the multipass system. 

As noted previously, the relative output 
fluences are also different. II the output of 
the linear chain u e i e reduced to the same 
value as that for the multipass system, the 
square-pulse distortion would be reduced 
significantly. Whether this difference in the 
input pulse shape is significant depends on 
the penalties exacted bv the controls re
quired to generate the input pulse. If a con
trast ratio of l()0t):] is technically viable, 
then there is no reason to downrate tee lin
ear chain because of its higher pulse distor
tion li the distortion must be reduced in 
the linear chain, the output fluence could 
be reduced or the saturation in the pream
plifiers could be reduced by increasing their 
size and mini! -r. I lowever both of these 
solutions tend 10 increase the relative cost 
of tlie linear chain and may give multipass 
systems ti Mgniiicant advantage, 

Optical Damage. Optical damage is the 
most important and perhaps the most un
certain design issue lor any new laser sys
tem. At presen*. damage fluences for 
bare glass surfaces are expected to be op 
proximate) > d0 j / c n r at 10 ns. If we assume 
,i reduction by a factor of 2 to account for 
miensiU structure on the beam, then the 

r n " | T i i i | i I T i j i i i i 
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design fluence is about 30 J/cnv. Operation 
at this fluence with available glasses will 
require relatively high-gain amplifiers 
for which the differences in performance 
between multipass and linear-chain sys
tems are small if optical damage is not 
AV\ issue. 

Unfortunately, the damage fluences of 
other components in the beam, such as the 
frequency-con version crystals, mirrors, and 
polarizers, tend to be lower by a factor of 2 
than those for bare or AK-coated surfaces. 
Assuming that no progress is made in solv
ing this problem, two design approaches 
are possible. First, the beam can be ex 
ponded to match the damage fluence o. .he 
vulneiable components. This is the Nova 
design, but it makes close packing difficult. 
Second, the laser can be designed and 
operated at lower fluences, so that a 
multipass system would have the advan
tages d e s i i K ' d above. 

Fig. 6-100. Square-
pulse distortion vs 
output energy for sin
gle and multiple 
passes through the 
same amplifier. 

6-91 
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lat'li-h-2-1. t u s l s o f 
l.iM>r cornponL'nls. 

Cost. The differences in performance and 
architecture are ultimately reduced to the is
sue of cost. Many of the cost issues are re
lated to components and materials that are 
common to all architectures. To separate 
the issues associated with architecture, and 
to make the comparison of costs more ex
plicit, consider again a linear-chain and 
a multipass system [see Figs. 6-97(a) and 
6-97(e)] designed using the same type and 
number of amplifiers in the final itage. 
Eacn system stores 25 kj. Both systems re
quire spatial filters, frequency-conversion 
crystals, and optics to form a complete sys
tem. The linear chain requires a preampli
fier, while the multipass system use" a 
polarization switch. 

Table 6-24 shows a comparison of the 
costs of the various subsystems for the two 
architectures. The costs used for the com
parison of subsystems are based on our 
procurement ex\ erience with Nova hard
ware. Hardware costs represent about one-
third of the total Nova construction costs; 
other cost centers are labor and buildings, 
including support facilities. These costs do 
not include any projections for improve
ments in performance or cost and, there
fore, overestimate the ultimate cost of any 
new laser system. Our experience shows 
that me smaller preamplifiers tend to be 
more expensive than the final amplifiers, 
and this difference is reflected in the cost 
structure. The costs of optics and optical 
subsystems are assumed to scale with 
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surface area, Specialized components and 
optical assemblies cost more than conven
tional components. The polarization switch 
is assumed to cost the same as a Faraday 
isolator plus an additional polarizer. This 
is probably an underestimate of the actual 
cost of a fast switch. 

Table 6-2A also compares the costs of a 
linear-chain and a multipass-amplifier sys
tem constructed with components of the 
same aperture. The amplifiers make the 
lurgest single contribution to cost, but the 
contributions of other components to the 
overall cost of the system ave significant. 
Most of the major components are the same 
for both systems, and the relative costs re
flect this fact. The primary differences be
tween the two systems are in the cost of 
the preamplifiers and isolators for the linear 
chain and the cost of the switch for the 
multipass system. 

The multipass system costs approximately 
25% less than the linear chain. This advan
tage in cost must be weighed by the rela
tive output of the two systems because 
the same total output is desired in each 
case. There are two outputs, depending 
upon whether or not the system is fluence 
limited. This comparison is shown in 
Table 6-25. As noted in the discussion of 
Fig. 6-98, the linear chain is capable of 
producing approximately 30% higher output 
from the same amplifier if it is not fluencc 
limited. The net cost effectiveness would be 
approximately the same for the two sys
tems. However, if the fluence is fixed by 
damage, then the multipass system is the 
more cost effective. 

In summary, there are diffeiences in the 
cost effectiveness of various architectures. 
However, changes in architecture alone will 
not provide sufficient improvements in cost 
effectiveness for the next system. Multipass 
systems are being investigated because they 
have the potential for cost savings, particu
larly when oj. 'rating in the regime of satu
rated pulse extraction. The development of 
a low-cost, high-saturation-fluence glass 
would require a multipass system for effec
tive operation. Multipass systems may have 
significant advantages when overall system 
size and components are included. Evalua
tion of the magnitude M these savings 
is, however, limited b\ mcertaintv in 
the real performance i ha rack'rts tics of 

0-92 
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multipass systems. The magnitude of the 
potential cost savings is sufficient to war
rant an experimental program to resolve 
such uncertainties. 

Authors: L. D. Pleasance and 
J. B. Trenholme 

Major Contributors: W. L. Gagr.on 
and J. T. Hunt 

Other Laser Systems 
Introduction 

We continued small-scale studies of innova
tive approaches to high-efficiency, short-
wavelength, Iiiw-cost lasers during 1984. 
Our studies covered several potential lasers 
that are based on complexes of Group 11 
metals and rare gas js. \"< •-'eveloped a 
novel technique for gen. j ; a high con
centration of such me.al is in a coo! 
background gas. In addition, we funded 
studies of electronic energy-transfer pro
cesses that might be useful in electronic 
chemical lasers. 

Flashlamp Evaporation 
of Metal Dusts 

We have investigated a novel method of 
producing metal vapoi-s of Group Ha and 
lib elements.v' These metals have several 
characteristics that make them attractive as 
possible storage media in laser systems. 
Thew haw s ground-slate configurations 
and therefore do not form strongly bound 
dimeiv thev have low-lying melastable 
slates with excitation energies of 2 to 
rM'V. and they haw relatively high 
\apoi pressures. 

We predict lhal this method is capable of 
yielding high, uniform concentrations of 
metal atoms m a cool, but reasonably high-
pressure, background gas Our proposed 
method would use an optical technique for 
evaporation ol neu-.l dusts, which has the 
advantage lhal I he energy is used efficiently 
to prudme \apor atoms. The medium re
mains rclaiiwly cool because photons are 
absorbed onl\ h\ the metal particles and no! 

by the buffer gas. We find that the light in
tensity produced by standard flashlamps is 
adequate to evaporate Group Ha and lib 
metals if the particle diameter is on the order 
of a few microns. Metal dusts with particles 
of this size apparently are readi1* mailable 
and are ideal for dispersion ir ;-
gas medium. 

The residence time of these particles in 
the vapor is determined by their downward 
velocity. This velocity in (cm/s) is given by 

v-&f- , (84) 

where g is the acceleration of gravity, p is 
the metal density, d is? the particle diameter, 
and n is the gas viscosity. The viscosity of 
xenon is 227 juP at room temperature and is 
independent of pressure. Assuming that the 
maximum tolerable downward velocity is 
0.1 cm/s, then the maximum particle diame
ters for the metals of interest are rfM(. = 4.9, 
i/Sr = 4.0, d/n = 2.4, rfCi, = 2.2, and' 
iiUj. = 1.8/*m. Our calculations show that 
by using dusts with particles of these sizes, 
high-concentration metal vapors :an bo 
produced by flashlamps. 

A theory of the evaporation piocess has 
been developed over the past few years 
to investigate the laser evaporation of vari
ous aerosols. We have used the theory of 
Belyaev t al./*' which assumes the evapora
tion rate is diffusion limited. The thermal-
balance equation is 

l!Ll - 3 

* U',i. - ip/-r • «*!'*! • T|i /i (H5) 

where 

" ' ' • ; ^ temperature of the metal, 
Cr - heal capacity of the metal. 
P, '• density of the metal. 
a radius of the metal sphere (time 

dependent). 
I incident intensity of flashlamp 

radiation, 
K . . . absorption coefficient ol the metal. 
I- --- heat ot vaporization of the metal. 
t einissivitv of the metal. 

file:///apoi
file:///apor
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= Stefan-Boltzmann constant, 
= temperature of the buffer gas , and 

h drl, 
(86) 

is the thermal flux to the gas, with X the 
thermal conductivity of the buffer. 

The Knudsen equation, which may be ex
pressed as 

Aa i'A fTA) - avpl («7) 

with 

a = sticking coefficient (unity for these 
me la Is), 

/ ' , ( / , ) - equilibrium vapor density of the 
metal at T„ 

p ' - actual density of metal vapor at 
r - (i, and 

v - (A*T1/2JTIH) l'" is die rate per unit 
area at which a Maxwell distribu
tion of atoms strikes a surface. 

Assuming that the evaporation rate is ac
tually controlled by the rate of diffusion of 

the metal atoms away from the surface 
boundary, we determine the mass flux from 

L = (Pv " P.) 
da = _ D ^ P v | 
dt dr \r (88) 

where D is the diffusion coefficient. 
To illustrate the complete solution of 

these coupled equat ions for the evaporation 
process, we present detailed results for 
magnes ium in Fig. 6-101. The t ime evolu
tion is s h o w n for some of the significant 
parameters for magnes ium particles in 
1 atm of xenon, with initial radii of 5 ^ m , 
and with an absorbed power (IKlb) as
s u m e d to be 8 kVV/cm2. 

Figures 6-101(a) and 6-101(b) show the 
evolution of the radius and the temperature 
of the sphere . (In all cases the metal parti
cles are rapidly heated above the melting 
point so that it is valid to treat them 
as spheres.) During the initial phase 
( —100 JJS), the spheres are rapidly heated 
until diffusion-limited evaporation can 
occur. After the heating period, evaporation 
proceeds under these condit ions for 
—0.5 ms until the radius becomes small 

0 U. r 
Time (nis) 
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enough that conduction of heat to the 
buffer becomes competitive. 

Figure 6-101(c) shows qlm , the rate of 
energy absorbed (in W) by tne particle, 
Fig, 6-101(d) shows qmtuS, the energy con
ducted to the buffer, and Fig. 6-101(e) shows 
the fraction of energy being absorbed that 
is lost due to conduction. From the total en
ergy absorbed, given by the integral of 
'/i.imp' a n c ' l ' i e total conductive loss, 
given by the integral of r/rt,lk1, we find 
that the conductive loss is only 6% of the 
total energy absorbed. An additional con-
•ribution to heating the background gas is 
iue to the heat carried by the metal atoms, 
ligure 6- 101(e) shines the sudden onset of 
t io dominance of the conductive loss after 
about 0.8 ms. At this time howe* er, the ra
dius lias been reduced enough that the en
ergy being absorbed is negligibly small, and 
the volume vaporized is a most 100%. The 
final radius is 0 08/mi. ar the fraction of 
the atoms left in the part, le is —4 x 10 h 

of the initial mass. 
From such calculations, we have shown 

that high densities (1 to lOTorr) of metal at
oms can be produced in a background gas, 
which remains approximately at room tem-
p 'ralurv- by the flashlamp vaporization of 
ii otal JiM particles. The evaporization can 
be reasonably efficient, particularly if 
absorption ot radiation by the walls is 
nol large The energy required is on the or
der ot .i lew eV per vapor atom, and we 
predict thai a quiescent and homogeneous 
utfw twJJ be e*tjblt*ht\i on t? time acth 
comparable to the flashlamp pulse duration 
t - ] ni>) The '>'sjdual particles will remain 
vm.ill enough Hi it scattering of laser 
light and icondensation o\ the vapor will 
be niMgniliuint 

Author K.C. Kuhinder and H.T. Powell 

Resonant Charge-Exchange 
E\cimer System 

We Loiinnue to explore new media thai have 
the potential tor comertmg electrical energv 
io light niose etiicientK than current pump 
souui's One s\steni that has been examiaed 
pieviou^U is a class ot heteronucliMi ions 
with > iius'-son bands lonvsponding to 

radiative charge-transfer transitions of 
the type 

X + Y —XY* + hv . (89) 

The transition energy corresponds roughly 
to the difference in the ionization potentials 
of X and Y. For example, the spectra of the 
heteronuclear rare-gas ions were observed 
by Tanaka et al.9 1 More recently, the 
structure and kinetics of these systems un
der e-beam excitation were studied theoreti
cally and experimentally by Szoke, Winter, 
and Powell.92 

A problem with these systems is that the 
rare gas with the higher ionization potential 
has the lower stopping power. Hence, con
ditions that favor population inversion cor
respond to large overpressures of the lighter 
rare gases. Under such conditions, forma
tion of the homonuclear diatomic ion via 
three-body recombination 

X * + 2X — X :' i- X (90) 

is a major loss mechanism. 
We have carried out a theoretical study of 

a rare-gas alkaline-earth ionic system 
(MgXe)'. The kinetics of such a system 
may be significantly influenced by the fact 
that the charge-exchange reaction 

Xe,\ + Mg(3s : ) -Xe + Mg*(3p) (91) 

is nearly resonant (A£ = 0.05 eV) and pro-
tluces excited magnesium ions in the 3p ;F'' 
state. As expected, our calculations showed 
that there is a XeMg ' potential-energy 
curve dissociating to Xe + Mg' (3p), which 
is bound bv more than 1 eV. Three-body 
collisions might well be expected to pro
duce Mg ' (3p)Xe on a time scale that 
competes with three-body formation ot Xe: 

if the Mg density can be made large 
iMioug. We would then expect to observe 
fluorescence in a red-shifted 3p - 3s band 
of Mg from 

Mg t3p)\e . Mg (3s) . Xe + hv (92) 

At large uitvrnuclear separations, the 
dominant interaction between an ion and a 
closed-shell atom is charge-induced po 
1 tn/ation, which we expect to play a major 
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role in the molecular binding of (MgXe) *. 
Therefore, we attempted to ensure that the 
atomic basis sets used in our calculations 
were flexible enough to describe the atomic 
dipole polarizabilities. In the case of Xe, 
we first derived a relativistic core potential 
to replace the inner-shell electrons of 
„ omic Xe, which contribute negligibly to 
the polarizability of the atom and are not 
important for chemical bonding. In this ap
proach,91 an effective local potential, based 
on a relativistic Hartree-Fbck calculation for 
the atom, is defined which, by construction, 
reproduces the energy and outer shape of 
the valence orbitals. Because the inner elec
trons are not treated explicitly, the use of 
these potentials can greatly reduce the rime 
spent in calculating two-electron integrals. 

Intcrmic.Var dM.imv, fi (ji,.l 

We used the configuration interaction 
(CI) method to generate the potential-
energy curves for (MgXe)* in LS-coupling. 
In choosing the list of configurations to be 
included in our calculations, we tried to 
meet two limited objectives. First, we 
wanted to equally describe all states cor
relating with Xe('S) + Mg' (nl), where 
subshell nl = 3s, 3p, 4s, 3d, or 4p. This de
scription is important because excited-state 
absorption from the proposed laser upper 
state [XeMg * (3p)] to higher lying excited 
states is an important issue. Second, we 
wanted to account for the interaction of the 
single Mg * electron with the 5s and 5p 
electrons in Xe to obtain reasonably accu
rate dissociation energies for those XeMg ' 
states that are bound. 

Figure 6-102 shows the potential-energy 
curves of the XeMg' and MgXe * states in 
LS-coupling. The potential-energy curves of 
all low-lying states correlating with Xe + 
Mg ' are attractive, whereas those correlat
ing with Mg + Xe' are repulsive for 
R £ 7 II0, where Up is the Bohr radius. For 
simplicity, the repulsive curves dissociating 
to Mg(3s3p, 'P) + Xe' are not shown. The 
potential-energy curves of the "charge-
transfer" states (those of MgXe') are not 
realistic because we made no attempt to 
calculate accurately the ionization potential 
of Xe or the spin-oroit splitting of the : P, , 
and : P- , ; levels of Xe'. However, we 
believe that the calculated potential-energy 
curves dissociating to Xe + Mg ' 
are reasonable. 

The equilibrium inteniucleai separations 
of the X;S ', A : 0. and C : I ' staies a re esti-
mal"d at 5.63. 5.15, and 5.01 n„, respectively, 
and the calculated dissociation energies are 
0.52. 1.16, and 1.93 eV. respectively. The 
B :E' state appears to have a shallow mini
mum near 6.5 d(1. If the curves aie shifted to 
reproduce the experimental splittings of the 
atomic states, tht'n near tN quilibrium 
geometry of the A state the vertical elec
tronic transition energy is 3.70 eV for the 
AX transition and 3.57 eV for the A C tran
sition. Near K •-- 0-5 rtu the vertical transition 
energy of the B-X transition is 4.60 eV. 

The calculated elecrric-dipole transition 
moments for the X-A, X-B, and A-C transi
tions are large and approximately indepen
dent of intemuclear distance hi -anse they 
correspond to the atomic 3s-3p and 3p--]s 
transitions, respective!)-, of Mg '. The 
transition moment for the X-C transition 
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decreases to zero at large internuclear dis
tances because the atomic 3s-4s transition 
is forbidden. 

On; study illustrates two potential diffi
culties with (XeMg) * as a laser candidate. 
First, the strong A-X transition is a "bound-
bound" transition. Thus, rapid vibrational 
relaxation of the X:X * state is required to 
prevent bottlenecking. Second, the photons 
emitted by the A-X transition can be ab
sorbed by the equally strong A-C transition. 
However, the latter is also a bound-bound 
transition, and, therefore, a coincidence be
tween the vibrational bands of the A-X and 
A-C cransitions is by no means a certainty. 

It may be worthwhile to consider a po-
jntial laser based on the strongly allowed 

B-X transition with an energy of —4.6 eV. 
Our calculations predict a shallow mini
mum in the potential-energy curve of the 
B :£ state near 6.5 rt„. In this case, excited-
state absorption is still a potential loss 
mechanism because the calculations predict 
that two :X " states, correlating with 
\ e + Mg * (3d) and Xe + Mg ' (4p), respec
tively, lie apj. <-oximately 4.4 eV above the 
B-state near 6.5 <),, (see Fig. 6-102). In addi
tion, the transition moment connecting the 
B-state to the XeMg' (3d) state is especially 
large (-2.0 <i„). 

It is interesting to speculate whether we 
could observe the emission due to the 
charge-transfer transition MgXe ' — X'X,' 
XeMg in the 4.4-eV region near the reso
nance line of Mg '. Based on our calcula
tions, the Q •-•- 1/2 state dissociating to Mg 
i Xe ( :P; :) has a reasonably large transi
tion moment (—0.7 to 1.0a0) to the ground 
state at internuclear distances between 
o and Sii,,. 

Authors: T. N. Rescigno and A. U. Hazi 
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Group II-Rare-Gas 
Excimer Systems 

Group 11 metal atoms all have closeu-shell 
(us:) dectrunie configurations. The ground 
electronic states of Croup II-rare-gas sys
tems are therefore van dvr Waals mo'eeules, 
as are those of interacting rare-gas atoms, 
with predominantly repulsive interactions. 
Tlif low-lying excited states of these sys
tems, which correlate with the rr*P and »'P 
excited metal .itoms, are oniv weakly 

bound. Thus, the excimer bands would be 
on the wings of the metal-vapor lines. They 
would be characterized by low gain coef
ficients per excited atom, homogeneous 
broadening across the excimer band, and 
the necessity for high rare-gas densities to 
ensure adequate concentrations of transient 
excimer molecules. 

Group It-rare-gas systems have several 
characteristics that make them more attrac
tive as potential fusion laser candidates 
than the more thoroughly studied alkali-
rare-gas excimers.''' Group II metal atoms, 
unlike the alkalis, do not readily form sta
ble dimers. Absorption of excimer radiation 
by metal dimers, which has proven to be 
debilitating in the case of the alkalis, may 
not be an issue in the case of the Group II 
atoms. Moreover, the lowest excited states 
of the Group II atoms are metastable (/rV), 
and, in the absence of any significant ex
cited-state absorptions, they may be viable 
storage media. 

The f/lP] wavelengths and radiative life-
timeF are listed in Table 6-26. The strongly 
allowed nlP — nlS atomic-line radiation will 
be trapped, but the far-line wings will es
cape. E\cited-state absorption should be 
negligible for these allowed transitions, but 
rapid, high-power pumping would be nec
essary. For some systems, the collision-
induced (»/ - 1)'D — H'S transitions may 
also be worth considering. 

With the exception of mercury, elevated 
temperatures are necessary to okain ade
quate equilibrium metal-vapor pressures for 
reasonable gain coefficients. Indeed, the dif
ficulties associated with operating high-
pressure systems at high temperatures is 
undoubtedly responsible tor the paucity of 
experimental data presently available. How
ever, novel techniques for flashlamp va
porization of metal dust currently being 
investigated (see "Flashlamp Evaporation of 
Metal Dusts," earlier in this section) point to 
the possibility of obtaining high metal-atom 

R.UH.H1U-
IV .nok'rigth. lik'time. 

lr .msinon /. (nni) r Ui*l 

Mr, I'*'' • My 'IV -1^7 2.12/ 
Ci <4s-' . - M , . I',) b=-7 ,l,s=. 
/ n (4s- . . -K-lji 1',) MM 211 
Sr (5s ; - 5sSp '1',) dN'» lh 
a t fis-' . -i-op '",) Mtt i r 
U.I (fts- . . tssnp V,) 7*1 12 
! I K ( M - • 6>nj. l | \ ) 2S4 (tn 



Other Laser Systems 

Fig. 6-103. MgXe 
potential-energy 

Fig. 6-104. SrXe 
potential-energy 
cu. ves. 

densities at low operating temperatures and 
have given us added incentive to undertake 
further study of these systems. 

During 1984 we focused on the metal-
rare-gas excimers that correlate with meta-
stable («3P,) metal atoms. It is important to 
realize that the excimer states that derive 
from the n^P1 levels are not expected to 
have lifetimes that depend strongly on in-
temuclear distance or rare-gas partner. 
These "spin-forbidden" transitions cannot 
be collision induced in the usual sense. 
They derive their intensity from spin-orbit 
mixings witn the H'P, exdmer levels, the 
lifetimes of which vary only slightly from 
the asymptotic atomic values. Excited-state 
absorption may be a problem in some cf 
these systems. The most important excited-
state absorption for the metastable levels 
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will be from bands associated with the 
n3P —. (n + 1)3S atomic transition in the 
case of the Group Ila atoms (Mg, Ca, Sr, 
and Ba) and the « 3P —> w3D transitions in 
the case of the Group lib atoms (Zn, Cd, 
and Hg). 

Absorption of some Group II-rare-gas 
mixtures has been measured and used to 
deduce information about the potential-
energy curves.93 These measurements are of 
no help in predicting excimer bands be
cause they relate only to long-range interac
tions. We therefore carried out ab initio 
calculations of the low-lying electronic 
states of MgXe and SrXe. In the cases of Sr 
and Xe, we used effective relativistic core 
potentials96 to replace the inner-shell elec
trons that contribute negligibly to the po-
larizability of the atoms and that are 
unimportant for chemical bonding. The use 
of these potentials greatly reduces the com
puter time for calculating two-electron inte
grals. A list of reference configurations was 
chosen consisting of those states dissociat
ing to ground-state Xe plus a metal atom in 
either the ground 'S or excited 3 P and 'P 
states. vVe then carried out CI calculations, 
including a restricted set of single and dou
ble excitations. We defined these excitations 
by the valence metal and rare-gas orbitals 
and the list of reference configurations (re-
feired to as "first-order" or POL CI). This 
prescription resulted in ~2600 to 3000 con
figurations for each symmetry considered. 

Figures 6-103 and 6-104 show the 
potential-energy curves of MgXe and SrXe 
in LS coupling. The curves have been 
shifted to reproduce the correct splittings of 
the asymptotic atomic states. These calcula
tions show that the excited states arising 
from the 'S + 3P and 'S + 'P asymptotes 
behave similarly to the states arising from a 
2P alkali atom colliding with a rare-gas 
atom. The 3 n and Tl states are weakly 
attractive, with well depths of —700 and 
~1600 cm ', respectively. The 3S and 
'X curves arising from the 1 3 P + 'S 
asymptotes, on the other hand, are un
bound and are dominated by the repuls :-e 
overlap between a directed per metal orbital 
and a rare-gas atom. 

We have also plotted a higher-lying 
3Z curve, which dissociates to a rare-gas 
atom and a Group II atom in the 3S state. 
This state has a large transition moment 
to the lowest 3 n curve and can be a 

6-98 
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potentially damaging source of excited-state 
absorption of photons emitted font me 
3I1 _ '2 transition. Our calculated curves 
show that for MgXe, this state is energeti
cally accessible to 3 n exdmer photons. For 
SrXe, however, 3Z lies too high to be an ex
cited-state absorber. SrXe seems to be a 
promising candidate. 

Spin-orbit coupling is relatively weak for 
Mg and Sr. Such coupling has the effect of 
inducing only small fine-structure splittings 
in the calculated LS potential curves. How
ever, spin-orbit coupling will have a signifi
cant effect on the radiative properties of the 
3 P excimers.9"98 Consider the isolated 
Group 11 atom. The spin-orbit interaction 
can be characterized by the two parameters 
A and A'. The parameter A refers to cou
pling -.vitnin the 3 P manifold that splits the 
level into three nondegenerate 3P<i,i 2 states. 
The parameter A' refers to coupling be
tween the 3 P, and 'P, states. Based on the 
magnitude of these spin-orbit parameters, 
the 'P, state will acquire some admixture of 
'P, and thus attain a nonzero radiative rate 
to the ground state. By using the known 
'"'P-level spacings, we can determine the 
parameters A and A' and the coefficient of 
'P, in the 3 P, wave function. 

To calculate molecular spin-orbit, curves, 
we use an approximate treatment. The 
atomic spin-orbit parameters are first 
used to determine the matrix elements of 
the spin-orbit Hamiltonian at infinite sepa
ration. These matrix elements are assumed 
to be independe: t of intemuclear distance. 
The total molecular Hamiltonian is then 
H(R) = Hd(R) + H w where H e, is the 
electronic Hamiltonian, and Hm is the spin-
orbit Hamiltonian. The functions that diag-
onalize H,,,(R) are simply the calculated 
LS configuration-interaction wave functions. 
The eigenvalues of H(R) at the calculated 
R values are the spin-orbit (Hund's 
case-c) curves. 

Figure 6-105 shows a schematic of the 
1 , 3P + 'S potential-energy curves with and 
without spin-orbit coupling. The 3 £ and 3 n 
states are split' into a family of spin-orbit 
states that constate with the three iPi 

asymptotes. The 0 : and 1 states dissociat
ing to 3Pj are optically connected to the 
ground state. The 0 * state is essentially 3IT 
plus a small admixture of Tl; the 1 state is 
Tl plus a small admixture of '£• The 1 state 
dissociating to 3P,, which is 3 2 plus a small 
admixture of 'TI, can also radiate. The 0" 
and 2 states are metastable. Because the 'fl 

(a) Without spin-orbit coupling (b) With spin-orbit coupling 
Fifj. 6-105. Schematic 
of potential-energy 
curves (a) without and 
(b) with spin-orbit 
coupling. 

Relative distance 
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and '£ transition moments have little R de
pendence, their admixture into the 3 n and 
3X states varies only slightly with internu-
dear separation as well. Thus, our model 
predicts that 3 n and 3 E excimer lifetimes 
are essentially equal to the atomic 3Pj radia
tive lifetimes (2.3 ms for Mg and 16 /JS 
for Sr). 

If the atomic 3Pj excited states are statisti
cally populated, then the metastable popu
lation residing in states that correlate with 
3 P 0 and 3 P 2 is not directly accessible to laser 
action. In mercury, for example, where the 
spin-orbit splitting is large (~4000 cm "') , 
there may be a reservoir of metastable 
states that is not readily deactivated. In the 
lighter atoms, however, where the spin-
orbit splitting is smaller, we expect rapid 
cross relaxation at high rare-gas pressures to 
minimize this problem. 

The weakly Bound character of the 
Group II-rare-gas excimers gives rise to low 
gain coefficients and homogeneous broad
ening, with the possibility of high power 
levels and laser-pulse energies. Excimer 
states associated with the metastable 3 P 
atomic levels may be viable candidates, 
provided that excited-state-absorption bands 
do not -jxist in the same wavelength region. 
Our calculations show that SrXe is particu
larly favorable in this regard. The CdXe sys
tem, which we have not yet studied, may 
also hf interesting. Based on the atomic 3 P, 
lifetime, CdXe should have a gain coef
ficient larger than that of SrXe by one order 
of magnitude, although 5s5p 3 P — 5s5d 3 D 
excited-state absorption may be a problem. 
Detailed emission spectra of these systems 
should be measured. Theoretical calcula
tions such as these can only provide a qual
itative picture oi what may be expected. It 
is particularly important to obtain more in
formation about the radiative lifetimes of 
the triplet excimer states. 

Authors: T. N. Resdgno and A. E. Orel 

Electronic Chemical Laser 

During 1984 we renewed our interest in gas 
storage media and investigated several po
tential candidates that might lead to a large-
scale fusion laser system. Much of our 
theoretical work is discussed elsewhere in 
this section, but, in addition, we funded two 
outside experimental efforts involving the 

metastable N2(A3X*) state. This state is at
tractive because of its 2-s lifetime, its 6.2-eV 
excitation energy, and its stability with re
spect to quenching, except by atoms or 
molecules that can undergo a spin-changing 
excitation in the process. Therefore, the 
N2(A3Z*1 state is similar to the 0 2(a'A ) 
state, which has been used successfully in 
the oxygen-iodine excitation-transfer laser, 
except that the N2(A3ZU*) state has consider
ably more energy to yield. 

The first experimental study involved 
searching for new methods to produce the 
N2(A) state, either through photodissocia-
tion or chemical reaction. The second study 
involved measuring the excitation-transfer 
rates to metastable levels of selected mole
cules with shorter radiative lifetimes 
(shorter lifetimes make such molecules bet
ter candidates for laser media). 

Generation of N2(A). Two methods for 
generating N2(A) states were tested by 
C. Wittig and his group at the University of 
Southern California. These researchers in
vestigated the photolysis of NCNO for a 
range of photon energies from 0.26o to 
0.900 ftm, hoping to induce the following 
process: 

NCNO + hv _ N2(A) + CO . (93) 

Although this photolysis reaction is 
highly exothermic, and there apoeared to 
be a reasonable likelihood of producing 
N2(A), the only products observed were NO 
and CN (Ref. V>). !t appears that the sub
stantial nuclear rearrangement m-ccssary to 
obtain the desired products dons not occur 
quickly enough to compete with the more 
dii-ect dissociation. 

Next, a study of the possible reaction 

CN + NO — N + CO (94) 

was undertaken. This reaction to ground-
state products is exothermic by 6.44 eV so 
that there is sufficient energy to produce 
the N2(A) state. Because it might be neces
sary to overcome a leaction barrier to ob
tain the excited products, high translational 
energies were considered desirable To ob
tain this transitional energy, BrCN was dis
sociated by 0.193-fim photons. This 
approach produced vibrationally cold, but 
translationally and rotationally hot, CN 
fragments. Rotational energies were as 
high as 10 800 cm"'. The rapidly rotating 
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molecules are not expected to be very reac
tive and require thousands of collisions 
to cool. Unfortunately, after many colli
sions, the translational temperature is also 
thermalized, and no reaction was observed. 
Therefore the results were inconclusive, and 
a new source of CM fragments must be 
considered to pursue this reaction. 

Reactions of N2(A) with SO and S2. 
D. Setser and his group at Kansas State 
University studied the excitation transfer 
from the N,(A) state to SO and S2, where 

NJA-'E,,') + SO(X'X I - N 2(X'I f i ') 

+ S O I A X J J . (95) 

and 

N,(A-X ) + S2(X%, I - . N :(X IZ 8 ') 

t S,(B'1I„ ) . (96) 

The SO(A) states have lifetimes on the or
der of 10 to 35/is and emit photons with 
wavelengths in the range from 0.240 to 
0.270/im (Ref. 100). These parameters make 
this molecule an attractive candidate for a 
storage laser medium. Cao and Setser"11 

found that the total quenching-rate constant 
of N2(A) by SO is (1.2 ± 0.2) x 10'" cm Vs. 
The rate constant for producing the SO(A) 
state [see Eq. (95)] is (0.5 ± 2) x 10"'cnv7s. 
The S2(B) state has a lifetime of 30 to 45 ns 
(Ref. 102) and emits between 0.280 and 
0.440/jm (Refs. 101 to 103). The totai 
quenching-rate constant of N:(A) by S2(X) 
was ~ 6 x 10 " cm 7s, with a branching 
fraction of 0.3 for formation of the B-state. 

These rate constants were measured in a 
flowing afterglow reactor. The N2(A) state 
was generated via transfer from Ar( 3P 0 2) at
oms, which are created by flowing purified 
Ar through a low-power hollow-cathode 
discharge. The SO molecules were pro
duced by microwave discharges in dilute 
SOVAr and S, from S,Cl,/Ar mixtures. The 
SO^ and S2C12 gases were added to the 
flow reactor from radially distributed noz
zles. The quenching rates were measured 
by directly observing the rate of decay of 
the N2(A) concentration. The SO(A—X) 
emission from the reactor was measured 
under high resolution, and the relative 
vibrational populations cf the lowest seven 
levels of the excited molecule were deter
mined. The S;(B—X) emission was also 

observed and found io be one order cf 
magnitude weaker than the SO(A—.X) 
emission under the same conditions. The 
vibrational distribution of S2(B) was 
also measured. 

These experiments show that the 
excitation-transfer reactions in Eqs. (95) and 
(96) are relatively efficient, with branchir g 
fractions for SO(A) and S;(B) in the range 
of 0.5 and 0.3, respectively. The larger total 
quenching-rate constant for SO(X) makes it 
the more interesting candidate for efficient 
energy conversion from N2(A) and therefore 
for an excitation-transfer ultraviolet laser. 

Author: K. C. Kulander 

Atomic and Molecular 
Theory 
Introduction 

Accurate theoretical models of atomic and 
molecular energy levels and interactions are 
important in many areas of the ICF Laser 
Program. During 1984, we extended our un
derstanding of collision-induced absorption 
and emission, reactive atom-diatom colli
sions, photoionizarion, ab initio calculations 
of energy surfaces of molecules containing 
heavy atoms, and coherent excitation. 

Far-Wing Absorption 
in Na-Ar Collision 

Collision-induced absorption and emission 
at wavelengths well ren-. >ved from line cen
ter play important roles in many atomic 
and molecular processes. We have devel
oped the theory and computer codes to cal
culate exact quantum mechanical cross 
sections for these optical and radiative colli
sions between atoms."1'1 We also have pro
duced a quasi-classical model that can 
efficiently generate accurate absorption 
cross sections. This model cannot, however, 
give branching ratios for the final-state 
populations. Our codes ai.d model can be 
used to study the propagation of nearly 
resonant light through gaseous media and 
to calculate accurate gain and absorption 
cross sections for the far wir ;s of 

atomic transitions. 
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Fig. 6-106. Electronic 
potential-energy terms 
for the Na-Ar system. 

We have used our theory to study the 
collision-induced absorption by sodium in 
argon for wavelengths in the vicinity of the 
resonance lines D, and D 2. Figure 6-106 
shows the potential-energy curves for the 
ground and first three excited electronic 
states of the Na-Ar system. Red-wing ab
sorption excites primarily the A 2 n 3 / 2 and 
A 2 n 1 / a states, and blue-wing absorption in
volves the B 2X| / 2 molecular state, fallowing 
absorption, the collision pair dissociates to 
produce excited sodium atoms, which sub
sequently fluoresce. During the dissocia
tion, fine-structure transitions between the 

excited molecular states occur, which deter
mine the final populations of the 2 P 1 / 2 and 
2 P 3 / 2 states of sodium. 

The collision-induced absorption is actu
ally a three-body process involving two at
oms and a photon. Therefore, we define fy, 
the partial excitation "cross section" per 
collision pair, by 

dt /j(A<») "l«,[Na!;Arj (97) 
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where A<u is the detuning of the laser 
wavelength from line center, c is the speed 
of light, n^ is the number density of 
photons, and [Na] and [Ar] denotes the 
concentrations of sodium and argon, respec-
•ively. Similarly, we can define the usual 
optical collision cross section foi a given 
laser intensity (photon density) that is re
lated to q by 

a, i&co) = 
(/, iAa» aiv (98) 

Relative distance, R-

where v is the relative velocity of the 
collision pair. 

Figure 6-107 shows two partial cross sec
tions for a large range of both red and blue 
detunings. The scale on the right-hand side 
of Fig. 6-107 gives the optical collision cross 
section foi a laser intensity of 1 MW/cm2. 

Fig. 6-107. Spectrum of 
the partial excitation 
cross sections per col
lision pair vs detuning 
from tile 2 P 1 / 2 slate. 
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From the quantum mechanical results, we 
also can predict the polarization of the flu
orescence of the excited atoms. 

Our quasi-classical theory can be shown 
to be equivalent to the usual quasi-static 
theory of line broadening for spectra out
side the impact region (i.e., the far-wing re
gion). Classical approaches do not include 
an accurate treatment of the fine-structure 
transitions between the excited molecular 
states, so that we cannot obtain partial cross 
sections. For our system, however, we ob
tained excellent agreement between the 
quasi-classical and quantum mechanical to
tal absorption cross section ZjO"j(Ao)). There
fore, for cases in which only the total cross 
sections are of interest, the much more effi
cient quasi-classical method is adequate. 

Author: K. C. Kulander 

Resonances in Atom-Diatom 
Reactions 

A model colline^:;, symmetric reactive scat
tering system (A-B-A), which exhibits a 
highly oscillator)' reaction probability as r. 
function of collision energy, has received 
considerable recent attention.1""'11"' Reso
nances in molecular systems are important 
because they can change reaction cross sec
tions by orders of magnitude over small en
ergy ranges. Resonances can be studied via 
their absorption spectra, which can become 
highly complicated. For example, the re
cently reported1 0' infrared predissociation 
spectrum of H3' contained approximately 
27 000 lines across only 222 cm '. Many of 
the lines represent transitions between two 
states, both of which contained energies 
above the dissociation threshold (i.e., mo
lecular resonances). The existence of long-
iived vibrational resonances with at least 
5 eV of internal energy in this molecular ion 
is indeed surprising. To understand such 
complex spectra, we must develop methods 
for characterizing the resonant states of this 
and other molecules. 

The model system we have studied obeys 
the Hamiltonian 

where V is a Morse potential, r{ and r 2 

are bond distances, px and p2

 t n e c o r -

responding momenta, and the reduced 
mass li is given by vipjti^/{m^ + mB). From 
scattering calculations, we determined that 
for mA = 35/31 and wD - 220/31 the reac
tion probability is very small, except in the 
vicinity of narrow resonances, where the 
probability increases to unity. 

The usual method for determining reso
nance wave functions is to diagonalize the 
total Hamiltonian in a basis set made up of 
products of square functions with finite 
norms. Some of the eigenvalues will corre
spond to resonances. If a resonance is well 
represented (i.e.. overlaps strongly) with a 
single product function, it is possible to as
sign quantum numbers to this state. 1 0 8 

In performing these calculations, the 
choice of coordinate system strongly influ
ences the results obtained. We cannot use 
"normal" coordinates that are typically 
employed for lower vibrational levels be
cause they cease to be well defined for the 
configurations accessible in these higher en
ergy states. Therefore, we tested two differ
ent coordinate systems in our preliminary 
studies. We used "local" coordinates or 
bond distances ^ and r2. We also 
used hyperspherical coordinates r and tf> 
defined by 

(100) 

(101) 

rx = r s:n(0 n - 0 ) • 

and 

r2 - r s i n <f> , 

where 

r»lB(»lA + "'!> + '",\)1 
<pm = arctan <pm = arctan 

L ' " A J 

H=T^ 2f> />": + — Pi/': 

+ V(r,) + V(r,) , (99) 

.(102) 

We constructed product states of Morse 
functions for the local-mode representation 
and vibrational adiabatic hyperspherical 
product states for the hyperspherical modes. 
We then performed a variational calculation 
by diagonalizing the molecular Hamiltonian 
in each basis set. Both representations 
resulted in eigenfunctions with energies 
closely approximating the resonance 
energies we had obtained from full 
scattering calculations. 

6-103 
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Neither of our two coordinate systems 
was optimal for compactly representing all 
resonant states. Some states were clearly 
local-mode resonances, and others were 
hyperspherica!. Some resonances were a 
sum of several product states in either basis. 

In effect, our calculations show that un
raveling a complex spectrum, such as that 
of H3 , will be a difficult problem. We ex
pect that no zero-order, separable Hamilto-
nian can be found, that no quantum 
numbers can be assigned to the resonant 
states, and that no simple selection rules ex
ist for transition strengths between the 
states. Even for our relatively simple model, 
we have found that different resonances 
can have very different characters. 

Author. K. C. Kulander 

Atomic Photoionization by Complex 
Basis-Function Expansion 

Gaseous photoionization processes can play 
a critical role in determining the efficiency 
of short-wavelength pump sources and the 
ultimate gain possible in many gas lasers. 
Although significant improvements in the 
measurement of ground-state photoioniza
tion cross sections have been made in the 
last decade, measuring absolute cross sec
tions for excited-state photoionizatior, re
mains extremely difficult. 

We have developed a practical theoretical 
technique for computing photoionization 
cross sections based on the method of com
plex basis functions. The method has 
proven to bo a practical tool for characteriz
ing resonance (autoionizing) states of many-
electron atoms and molecules."" More 
recently, we have extended this technique 
to study nonresonant scattering as 
well.1 1 0 u l The technique of complex scaling 
provides a formal method for "rotating" the 
continuous spechum of the Hamiltonian 
into the complex energy plane. Rendering 
the continuum discrete via an expansion in 
a finite set of L~ functions can then provide 
a convenient method for calculating, at real 
energy values, matrix elements of the resol
vent from which the photoionization cross 
section can be obtained. Complex scaling 
moves the singularities of the resolvent to a 

set of isolated points in the complex energy 
plane and, hence, renders them innocuous. 

The photoionization cross section for an 
atom in state y/0 with energy E 0 is related to 
the negative frequency component of the 
dipole polarizability 

a" ((B) 

= I'm U, V T, J- 5 j- f I %) (103) 
t_o \ H - £() - o) - ie | / 

through the relation1" 

o-(ffl) = — ; m ! < r ( a i ) | • (104) 

The method of complex basis functions 
involves making a projection of H onto a 
finite set of (complex) orthonormal basis 
states j^i) and yields an approximation 
to the photoionization cross section in 
the form 

o- 0) = 1m \ ,(105) 
C y \E, - £(| - 01J 

where £< and y/t are the complex 
eigenvalues and eigenfunctions of the ma
trix H, and 11 is the dipole operator. The 
square, not the modulus square, of the di
pole matrix element appears in Eq. (105) 
(Ref. 111). 

We have carried out the first practical 
applications of the method of complex basis 
functions to photoionization in a many-
electron atom.1 '•' We Have computed cross 
sections, including the effects of target-state 
correlation and final-state channel coupling, 
for photoionization of magnesium in its 
ground and first excited 3 P states. We have 
considered the two ionization processes 

hoi + Mg (ls :2s 22p h3 . \ ' S — Mg ' (3s),2S 

or (3p), :P + e (kp or ks) , (106) 

and 

ha + Mg ( l s^s^p^sSpJ/P — Mg ' (3s),:S 

or(3p) :P + e (ks, ip, orkd) . (107) 
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The initial bound states and final contin
uum states were represented by linear 
superpositions of many-electron configura
tions. The configurations were constructed 
from a set of orthonormal atomic orbitals, 
which were expanded as linear combina
tions of real and/or complex Slater orbitals. 

In the ground-state calculations, we in
vestigated the effects of including correla
tion in the initial state and channel cou
pling in the final state. The calculations af 
excited-state photoionization employed a 
self-consistent field (SCF) target state and 
channel coupling in the final states. Cal
culations were performed using both the 
length and velocity form of the dipole tran
sition moment in Eq. (105). 

The ground-state cross section of magne
sium is shown in Fig. 6-108. One striking 
result is the very broad resonance feature in 
the cross section, which arises from the in
clusion of the (3p4s) configuration in the 
final-state wave functions. The doubly ex
cited (3p4s),'P state H. the first member of 
an infinite set of autoionizing states. 
We found the position and width of the 
(3p4s),'P resonance to be relatively insensi
tive to changes in the basis set parameters; 
this was not trut of higher members of this 
series, which we chose to project out of the 
calculations. The cross section rises some
what sharply and then falls off more slowly 
on the high-energy side of the resonance. 
This result is in qualitative accord with the 
far-ultraviolet absorption spectrum of mag
nesium measured by Balloffet and Esteva114 

and the recent cross-section measurements 
of Preses et a l . l i s 

In the case of photoionization from the 
excited 3 P state, optical selection rules allow 
for the construction of final-state wave 
functions of 3S, 3P, and 3D symmetry that 
are dipole connected to the initial state. We 
can label the final channels as 

(3pkp),3S + (3sks),3S 

(3pkp)/P , 

(108) 

(109) 

and 

(3pkp)/D + (3skd),3D . (110) 

The (3p?Jp),3S and (3pHp),3D configurations 
will again lead to a series of autoionizing 

• , « - - 2 
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states converging to the (3p),2P state of 
Mg + . The (3p2),3P state of Mg lies below 
the. ground state of Mg* and is not 
autoionizing. Our calculations included 
the first (3p4p) 3S and 3D autoionizing 
states. The total cross section, which is 
dominated by the 3D component, is plotted 
in Fig. 6-109. To our knowledge, no other 
results are available for comparison. 

Author: T. N. Rescigno 

Relativistic Calculations 
on Polyatomic Systems 

Ab initio calculations on polyatomic mole
cules and solids have progressed to the ex
tent that complexes containing any atom in 
the periodic table can now be treated. For 
meaningful comparison with experiments, 
the relativistic terms in the Hamiltonian can 
no longer be ignored. These terms contrib
ute to bond shortening, core contraction for 
s and p electrcns, core expansion for d and 
f electrons, and energy shifts in the valence 

Fig. 6-108. Photoion-
ization cross section of 
ground-state Mg. 

Fig. 6-109. Total photo-
iimization cross sec
tion of Mg (3s3p),3P. 
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shells due to spin-orbit coupling. 1 1 6 1 1 7 

These effects are currently included by re
placing the core electrons on the heavy at
oms with a relativistic effective potential 
(REP) and then carrying out either a Dirac-
Fock (DF) calculation1 1 8"1 2 0 or a nonrelativis-
tic valence electron calculation/21 followed 
by a perturbation calculation of the spin-
orbit splittings. The first (DF) approach is 
currently feasible only for diatomics. The 
nonrelativistic method may not be appro
priate for heavy atoms with p, d, and f va
lence electrons, where the spin-orbit 
splitting is comparable to the electron 
repulsion integrals. 

We have developed a new program to 
carry out configuration interaction (CI) cal
culations over spin orbitals that have been 
determined using an REP. The CI Hamilto-
nian contains an ab initio one-electron spin-
orbit operator determined from the REP. 
Therefore, the CI calculation not only intro
duces electron conelation, but allows for or
bital relaxation and energy-level shifts due 
to spin-orbit coupling. 

The complete spin-orbit operator can be 
written as 

•a? ;>>)!,•*,-£( 

Si + 2s, 
(111) 

The two-electron terms for core-core electron 
pairs are nearly constant, and the terms for 
val' mce-valence pairs are small. The core-
valence pairs act approximately as shielding 
terms. In our work, only the first term, 
V„ = 1/2 crZ^trJlj-Si, is considered. 

Following the notation of Ermler et al., 1 2 2 

the REP can be written as 

U ' < E P = U,j(r) + 22i U ' l< r >- l J >jM] 

x y | I ; m j > ( \jm-\ , (112) 

where L and J are the smallest angular mo
mentum quantum numbers not present in 

the core. It is possible to rewrite the REP in 
the form 1 2 2 

U**r = ! i A R E P + Usc (113) 

where u A R E P is the angular momentum av
eraged REP given by 

UAREP = u | j ( r ) + y j u , ( r ) - U„(r)] 
i 

x ^ \lm,) (lm,\ , (114) 

with 

u, = 
(' + l)U/„ 1U, 111- l/2| 

2( + 1 
(115) 

The spin-orbit operator for use with pseudo-
orbitals is simply the difference of the REP 
for; = I + 1/2 and j = I - 1/2, and 

AU, = 2 < " " ^ - ^ - " 2 l > ( 1 1 6 ) 

is multiplied by the appropriate projection 
operator. By using the values of the matrix 
elements of 1-s over the projection oper
ators and evaluating the summations, 
where possible, the effective spin-orbit op
erator can be derived from 

"» - .• £ Al/, 

x Y ^ Y |fm>(lra| ljIm'X'm'l • (117) 

By adding the first term of Eq. (113) to 
the Hartree-Fock (HF) operator and solving 
for the one-electron orbitals, we obtain a 
set of HF orbitals that include all the rel
ativistic effects in the DF equations, except 
for spin-orbit coupling. The second term of 
Eq. (113) is then added to the nonrelativistic 
Hamiltonian, which is diagonalized in the 
basis of HF spin orbitals to incorporate both 
electron correlation and spin-orbit interac
tion. In this approach, the spin-orbit correc
tion is not added as a perturbation, and the 
spin-orbit matrix elements are not estimated 
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semiempiricaHy or adjusted to reproduce 
atomic splittings. Additional advantages of 
this method are that the integrals can be 
computed and stored over orbitals rather 
than spin-orbitals, and, if sufficient symme
try is present, the CI coefficients can be 
identified in advance as either pure real or 
pure imaginary. This information, can be 
used to make the Hamiltonian matrix pure 
real. 1 2 3 It is also possible to carry out 
the calculations using double-group-
adapted functions. 

During 1984, we have written programs to 
evaluate the integrals over the UARB> and 
17W operators and rewritten the CI program 
to diagonalize the Hamiltcnian over spin 
orbitals. The CI program is now being tested 
on the complexes UF ,̂ NpF^ and PuFf,, 

Author: N. W. Winter 

Major Contributor: R. M. Pitzer 

Model ing Noise in Strong 
Laser-Atom Interactions 

The response of an atom to near-resonant 
radiation changes dramatically as the radia
tion intensities increase. The weak-field rate 
processes of traditional low-intensity spec
troscopy give way to Rabi-type population 
oscillations in strong fields (such as those 
thai occur in laser-induced isotcpically se
lective excitation). In turn, the Rabi oscilla
tions influence atomic spectral response 
by modifying weak-field absorption and 
emission-line profiles to include sidebands. 

The theor) of such strong-field spectral 
features has been known for many years, 
under the simplifying assumption of an 
isolated atom that is excited by monochro
matic radiation. In practice, the excitation 
is never monochromatic, and an atom is 
never truly free from influence by random 
encounters with neighboring atoms. A vast 
literature treats the effect of such a fluc
tuating environment on weak-field spectral 
lines, and many authors have reported the
oretical extension into the strongly excited 
regime. In their simplest form, these theo-
retica1 approaches introduce effective 
relaxation times or bandwidths to model 
random fluctuations of the field or of the 
environment. The more elaborate theories 

treat the details of fluctuations as stochastic 
Markovian processes. 

Previous approaLhes to this subject fall 
into two broad categories. The first category 
uses the theory of Gaussian random pro
cess. This approach, which permits an exact 
solution in an interesting variety of cases, 
ultimately rests on the assumption that 
some variable represented by white noise 
underlies the interaction. 

The second category is less well known 
and uses the theory of random-interruption 
(or jump) processes. This model was first 
applied :o laser excitation by Burshtein and 
coworkers.124 It assumes that excitation dy
namics can be characterized by a set of pa
rameter values (such as the values of 
instantaneous laser frequency and inten
sity). These values remain constant, except 
at random, discrete times, when one or 
more parameters may assume new values 
as a result of an infinitesimal interruption. 

In collaboration with colleagues at the 
University of Rochester and the Polish 
Academy of Sciences, we examined exam
ples of intenuption-process effects on ob
servable properties of atomic excitation. We 
published accounts of jur work as a series 
of four papers.' 2 : ," 1 W. 

In Ref. 125, we described a practical 
scheme for computing time-dependent 
properties, such as excitation probabilities 
and dipole correlation functions, of a multi
level atom strongly excited by a laser in the 
presence jf noise. The method, based on 
the not!',:", of randomly interrupted and 
multivalued jump processes, was shown to 
be applicable to noise in laser phase, ampli
tude, and/or frequency and to noise in the 
microfield environment. The method was 
shown to provide analytic expressions, 
based on eigenvalues and eigenvectors of 
a finite-dimensional matrix, for time 
dependence and spectral dependence, and 
to permit computation of time-dependent 
fluorescence emitted from atoms excited by 
a noisy laser. 

In Ref. 126, we applied a specialized ver
sion of the theory to examples of phase 
noise modeled as a superposition of ran
dom telegraph signals. We gave examples of 
laser spectra computed by direct calculation, 
and we derived a third-order differential 
equation for the average inversion of a 
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resonantly excited two-state atom. We dis
cussed the general features of the interac
tion, such as the optical analog of motion 
narrowing. We showed that the theory of 
generalized Poisson processes allows laser-
atom interactions, in the presence of 
random telegraph noise, to be treated sys
tematically by means of a master equation 
first used in the context of quantum optics 
by Burshtein. We used this equation to 
obtain an exact expression for the two-
state atom, steady-state resonance fluores
cence spectrum when the exciting laser 
exhibits phase telegraph noise. We then 
compared our results with those from other 
noise models. 

In Ref. 127, we extended the general 
Marlcov-chain approach to the theory of 
noisy laser-atom interactions. We considered 
the special case, a chain composed of « in
dependent two-state jump processes, which 
is an example of a non-Gaussian stochastic 
process. We showed that the ?i-component 
Markov chain has the property oi pre-
Gaussian noise because, in the limit of 
n - - oo, it converges to a Gaussian stochastic 
process. We gavp solutions for the field 
spectrum and the atomic-fluorescence spec
trum for phase, frequency, and amplitude 
pre-Gaussian fluctuations of the driving 
laser light. 

In Ref. 128, we extended the preceding re
sults of phase noise to the case of frequency 
noise. Such noise can be used either as a 
model of collisional effects, in which the 
atomic frequency randomly jumps, or as a 
model of finite laser bandwidth effects, in 
which the laser frequency exhibits random 
jumps. We discussed how these two types of 
frequency noise can be distinguished in 
light-scattering spectra. Finally, we discussed 
examples of both temporal and spectral mo
tion narrowing, of nonexponential correla
tions, and of non-Lorentzian spectra. 

Author: B. W. Shore 
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Gating of Population Flow in 
Resonant Multiphoton Excitation 

The behavior of n-state atoms excited co
herently by near-monochromatic radiation 
is known to be predictable from solutions 
to the time-dependent Schrodinger equation 
in the rotating-wave approximation. The 
application of Schrodinger dynamics to 
multistep excitation in isotope separation is 
well known. However, realistic modeling of 
an actual atom, including hyperfine struc
ture, magnetic-subleve] degeneracy, Doppler 
shifts, inhomogeneities, and excitation pulse 
characteristics, often inject such complexity 
that it is difficult to interpret the results of 
either realistic modeling or experiments. For 
this reason, the results for elementary mod
els (such as monochromatic illumination of 
stationary, nondegenerate multistate atoms) 
can be useful to serve as touchstones for in
terpreting more realistic models. These 
models of time-dependent dynamics, often 
admitting exact analytic solution, are the 
analogs of the hydrogen atom a; an ele
ment of molecular structure. By examining 
and understanding simplified models, we 
gain insights that aid in the interpretation of 
complicated time dependence. 

As a part of an ongoing effort, we exam
ined a model in which excitation probability 
flows along a multistr.te chain of energy 
levels driven by coherent photnexdtatior..12'' 
We examined the gated interruption of this 
probability flow caused by a strongly cou
pled side branch on the excitation chain. We 
found that, if the side branch is itself a 
chain rather than a single transition, inen 
flow inhibition occuis if the number of 
branch transitions is odd. No inhibition oc
curs if the number is even. Such inhibition 
provides a limiting bound on the intensity 
of ASE. 

Author: B. W. Shore 
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protects the reactor vessel and, by Mopping the % 
fusion neutrons, provides heaf from which » 

^electricity can be produced.' trie large photo at left 
illustrates granular behevior studies with which' 

„. some of the granular blanket parameters were 
defined. These studies, combined with other 
calculations, showed that the rotation speed and the 
sKape of the chamber could maintain an evenly 
moving flqw of granular material on the inside wall 
of the chambeir, thus protecting it from damage and 
excessive wean In the photo below, a,, rotating cone 
examined qualitative flow characteristics. In the 
inset photo leff, an inclined chute qualitatively' >„.=. 
determined the velocity profile that would exist in -
Cascade. Top inset photo shows that portion of 
Cascade whare stationary scoops carry heated 
granules to iihe heat exchanger. 

EC]? Ai0)iollsa&^5 . 
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Applications of Inertial 
Confinement Fusion 
Introduction w.j. Hogan 
We have long recognized that there are many potential applications, both mili
tary and civilian, for inertial confinement fusion (ICF) technology. Specific pro
posals have included: 
• Studying the physics of materials at high temperature and density for 

nuclear weapons design applications. 
• Using the x rays and neutrons emitted by a fusion target to study nuclear 

weapons vulnerability, lethality, and effects. 
• Producing nuclear materials (e.g., Pu, T2, or 2 3 3 U) for weapons or civilian 

power application. 
• Producing electricity. 
• Propelling space vehicles. 

What is not generally recognized is that the ICF Program has already begun 
to realize some of these potential applications. While high fusion gains have 
not yet been obtained, the quest for high pellet compressions has already pro
duced temperatures and pressures not attainable anywhere else on earth ex
cept in nuclear explosions. Thus, some applications are under way. 

In this fast-changing field, it is natural that there has been some shift of 
focus in the ICF Applications Group. In the past, a great deal of emphasis was 
placed on first-generation power reactor technology. We required that all ma
terials and technology used in the design (except those of the driver) be avail
able today. Then if a driver were available, it would follow that a practical 
power plant could be built. The best example of a reactor designed within 
these precepts is the high-yield lithium-injection fusion energy reactor, 
HYLIFE, in which steel walls are protected by falling columns of liquid lithium 
that also breed tritium and transfer the heat to a secondary loop. 

We are shifting our attention to include studies applicable to two other 
time periods: 
• The near-term bridge between present research and applications that are 

realizable in the near future. 
• The ICF power plants of the far future that must be economically com

petitive with the cost of projected future fission and coal power plants. 
This year's irticles describe progress on the Cascade and Pulse*Star 
power-reactor concepts, and include some general contributions to ICF-
applications technology. 

The greatest fraction of our effort this year was devoted to Cascade studies. 
We see this reactor concept as a most promising one for improving the safety 
and economy of ICF power relative to previous designs. In the spirit of look
ing beyond first-generation power plants, we have allowed ourselves to use 
more exotic materials and technologies than might be generally assumed avail
able today. At the same time, we do not invoke any "magic" solutions to prob
lems that would exist. We use only solurinns that have been proposed and that 
appear to be sound, even though they may not be in commercial application 
today. In particular, we have switched to a chamber made of silicon carbide 
(SiC) tiles held together in compression by a web of tendons that are a com
posite o( SiC fibers in an aluminum matrix. 
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Introduction 
To obtain the highest energy-conversion efficiency, we redesigned the cas

cading granular blanket and heat exchanger. Granular-flow experiments and 
analyses convinced us that stratified flow in a two-layer, two-material blanket 
is feasible. The new granular blanket has an inner layer of beryllium oxide 
(BeO) and an outer layer of lithium aluminate (LiA102) with a mixed-mean 
outlet temperature of almost 1700 K, compared with 1200 K in the previous de
sign. This should lead to higher conversion efficiency, although the design of 
the power system is not yet final. In addition, the granule transport method 
chosen uses no auxiliary energy: granules fly from the reaction chamber to the 
heat exchanger using the kinetic energy they obtain from the cha.nber rotation 
needed to keep them against the i^all. 

We have estimated the recondensation time in the chamber for the new 
blanket and for the lower pellet yield made possible by the high thermal-to-
electric conversion efficiency. It appears that resultant chamber-clearing times 
will allow us to select pulse rates at least as high as the desired 5 Hz. 

Work on Pulse:lStar slowed this year to allow work to start in other areas. 
Progress was made, however, on two issues raised last year—tritium contain
ment and polonium production. Progress reports are given on these issues, and 
a new version of Pulse*Star is presented that avoids both issues by substitut
ing liquid lithium for the lithium-lead (LiPb) coolant. 

Cascade and PuIse'Star differ from HYLIFE in several important respects. 
Thev operate at lower gains and yields and at higher pulse rates. The high 
'..'mperature of Cascade and the pool geometry of Pulse*Star are both aimed at 
better power production economics. The use of ceramic granules, LiPb coolant, 
and SiC walls is aimed at increasing safety and minimizing environmental im
pact. These design trends are illustrated quantitatively in the next article. 

We developed an economic model to help identify technological develop
ments that could make power from 1CF reactors fully competitive with that 
from other sources. We first used this model to look at heavy-ion fusion, and 
found that smaller plant sizes and lower pulse rates appear more attractive 
than previously thought. 

This year, we present a new reactor concept, called Starfish. We have been 
considering how to increase the efficiency of converting fusion energy to elec
tricity. In previous designs, the fusion energy is converted to heat, the heat is 
transferred to steam, and the usual 39% efficiency of the steam cycle is ac
cepted. Turbines themselves, however, can be very efficient machines. Some 
hydroelectric turbines achieve efficiencies of more than 80%. In the Starfish re
actor, fusion energy is first converted to fluid kinetic energy by placing a mass 
of lithium very close to the pellet. The fluid kinetic energy is converted to elec
tricity directly in high-efficiency turbines, and the residual thermal energy is 
used in a conventional steam cycle. While we do not minimize the problems 
and objections that can (and will) be raised to this concept, we believe that the 
possible energy conversion efficiency of over 60% makes it worth examining. 

As a first step in designing the bridge from present research to near-term 
applications, we have begun to examine reaction-chamber concepts useful for 
a facility in which a 5- to 10-MJ driver produces single fusion pulses of 100 to 
1000 MJ. Our objective is to keep the cost of such a chamber to a minimum. 
Work will be needed to consider the design impacts of making the reactor a 
multipurpose facility. 

In sum, the age of practical use of ICF technology has begun. We have re
sponded by shifting our vision from first-generation power plants further 
toward the future of fusion power and toward the bridge between present 
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research and near-term applications. The work reported here reflects the con
tinuation of past work and the first impacts of that shift. 

Power Reactor 
Design Trends 
Cascade and Pulse'Star represent new 
trends in ICF power reactor design that 
have emerged in the last few years. The 
most recent embodiments of these two con
cepts, and that of the HYUFE design with 
which we will compare them, are shown in 
Figs.7-l(a), 7-l(b), and 7-l(c). All three 
reactors depend upon protecting structural 
elements from neutrons, x rays and debris 
by injecting massive amounts of shielding 
material inside the reaction chamber. How
ever, Cascade and Pulse'Star introduce new 

ideas to improve the economics, safety, and 
environmental impact of ICF reactors. They 
also pose cu:. orent development issues and 
thus represent technological alternatives 
to HYLIFE. 

Economic Issues 

The operating regimes of these three reac
tors are shown in Table 7-1. As can be seen, 
the design yields are lower and the pulse 
rates higher for the two new designs. Re
cent economic studies indicate that the cost 
of electricity from an ICF plant is likely 
to decrease as a function of pulse rate (at 
constant net power). The rate of decrease 

Fig. 7-1. (a) Cascade's 
high operating tem
perature obtains a 
high therm2l-to-
electrk conversion. 
(b) The Pulse'Star 
reactor's compact 
pool-type geometry 
maintains a very high 
power density, (c) The 
high-yi-let lithium-
injectio ! fusion en
ergy re ctor, HYUFE, a 
first-g' aeration power 
reactoi. 

Granule feed 
I port 

I iPb mist 
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Power Reactor Design Trends 
Table 7-1. Operating 
regimes of three LLNL 
power reactor 
concepts. 

HYUFE Pulse'Star Cascade 

Driver energy (MJ) 4.5 2 1.5 
Target yield (MJ) 1800 600 300 
Repetition rate (Hz) 1.5 4.3 5 
Blanket outlet 
temperature (K) 770 770 1670 
Cross thermal 
power (MWt) 3170 3300 1670 
Net electrical 
power (MWC) 1010 1115 800 

is high between 1 and 4 Fb but diminishes 
rapidly thereafter, so we have chosen 
pulse rates at the knee of this curve. 
Table 7-1 also shows that the driver energy 
and target gains are smaller for Cas-ade 
and Pulse*Star than for HYLIFE. These dif
ferences reflect both economic motives and 
a desire to be less dependent upon the 
achievement of very high gains. Finally, 
both new designs take additional measures 
to improve their economics. PuIse*Star 
uses a pool-type geometry to eliminate 
many costly pipes, valves, and other equip
ment used in a loop-type reactor. This 
compact design has a very high power den
sity inside t^e containment structure. On 
the other hand, Cascade uses ceramic ma
terials to push the operating temperature 
to a very high value so that the thermal-
to-electric conversion efficiency can be 
significantly raised. 

Safety and Environmental Issues 

Since radioactive materials will exist in any 
fusion reactor, attention must be paid to the 
amounts of such materials that might be re
leased in an accident and the amounts thut 
must be safely disposed of during the life
time of the plant. One factor that is impor
tant in accidental-release scenarios is the 
quantity of stored energy that is present in 
a plant at any time. The HYLIFE reactor 
has about 10 n J of stored chemical energy 
in its liquid lithium (about the same as a 
liquid-metal fast breeder reactor). For com
parison, the chemical energy in a railcar full 
of propane Is about 10 1 : J. Even though a 
lithium fire releases energy more slowly 
than a gasoline fire, the large potential en
ergy gives rise to the perception of signifi
cant hazard. The Pulse*Star and Cascade 
reactors use blanket materials that have no 
significant fire hazard. The only identifiable 

stored energy in ihese reactors is the 10 J of 
electrical energy for the driver. This number 
can be compared to the 101 2 J of stored 
thermal energy in any reactor of this size. 

An indication of the size of the radioac
tivity problem is shown in Table 7-2 for five 
reactors. In addition to the induced activity 
of the three ICF reactors discussed in this 
article, the total radioactivity in a typical 
pressurized water reactor (PWR) and the in
duced activity in the Starfire magnetic 
fusion reactor a*e shown for comparison. 
The Cascade reactor (a Li0 2 blanket was 
used for these calculations) n^t only has the 
smallest amount of activity at shutdown, 
but its activity is short lived. In fact, at 50 y, 
the activated material from Cascade would 
satisfy U.S. government standards for shal
low land disposal without dilution. It is the 
only one of the five reactors for which this 
is true. 

Decay afterheat, shown in Table 7-3 is an 
indicator of the need for emergency cooling 
to prevent meltdown. If values are smaller 
than a few megawatts, it is likely that radia
tive cooling would be sufficient and no ac
tive cooling system would be required. Both 
Cascade and HYLIFE satisfy this criterion at 
shutdown, and again Cascade's value falls 
rapidly after shutdown. 

Finally, the inhalation biological hazard 
potential (BHP), an indicator of the poten
tial risk due to release of debris to the bio
sphere, is shown in Table 7-4. The BHP is 
the volume of air that must be mixed with 
the radioactive material in order to make it 
safe for humans to breathe. Of course, any 
given accident would release only a small 
fraction of the material but, again, the total 
amount is used as a relative indicator of the 
magnitude of the problem. Cascade again 
appears to have the lowest potential r 3k. 

Two facts stand out in these comparisons: 
1. All ICF reactors appear to be better than 

either a PWR fission plant or the Starfire 
magnetic fusion design for these figures 
of merit. 

2. The Cascade reactor is superior to the 
other two ICF designs. 

Development Issues 

The three ICF designs have several devel
opment issues in common. Ail must, of 
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Cascade Reactor 

course, have a suitably high pulse rate and 
high energy drivers. All three could proba
bly be made to work with either lasers or 
heavy-ion beams. Cascade requires illumi
nation from two directions only and thus 
could not be used with many-sided illumi
nation (direct drive targets). The other two 
could probably be made to work with more 
than two beams (but HYLIFE becomes 
more awkward as the number of beams in
creases). All three reactor designs must 
solve the problem of assured clearing of the 
beam path at high pulse rates. Finally, they 
all must address radiation damage from 
pulsed sources. 

Some development issues are different 
for the three designs. HYLIFE must estab
lish the engineering feasibility and reliabil
ity of high liquid-metal pumping rates. For 
the Pulse*Star design, the main issues are 
the lifetime of the inner screen, tritium con
tainment, and the effect of 2 I I ,Po from the 
Pb activation. Cascade must address engi
neering questions about the practicality of 
the high operating temperatures and the 
lifetime of the ceramic granules. 

In conclusion, Cascade and Pulse*Star 
represent new trends in ICF reactor design. 
The design ideas they embody offer the 
possibility of greater economic competitive
ness and safety and reduced environmental 
impact when compared with earlier designs. 
They also represent alternative technologi
cal pathways to ICF power. 

Author: W. J. Hog an 

Cascade Reactor 
Introduction 

Cascade (Fig. 7-2) is a concept for an 
ultrasafe, highly efficient, easily built 
reactor to convert inertial-confinement 
fusion energy into electrical power. The 
Cascade design includes a rotating double-
cone-shaped chamber in which a moving, 
1-m-thick ceramic granular blanket is held 
against the reactor wall by centrifugal ac
tion. The granular material absorbs energy 
from the fusion reactions. 

Accomplishments this year associated 
with Cascade included improvements to 

Reactor Time after shutdown 
type 0 Id l m 3 0 y lOOy 

PWR 1.7 x 10 !' _ a a a a 

Starfire 6 x 10* a —" 2400 292 
HYUFE 3 x 10* 2 x 10 5 1.5 x 10 5 90 I ! 
Pulse'Star 4 x 10 f' 9 X 10 5 7 x 10 5 660 220 
Cascade 2 x 10* 7 X 10 3 6 x 10 3 11 8 

a N o t available. 

Reactor Time after shutdown Table 7-2. Total 
neutron-induced activ
ity (kCi) for a 1000-type 0 Id 

Table 7-2. Total 
neutron-induced activ
ity (kCi) for a 1000-

PWR 1.8 X 10 s a M W e reactor operating 

Starfire 7 X 10 4 a for 30 y. 

HYUFE 2 x 10 3 2 x 10 2 

Pulse'Star 1.8 x 10 4 1.4 x 10 3 

* Table 7-3. Decay heat 
Cascade 8 x 10 3 11 of induced activity 

(kW) for a 1000-MW,, 
reactor operating for a N o t available. 

of induced activity 
(kW) for a 1000-MW,, 
reactor operating for 
30 y. 

Reactor Time after shutdown 
30 y. 

type 0 Id 

PWR 1.2 X 1 0 1 0 a 
Starfire 1.7 X 10™ a 
HYLIFE 5 x 10 7 3 X 10 7 

Pulse'Star 7 x 10 8 6 X 10 8 

Cascade 8 x 10 6 1.3 x 10 6 

Table 7-4. Inhalation 
BHP (km 3 ) for 1000-
Table 7-4. Inhalation 
BHP (km 3 ) for 1000-

a N o t available. MW,, rcictor operating 
for 30 y. 

simplify chamber desijjn and lower activa
tion. We switched from a steel chamber 
wall to one made from silicon-carbide (SiC, 
panels held in compression by SiC-fiber/ 
Al-composite tendons that gird the chamber 
both circumferentially and axially (Fig. 7-2). 
We studied a number of heat-exchanger de
signs and selected a gravity-flow cascade 
design with a vacuum on the primary side. 
This design allows granules leaving the 
chamber to be transported to the heat ex
changers using their own peripheral speed. 
The granules transfer their thermal energy 
and return to the chamber gravitationally: 
no vacuum locks or conveyors are needed. 

The Cascade rotating-bed reaction-
chamber concept1—two conical frustums at
tached at their major radii—offers simplicity 
in its mechanical design and a number of 
favorable stress characteristics in its struc
tural design. First, only about 1% of the 
neutron flux contacts the wall of the cham
ber. This minimizes swelling-induced 
stresses and radiation embrittlement. Sec
ond, with a 50% porosity, solid-granule 
blanket, the pressure pulse that follows 
each fusion pulse imposes only modest 
forces on the structural wall.2 Third, the 
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(a) Ceramic Cascade reaction chamber 

Fig. 7-2. (a) The Cas
cade reaction chamber, 
(b) Detiil of the 2-cra-
thick SiC panels. UJ 
Detail of the SiC/Al 
composite ring girder. 

blanket weight and centrifugal forces can be 
carried by support rollers located outside 
the reaction, chamber. 

The granule transport system connects 
the reaction chamber and the power con
version system. For Cascade, we use a 
centrifugal-throw system that relies on the 
peripheral speed of the granules to trans
port them to the power conversion system: 
no additional equipment is required. The 
centrifugal-throw system is, however, lim
ited to heights determined by the chamber 
rotational speed. 

We conducted experiments to determine 
the flow and thermal characteristics of the 
granular blanket. We found that a two-
layer, two-material blanket is feasible. The 
inner layer and the inner portion of the 
outer layer of the blanket are ;...,.;;,osed of 
beryllium-oxide (BeO) granules that reach 
exit temperatures up to 2300 K and act as a 

neutron multiplier. The remainder of the 
outer layer is composed of lithium alumi-
nate (UAACK) granules that breed tucium. 
About one-third of the. fusion energy is de
posited in a thin, fast-moving layer of the 
inner-blanket surface. The average blanket 
exit temperature is about 1700 K, which per
mits thermal efficiencies of up lo 60%. 

In subsequent articles, we discuss the 
structural design of the Cascade reaction 
chamber, optimization of various blanket 
designs and their respective thermal and 
neutronic characteristics, report on methods 
of granule fabrication, and include a study 
that shows that the BeO g • ules on the in
side surface of the blanket ^-n be recon-
densed before the next pulse (0.2 s later). 
Our selection of a BeO-LiAlO, blanket was 
somewhat arbitrary because each blanket 
has its design advantages. However, our 
choice gave a high average blanket exit 
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temperature, a tritium-breeding ratio greater 
than unity, and BeO granules, which have 
good resistance to thermal shock, on the in
side blanket surface. 

Cascade continues to be a particularly 
promising concept. We hope to complete 
our basic study of Cascade and report the 
final design in the next calendar year. 

Author: J. H. Pitts 

Chamber Structural Design 

The low-activation chamber concept for 
Cascade, shown in Fig. 7-2(a), is con
structed of 2-cm-thick, box-shaped panels 
of SiC that are each about 50 cm on a 
side [Fig. 7-2(b)]. The chamber is held to
gether in compression by an axial and cir
cumferential net of 3-cm-diam SiC-fiber/ 
Al-composite tendons. Because SiC can op
erate at high temperatures, we avoid the 
need for external cooling and minimize 
neutron activation. The bottoms of the pan
els form the chamber wall. The sides of 
each panel are 10 cm high and form faces 
that butt against one another. The joints be
tween panels include a compliant bond, 
possibly of an uncured ceramic compound 
that is fired during reactor operation to 
form a permanent joint. The comers of each 
panel are 15 cm high—5 cm higher than the 
sides—and form a comer post that supports 
the net of tendons. This net can be pre-
stressed so that the SiC panels are always 
in compression. There is also thermal insu
lation between the chamber and the ten
dons to maintain the tendon's temperature 
within their usable range. 

The chamber is ringed circumferentially 
with a pair of 40-cm-deep Al-composite 
girders that serve both to support the cham
ber and to provide a surface for chamber 
rotation [Fig. 7-2(c)]. The girders are 
mounted on 24 supporting wheels—six ax
les, carrying two wheels each, on each ring. 
Four of the 12 axles are motor driven. 

Modular, prestressed SiC panels offer 
some very useful advantages for the cham
ber. First, the configuration lends itself 
to prestressing techniques. In an applica
tion similar to Cascade that included proof-
testing techniques,' a-SiC was found to 
have a design tensile-stress allowable of 
200 MPa, and a compressive-stress allowable 
four to five times greater. The maximum 

presrress required is 60 MPa. Young's 
modulus for a-SiC is 360 GPa, and the 
buckling stress for a-SiC is 8 GPa, assuming 
a value for Poisson's ratio of 0.3. The rap
ture stress is greater than 400 MPa. Conse
quently, the design has very high allowable 
prestress and applied working stress. Sec
ond, SiC has very high abrasion resistance. 
This is a very useful attribute, particularly 
in the present application in which the 
granules are expected to slide along the SiC 
wall. Third, SiC's activation is low, even 
with presently achievable impurity levels, 
whicn allows some hands-on maintenance, 
high inherent public safety, and permits 
shallow land burial of wastes only 50 years 
after shutdown.4 , 5 Finally, by using properly 
prestressed and insulated SiC, the structure 
and prestressing tendons can be radiatively 
cooled. The resultant temperatures and tem
perature gradients produce negligible ther
mal stresses and avoid the need for active 
cooling systems. 

The prestressing material is an Avco 
SiC-fiber/Al composite.6 At a 45 to 90% 
fiber-volume fraction in Al, this material 
has an axial tensile strength of about 
970 MPa at 700 K. A composite with 6063 Al 
alloy is preferred in the present application 
because it has only low-activation 
alloying elements. 

The insulation material is fibrous, like 
Fiber-frax7 or Min-K.8 Foil-type insulators,' 
although superior to the fibrous type, are 
not recommended because they commonly 
use thoria, zirconia, and other metals that 
would result in higher activation levels. 

Chamber Stress Analysis. The sources 
contributing to the total stress in the Cas
cade reaction chamber were identified and 
calculated for a metallic chamber design in 
Refs. 1, 2, and 10. Following the method
ology and equations presented in the refer
ences, the stresses were calculated for a SiC 
chamber with a 2-cm-thick wall, and a 1-m-
thick Li 20 blanket rotating at 40 rpm. 

Mechanical stress from centrifugal action 
was calculated using 

mB<o2R2 

T r = — T; , (1) 
r Al cos 6 w 

where 

Tt. = hoop stress in the chamber wall = 
20 MPa, 
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Table 7-5. Summary of 
reaction chamber hoop 
stresses. 

% = blanket mass = 200 000 kg, 
a> = chamber rotational speed = 40 rpm, 
R = maximum chamber wall radius = 

5 m, 
A = chamber surface area - 250 m2, 
( = chamber panel thickness = 2 cm. 

and 
0 = chamber wall half angle = 35°. 

Thermal stress was calculated using 

2(1 - 11 
(2) 

where 

r , h = thermal stress in the chamber wall 
= 5 MPa, 

a ~ SiC coefficient of thermal expan
sion = 4.9 x l O ^ K 1 , 

£ =* Young's modulus = 360 GPa, 
ATW = temperature difference across the 

chamber wall = 4 K, and 
v = Poisscn's ratio = 0.3 (assumed). 

The stresses due to pressure from vapor
ized material, and shock due to x rays, de
bris, etc., were sailed from Ref. 10 to the 
present chamber-wall thickness and mate
rial properties. The results are summarized 
in Table 7-5. 

The maximum stress of 60 MPa is accept
able in comparison to the 200 MPa tensile 
strength expected in the SiC tiles that make 
up the reaction chamber. In fact, the tiles 

Source of stress 
Stress 
(MPa) 

Centrifugal action3 21 
Thermal stress^1 5 
Pressure from vaporized granutos3'^11 18 
Shock caused by x rays, debris and 
neutrons (400-MJ, 5-Hz chamber)'1-4' 34 
Maximum stress 44 to 60 

Trimary stress. 
^Secondary stress. 
L"Slress caused by pressure from ablated material, 

assuming no heat transfer. The value given is twice 
the static value, to account for dynamic loading. 

tfPeak stress caused by pressure from ablated 
material occurs later than the peak stress caused by 
shock interaction; therefore, pressure and shock 
stresses are not additive. Totals shown include one 
or the other of these stresses. 

"•'Shock-caused stresses are calculated at cylindri
cal limit. Our value for Cascade should be lower. 

would be preloaded in compression to this 
maximum stress level and thus not experi
ence any tensile leading. 

The shear stresses on the panels were 
calculated by assuming the load between 
the ring girders and chamber wall occurs on 
3 m of chamber-wall circumference in each 
of four regions around the horizontal (two 
regions per ring girder). The maximum 
shear stresses on the 0.02-m panels are 
4 MPa, well below both the 400 MPa rup
ture stress and 8 GPa critical buckling stress. 
Therefore, the panels are riot expected ei
ther to rupture or buckle. Because consider
able flexibility exists in the structural design 
of the panels, the 2-cm-thick wall is chosen 
on the basis of ease of fabrication. 

The tendon diameter is determined by 
the maximum 60~MPa preload. Assuming 
single Si -fiber/Al-composite tendons at 
700 K prestressed to 80% of their tensile 
strength over the entire chamber, the re
quired tendon diameter is 3.0 cm. 

Because of its large size, the stresses in 
the reaction-chamber wall are comparatively 
low; however, the support reqnirement gen
erates large forces virtually normal to the 
wall. To distribute these local forces, a pair 
of 40-cm-deep, SiC-fiber/Al-composite ring 
girders surround the chamber at two posi
tions, providing a track for the rotation 
equipment. These girders distribute support 
reaction intc the prestressed panels in the 
form of shear that is easily carried in the 
panels at a stress of 4 MPa. 

The stress analysis of th-? ring girders 
shows that the rotating chamber can be 
supported by two rings n( I-shaped cross 
section, mounted on a set of wheels. As
suming the reaction loads are distributed 
over a 60° angle, the maximum moment 
(M i m n) and shear (V m j J along the circum
ference of the ring are 3.3 x 105 N-m and 
2.5 x 10s N, respectively. The yield stress of 
the composite was assumed to be two 
thirds of the tensile strength at 700 K. A 
girder composed of 23- x 2.5-cm flanges 
and a 1.3- x 36-cm web satisfies the re
quirements on stress allowables and geo
metric constraints of the American Institute 
of Steel Construction (AISQ.1 1 Calculated 
bending stress in the flanges is 140 MPa, 
and the shear strest in the web is 55 MPa. 

A support-wheel lead of around 80 000 N 
is used, which requires 24 supporting 
wheels. Support-wheel diameter is approxi
mately 0.75 m. Six axles, each carrying 
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two wheels, are required on each ring 
girder. The axles will tilt and will be 
adjustably sprung to give control of the 
force per wheel and to compensate for any 
out-of-roundness in the ring girders. We can 
cool the support-wheel bearings by circulat
ing gas or water through the bearing 
housings: no elaborate mechanical sealing 
is necessary. 

The present configuration for the drive 
system has the entire power input for the 
chamber, with its granule blanket, through 
4 of the 12 axles. The direct power required 
to lift a blanket circulation of 2700 kg/s vo a 
height'of 17 m is 450 kW, but considerable 
internal friction is anticipated; thus, 225 kW 
on each of the four shafts is a reasonable 
installed requirement. The shaft speed is 
320 rpm. Because the motors are external to 
the vacuum chamber, the drive-shaft pene
trations would incorporate radiation-
shielded, oil-flooded vacuum seals. The 
SiC-fib'.'r. \l-composite drive shafts are less 
than 8 cm in diameter. 

Granule Transport and Systems Inte
gration. The granules slide along the cham
ber wall under centrifugal action, and exit 
from the chamber through an equatorial 
slot onto an exposed shelf outside the 
chamber. The granu]es rest on the shelf 
at the ang]p of repose with respect to the 
centrifugal field. A controllable scoop 

removes the granules from the shelf as uni
formly through ihe cross section as possi
ble, thereby providing the primary reactor 
flow rate. Uniform removal of granules 
minimizes collisions between granules and 
results in a homogeneous and effident 
granule trajectory, There will be no conver
gent flows until the line of the first-
released-partide's trajectory starts to reenter 
the stream. 

The reaction-chamber heat-exchanger de
sign »s shown from two different angles in 
Fig. 7-3. The granule stream ejected from 
the chamber shelf by the scoop is directed 
along a throw duct and is then caught by 
the heat exchanger. The heat-exchanger 
tubes ar • "^mplet Iy submerged below the 
granules. As granules are removed from the 
chamber, an equivalent amount of granules 
automatically flows through the I ^ ex
changer and the hopper, and bai o the 
reaction chamber, 

We examined the physical upace require
ments and configuration of the components 
that make up the primary heat transport 
system cf Ca p : For vacuun heat trans
fer, the total height requirement on the 
throw system is that due to the heat ex
changer, and the distribution and collection 
plena above and below the heat exchanger. 
The plena heights are established by the 
500 m 2 heat-exchanger frontal surface area 

Fig. 7-3. Two views of 
tlie proposed Cascade 
heal-exchanger design. 

Sweeper system • 

23 m high 

Top view Side vjew 

— 15-m Half HX-
(30-m total width) 

file:///l-composite
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Fig. 7-4. Test appa
ratus for the gran
ule chute How 
experiments. 

requirement and the angle of repose of 
the granules. 

For the cascade gravity-flow vacuum heat 
exchanger, assuming frontal dimensions of 
30-m width and 17-m depth, the plena 
heights required for adequate distribution 
within the heat exchanger and transport 
back to the reaction-chamber inlets are ap
proximately 5 m each. These are combined 
with a 4-m heat-exchanger active height 
and 3-m clearance for the particle trajector
ies for a total throw height requirement of 
17 m. This can be provided by a chamber 
rotation speed of 40 rpm or greater. The to
tal vacuum boundary height is thus 23 m, 
assuming a 5-m-radius reaction chamber 
and an additional 1 m for the granule exit 
shelf and ground clearance. These dr ;-><-••-
sions give a good indication of the size re
quirements of the Cascade reactor plant. 

Authors: R. L. Creedon, I. Maya (GA 
Technologies); and J. H. Pitts (LLNL) 

Granule Chute Flow Experiments 

We conducted a series of experiments with 
the inclined rectangular chute shown in 
Fig. 7-4 to determine the flow characteristics 
of the Cascade granular blanket. These 

experiments, combined with the analysis 
described in the next article, were used to 
establish the 35° half-angle of the Cascade 
double-cone-shaped chambei. Our experi
ments show that a two-layer moving granu
lar blanket is feasible. The top layer is thin, 
has high speed, and has almost complete 
mixing. The rest of the blanket moves more 
slowly, with a velocity that decre-iscs v h 
radius in a parabolic fashion. Two-lay^ 
flow enhances the thermal properties of the 
blanket because about one-third of the 
fusion energy is deposited in the thin, 
fast-moving layer. Hence, the temperature 
rise in this layer can be kept closer to 
that in the remainder of the blanket and a 
higher average blanket exit temperature 
is obtained. 

Experimental Description. The chute, 
shown in Fig. 7-4, is 250-mm wide and in
clined at about 35°. We used type-O, 
Monterey-crystal, amber-color sand in the 
experiments. This sand has an angle of re
pose of about 34° and a grain size of about 
0.5 mm. We noted, however, that the slope 
of the sand cr» the chute after experiments 
was closer to 32°, which indicates that dy
namic conditions may lower the effective 
angle of repose. 

We conducted the experiments by filling 
the upper container (positioned on a fork-
lift), with sand (Fig. 7-4). The upper con
tainer was placed so that a clear plastic pipe 
extending from the bottom of the container 
ended in an inlr? hopper that led to the en
trance of the inclined chute. When a plate 
in the bottom of the upper container was 
opened, sand would fill the inlet hopper to 
the plastic pipe exit. As sand moved out of 
the hopper through a bottom-opening weir 
and down the chute, replacement sand 
from the upper cc. .ainer would automati
cally refill the hopper. 

Sard was prevented from flowing out of 
the chute until the start of a test by a re
movable plastic barrier just upstream of the 
bottom end of the chute. When the plastic 
barrier was removed, sand would flow to 
the bottom end, out one or more of five exit 
weirs and into a second container (see 
Fig. 7-5). The second container was located 
on a scale so we could determine the flow 
rate. We adjusted the flow rate out of the 
various weirs by changing the angle of indi
vidual weir exit plates. If an exit plate was 
close to horizontal, then no sand would 
flow out of that particular exit weir. We 
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conducted tests with the middle three weirs 
closed—with flow only out of the top and 
bottom weirs. Under these conditions, sand 
from a thin, fast-moving layer on the chute 
was removed solely by the top weir; the 
rest of the sand was rer oved by the bot
tom weir. We did not close the bottom weir 
because this would establish a zone up
stream where the sand was stationary. If 
stationary sand was present in the Cascade 
blanket, it would continue to heat up until 
it melted, which would destroy the granular 
nature of the blanket. The middle three 
weirs were not used: using the bottom weir 
only was more effective and produced simi
lar results. In later tests, we used two exit 
containers and two scales so we could es
tablish independently the flow rate from 
the top and bottom weirs. 

The sand was seeded with a small 
amount of white-colored alumina that had 
both a lower density and a larger average 
grain size than the sand ("~3 mm). Hence, 
the alumina gravies remained on the top 
layer of sand as it flowed down the chute, 
and acted as a marker for motion pictures. 
We positioned flat mirrors at an angle so 
that when viewed from the side, the top, 

side, and bottom of the sand could be seen 
simultaneously with a motion picture cam
era (Fig. 7-5). 

In this test, our data consisted of geomet
rical measurements .o establish the chute 
inclination, sand flow rates, and motion pic
tures taken at 50 frames/s. By viewing the 
motion pictures frame by frame, we deter
mined the velocity of the sand as a function 
of position from the bottom of the chute. 
In some cases we took time-exposure pno-
tographs, an example of which is shown in 
Fig. 7-5. In this figure, the chute is inclined 
at 36.6°. 

Results. Referring to the experiment 
shown in Fig. 7-5, the sand entered the 
chute through a 2-cm-high, bottom-opening 
weir in the inlet hopper. Sand at the upper 
right of the chute is flowing down at 
supercritical speed. Because of the time ex
posure of the photograph, the sand is seen 
as a blur rather than as individual grains. In 
the center of the photograph, the flow 
changes abruptly with only a thin layer at 
the top flowing at supercritical speed down 
the chute and out the top exfr •>"eir. The 
bottom sand layer is stationary and individ
ual sand grains can be seen. No flow was 

Fig. 7-5. Time expo
sure of two-layered 
flow on a chute in-
dined at 56.6°. Vertical 
markers are 2 cm apart 
and horizontal mark
ers are 10-cm apart. 
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Fig. 7-6. Velocity pro
file in two-layered 
flow down a chute in
clined at 35.3°. 

permitted out the bottom four exit weirs for 
this particular test. The center of the photo
graph shows the equivalent of a hydraulic 
jump with water flow. Note that the top 
mirror shows supercritical flow over the en
tire width of the chute, The bottom mirror 
shows sMtionary flow separated from 
supercritical flow by a curved line. 

Had both the bottom and top exit weirs 
b=en opened, a region of the desired two-
layer flow would have been produced. The 
region of stationary sand would have been 
moving at subcritical speed, the boundary 
between subcritical flow and supercritical 
flow seen on the bottom mirror would have 
moved upstream, and the curvature of the 
boundary would have been substantially re
duced. The effects of the sides of the chute 
that would decrease the velocity of the 
granules would still have been present but 
would have been negligible, rurther, the 
depth of sand in the region where there 
was a thin supercritical top layer flowing 
over a thick subcritical flow layer would 
have beer, nearly uniform rather than in
creasing to the lower left as in Fig. V-5. 

The boundary between two-layered flow 
and complete supercritical flow moves even 
further upstream if the inclination of the 
chute is reduced to a value closer to the 
sand's angle of repose. A small region of 
complete supercritical flow is always 
present just downstream of the bottom-
opening weir in the inlet hopper, but it is 
only a few centimeters long when the incli
nation angle is between 35° and 36°. 

Figure 7-6 shows the velocity profile 
when two-layered (supercritical/subcritical) 

flow exists on a chute inclined to 35.9°. 
T 'ese data were obtained from motion pic
tures, in which individual grains of sand on 
the side of the chute were,followed from 
frame to frame. Flow rate was measured by 
weighing the amount of sand flowing into 
the exit container over a period of ~30 s. 
The flow rate so measured was 940 cnvVs. 
Flow rate calculated by integrating the ve
locity profile was about 20% lower. The two 
values are in reasonable agreement and 
give confidence in the accuracy of both 
flow rate and velocity measurements. Fur
ther, the calculated flow rate is lower, which 
is expected because sand grains at the side 
of the chute (where the velocity measure
ments were made) travel somewhat slower 
than at the center of the chute. 

Data reduction of tests where flow rate in 
both layers was measured individually has 
yet to be completed. However, the velocity 
profile woula not change substantially from 
that shown in Fig. 7-6. 

Conclusions. We found that two-layered 
granular flow existed on a chute that was 
inclined slightly above the angle of repose. 
The top layer is thin and moves with high 
speed (supercritical flow). The remainder of 
the flow has a parabolic (subcritical) veloc
ity distribution, with the velocity near the 
chute roughly one-tenth that at the inter
face of the thin top layer. 

The two-layered flow is advantageous for 
Cascade because about one-third of the 
fusion energy is deposited in the thin, 
fast-moving layer of the blanket. The high 
speed permits a reasonable change in tem
perature as the granules pass through the 
blanket. The velocity distribution deter
mined from these tests allows design of 
a thermally efficient blanket for the 
Cascade chamber. 

Author: J. H. Fitts 

Major Contributors: O. R. Walton 
and I R. Bower 

Motion of Single Frictional 
Granules on Rotating Cylinders 
and Cones 

Laboratory tests last year verified that we 
could achieve a granular layer flowing 
continuously on the inside of a rotating 
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horizontal cone. 1 2 This year, we obtained 
multilayer flow on inclined chutes. We 
think that such a flow pattern can also be 
obtained on the inside of rotating cones 
with proper design of the inlet and exit re
gions. The motion of the entire flowing 
granular blanket in a Cascade chamber is 
not simple to predict in detail. Many as
pects of the flow behavior of granular solids 
are not well understood. Lack of verified 
constitutive relations and flow equations 
prevent us from putting together complete 
numerical models of the granular flow. In
stead, as a means of evaluating Cascade 
design concepts, we have used various 
physical models1 2 and analyses of certain 
limiting cases.1-1'14 

It is necessary to maintain a clear, open 
space in the central region of the chamber 
for injection of fusion pellets and the laser 
or ion beams into the Cascade reactor. Also, 
to determine the final chamber shape and 
size, it is necessary to know what cone half-
angle the inner granular surface is likely to 
form. We analyzed the motion of single 
frictional granules on rotating cylinders and 
cones to address these two questions. 

Granules on a Rotating Cylinder. Intu
itively we know that if a cylinder contain
ing granules is spun fast enough, the 
granules will stay on its inner surface. 
However, in laboratory tests of granules in 
a rotating cylinder,12 we observed some 
granules to be raining into the open central 
region, even when the centrifugal force 
exceeded gravity by more than 20%, To de
termine what minimum rotation rate would 
maintain the granules in continuous contact 
with the surface, we considered the behav
ior of individual frictional granules on the 
interior surface of a rotating cylinc'er. 

The motion of a single granule can in
clude circumferential sliding as the cylinder 
rotates. An examination of the forces acting 
on a granule moving with a rapidly rotating 
cylinder shows that the point 45° above the 

horizontal is the place where sliding is most 
likely to begin as rotational speeds are re
duced. The ratio of the tangential forces to 
i lormal forces acting on a granule rotating 
with the cylinder is given by 

tangential force _ mg sin 9 
normal force mg cos 9 + ma?R (3) 

where m is the mass of the granule, g is 
the acceleration due to gravity, 9 is the 
angular position of the granule measured 
from the bottom of the cylinder, a is the 
angular velocity of the cylinder, and R is 
the cylinder radius. 

This ratio reaches a maximum when 
cos 9 = - sin 9, or when 9 has a value of 
37T/4. No sliding will occur at this point if 
the tangential force is less than the coef
ficient of friction, ji, times the normal force. 
Hence, for all rotational speeds greater than 
fflnosiip. given by 

" > „ o s l i p = [ f ( - ™ T - c o s T ) j 

Rv2 
1 + I (4) 

no circumferential sliding is possible for the 
granule as it moves with the cylinder wall. 
The values for this minimum upper-bound 
rotational speed are given in Table 7-6, and 
shown in Fig. 7-7. The dimensionless rota
tional speed (shown on the ordinate in 
Fig. 7-7) equals unity when the centrifugal 
force acting on a granule equals the gran
ule's weight. At rotational speeds below the 
O)no s ! i value of Eq. (4), it is possible for the 
particle to move relative to the cylinder 
wall; however, circumferential sliding does 
not mean that the granule will lose contact 
with the wall. Contact with the wall will be 
lost near the top only if the effective angu
lar velocity of the granule about the cone 

Radius K 
(m) 

Coefficient 
of friction 

Minimum 
rotational speed 

Dimensionless 
rotational speed 
(R/S)1 / 2 '"min 

Upper bound 
Wg)m<°nosli 

Eq.(4) 

Empirical fit 
Wg)m •»„,„ 

Eq.(6) 

1.0 tan 24° 4.38-4.39 1.399-1.402 1.515 
1.0 Ian 30° 4.08-4.10 1.305-1.310 1.390 
1.0 tan 35° 3.90-3.91 1.246-1.249 1.310 
0.045 ± 0,001 tan 24° 20.8-20.9 1.409-1.416 + 0.015 1.515 
0.045 ± 0.001 tan 35° 18.5-18.6 1.254-1.260 + 0.015 1.310 

1.395 
1.309 
1.251 
1.395 
1.251 

Table 7-6. Calculated 
minimum rotational 
speed required for a 
single friclional gran
ule to maintain con
tinuous contact with 
the inside of a rotating 
cylinder wall. 
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A Calculated for R = 0.045 rri 1| 
O Calculated for R = 1 m 

{ ii = 0 445 
tan <»,)'= 0.753 (static) 

Eq, (4) (Upper bound) 
V — " ~ Eq. (6) (Empirical Fit to finite 

difference calculations) 

0.4 0.6 O.c 
Coefficient of friction, fi 

Fig. 7-7. Minimum ro
tational speed re
quired to maintain a 
frictional granule in 
continuous contact 
with the wall of a ro
tating cylinder as a 
function of the coef
ficient of friction be
tween the granule and 
the wall. 

axis (op is low enough for the centrifugal 
force to be less than the normal component 
of gravity mgn at that location: 

meal R < mgn (5) 

We numerically integrated the equations of 
motion for various frictional granules on 
the inner surface of horizontal rotating 
cylinders—including the effects of friction, 
gravity, and centrifugal forces—to determine 
the minimum rotational speed a>m i n neces
sary to keep the granules in continuous 
contact with the cylinder wall. We used a 
radius of 0.045 m in some of our calcula
tions to correspond with the radiur of the 
laboratory tests with rotating cylinders.12 In 
the other calculations we used a radius of 
1.0 m to correspond with the inner-surface 
radius near the inlet region of the Cascade 
chamber. The results of our calculations are 
shown in Table 7-6 and Fig. 7-7. 

The calculated values of ft)mitl correspond 
almost exactly to the upper-limit curve 
shifted to the left by 0.125. Thus we obtain 
an empirical equation that is a reasonable 
approximation to the calculated results for 
fljmin by adding 0.125 to \x in Eq. (4): 

R\'2 
1 + • 

1 
u + 0.125, r (6) 

The values for lo^„ calculated in Eq. (6) are 
also given in Table 7-6 and plotted in Fig. 7-7. 

In the calculations of individual-granule 
motion at rotational speeds higher than the 
upper-limit curve in Fig. 7-7, no circumfer
ential movement of the granule relative to 
the rotating cylinder wall was observed. As 
the rotational speed was reduced, intermit
tent circumferential sliding of the granule 
on the cylinder wall occurred. As the rota
tional speed mproached the minimum 
value required to maintain continuous con
tact, the amplitude of the sliding increased. 
Figure 7-8 shows the calculated angular dis
placement vs time for a granule on a cylin
der rotating at two speeds. The top curve is 
a rotational speed just below the no-slip, or 
upper-limit curve of Fig. 7-7: the lower 
curve is for a rotational speed about 1% 
faster than a>mi„. The calculated maximum 
amplitude of the circumferential sliding that 
occurred without a granule leaving the sur
face depended on the coefficient of friction, 
with much larger displacements being cal
culated for low coefficients of friction (the 
cylinder also rotated faster in those cases). 

In laboratory tests,12 most of the granules 
stayed on the cylinder wall (R = 0.045 m) 
at 172 rpm, which corresponds to 1.22 in 
the dimensionless rotational-speed units of 
Fig. 7-7. The measured coefficient of wall 
friction /i„.a|] acting between the granules 
and the Plexiglas had a value of tan 24°, or 
approximately 0.445. A point corresponding 
to n = 0.445 at a dimensionless rotational 
speed of 1.22 would fall well below the 
<om i n curve on Fig. 7-6, and thus should cor
respond to material falling off the wall of 
the cylinder. Yet, at this speed, most of the 
granules stayed on the wall. This apparent 
contradiction is explained by taking into ac
count the effects of the remainder of the 
granular material in the cylinder. Individual 
granules attempting to slide down the wall 
exert forces on the material below them. If 
this force is not sufficient to deform the 
granular layer, no significant movement oc
curs. The shear strength of a non-cohesive 
granular material increases as the confining 
load acting on it increases. In the rotating-
cylinder tests, the centrifugal force and 
gravity together exert a significant confining 
lithostatic load on the granular layer in the 
bottom half of the cylinder. This load gives 
the granular layer sufficient strength to 
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resist the small deformation forces due to 
the tangential forces that are slightly higher 
than the friction forces acting on granules 
in the upper part of the cylinder. If the 
granular layer does not deform, then there 
will not be any circumferential sliding be
cause there are symmetrical tangential 
forces acting on the entire hoop of granular 
material (with equal total forces in the posi
tive and negative circumferential directions). 
Because of the granular layer's material-
strength property, most of the granules re
mained on the cylinder wall whenever the 
rotational speed was high enough to pro
vide the shear strength for the granular 
layer to resist deforming. Because we do 
not know quantitatively how the shear 
strength of the granular material used in 
the laboratorty tests depends on confining 
load, we could not predict the exact rota
tional speed that would cause this to hap
pen; however, it is apparently weii below 
the rotational speed required to keep a 
single granule on the wall in this small 
laboratory-scale apparatus. 

The granules that make up the innermost 
surface of the rotating layer do not experi
ence any confining load from material on 
top of them. For the innermost-surface 
granules, our single-granule analysis should 
therefore be valid. However, these granules 
are on a layer of granular material with an 
effective coefficient of surface friction 
equal to the tangent of the angle of repose 
for that material. For the granules in the 
rotating-cylinder tests, the angle of Tepose 
was near 35° (there is evidence that under 
dynamic conditions the effective angle of 
repose for granules may decrease by a Sew 
degrees as we discussed in "Granule Chute 
Flow Experiments" earlier in this section).12 

The horizontal line through the data point 
near the bottom of Fig. 7-7 represents possi
ble interpretations of the granule tests in 
the small, rotating cylinder. The left end of 
this line corresponds to the measured wall-
friction angle of 24°; the marked point cor
responds to the measured angle of repose, 
0 r, of 35° ± 2°, which we think more 
closely approximates the effective angle of 
friction for a granule on the inner surface of 
the granular layer. Because the entire line is 
below our <unl in. it is not surprising that 
some surface granules rained into the cen
tral region. We expect that rotational speeds 

10% higher than the maximum value of 
172 rpm obtained in the small cylinder tests 
would eliminate all raining particles. How
ever, no laboratory verification of this pre
diction has been performed yet. 

Granules on a Rotating Cone. The mo
tion of individual granules on the inner sur
face of a rotating cone can be analyzed 
similarly to granules in a cylinder. Jn a 
cone, the analysis is slightly more involved 
because the frictiona! force and the oth -.r 
tangential forces (gravity and the Coriolis 
force) are not always collinear. The tangen
tial, or surface force can be considered to be 
composed of two orthogonal components: 
one purely circumferential, and the other in 
the direction of a projection of the cone axis 
on the surface. We call this the axial surface 
direction. The Coriolis force always acts in a 
circumferential direction with a magnitude 
that depends on the rate of change of the 
radius (i.e., on the axial surface velocity). 
Gravity, acting in the axial surface direction, 
is constant independent of the granule's po
sition or velocity: gravity in the circumfer
ential direction is exactly the same as in the 
case of a cylinder. The maximum magni
tude of the frictional force depends on the 
current normal force and the coefficient of 
friction, while the direction of the friction 
force depends on the direction of the cur
rent surface velocity (because friction acts to 
oppose current sliding motion). In our nu
merical integration of the equations of mo
tion for a single frictional granule, we used 
the following expressions for the tnrve com
ponents of the granule's acceleration in 
the normal, circumferential, and axial sur
face directions when it was sliding on the 
cone's surface: 

Fig. 7-8. Circumferen-
riaJ displacement vs 
time for a frictional 
granule inside a 1-m-
radtus cylinder. The 
upper curve represents 
a speed just below the 
upper-limit curve of 
Fig. 7-7; the lower 
curve represents a 
speed about 1% higher 
than the calculated 
<Dmi„ curve of Fig. 7-7. 

- [CM r + g cosltttf + 3)| cos a , 

(7) 

7-1? 



Cascade Reactor 

a0= - 2 I— + ft) lUjSin a 

- g sin tof + 01 - //n n f p j j , (8) 

«a = [ ( ^ + ft,)2r 

+ g cos i<ot + 0i sin « - ^ n l p r ) < (9) 

where 

co = rotational speed of the cone, 
t = time, 
9 = angle of granule relative to its start

ing position, 
r = radius of cone at current position of 

granule, 
v0 = circumfere.-itial velocity of granule 

relative to point at same radius rotat
ing with cone, 

va = axial surface velocity of granule on 
cone surface, 

at = half angle of cone, 
g = acceleration due to gravity, 
H = coefficient of friction between gran

ule and wall, 
i>, - (v\ + v])l/2 = total tangential (sur

face) velocity. 

The normal-direction acceleration an of 
Eq. (7) is opposed by the cone surface, so 
no net acceleration occurs in this direction. 
We numerically integrated Eqs. (8) and (9) 
to obtain the displacement-time history for 
individual granules moving on the interior 
of a rotating cone. 

We performed these calculations for sev
eral rotational speeds, effective surface fric
tion coefficients, and cone half-angles. 
Initially, we assumed that the actual inner 
surface of a granular blanket would be a 
cone with a haif-angle equal to the angle of 
repose for the material (independent of the 
choice of the shape for the outer chamber 
wall). We further assumed that the effective 
friction coefficient for particles on the sur
face would be the tangent of the angle of 
repose. We determined the minimum rota
tional speed required to keep a granule in 
continuous contact with the cone surface. 
In our calculation, the tangent of the cone 
half-angle a was equal to the effective 

surface-friction coefficient \i, and the gran
ule was initially moving with the cone at 
the bottom of the inlet region. Wc found 
that the minimum rotational speed was 
about 50 rpm for cone half-angles from 24° 
to 35°. (The inner-inlet radius for these cal
culations was 1 m.) We also found that in 
all cases, the calculated axial motion of the 
granule involved considerable acceleratic.-, 
and the resulting residence time was signifi
cantly less than what we would extrapolate 
from our laboratory experiments.13 We in
terpret this result to indicate that the actual 
inner surface of the flowing granular layer 
will be at a cone half-angle somewhat be
low the angle of repose (i.e., tan a will be 
somewhat less thun the effective coefficient 
of surface friction). 

To determine the probable shape of the 
inner blanket surface, we reasoned that a 
frictional granule would not accelerate with
out limit on a surface whose effective slope 
was at or below the angle of repose. But 
this effective slope needs to be determined 
from the effects of all forces acting on the 
granule. With a fixed effective-surface-
friction coefficient ju « tan 35° ^ 0.700, we 
examined various cone surface angles to see 
under what circumstances a granule would 
undergo unlimited acceleration, come to 
rest, or lose contact with the wall. 

For each assumed inner surface half-
angle, we obtained a different o m i l l (for a 
cone with an initial radius of 1 m). The val
ues varied from the cylindrical value of 
near 37 rpm for a half-angle of zero to 
50 rpm when the cone hilf-angle became 
equal to the arc tangent of the assumed co
efficient of friction. However, reduction of 
the cone half-angle only a few degrees be
low the value corresponding to tan"' ft 
eliminated the unrealistic unlimited accel
eration discussed above. Above 45 rpm, all 
sliding relative to the cone surface ceased 
after the fust meter of length down *hn 
cone. This implies that the inner surface 
cone half-angle will probabiy be very close 
to the angle of repose for the material, with 
perhaps a small region near the inlet with a 
cone half-angle a few degrees smaller than 
the angle of repose. 

We also considered the motion of a single 
granule simulating the movement of the en
tire blanket in a Cascade chamber, ib do 
this, we added a constraint to the maximum 
axial velocity of the granule that corresponds 
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to the total expected mass flow rate of 
granules through the chamber, assuming a 
constant-thickness granular blanket. With 
.Ivis restriction on v„, we examined the mo
tion of a granule with u = tan 24° « 0.445 
on a 35° cone with an initial radius of 
2.0 m, corresponding to a granule in contact 
with the chamber wall near the inlet region. 
We looked at "otarional speeds ranging 
from 40 to 51 .pm and found that such a 
granule moved steadily down the cone 
accordinn to the constraint condition, un
dergoing as it went very small, almost sinu
soidal, circumferential oscillations in its 
trajectory, lne amplitude of these oscilla
tions varied from ± 1.5 cm at 40 rpm to less 
than ± 0.5 cm at 51 rpm. Our calculations 
indicate that circu'nierential oscillations of 
the flowing granular layer, if they occur at 
all in a fulJ-sized Cascade chamber, will be 
very small and will have a negligible effect 
on the granular blanket thickness at the top 
of the chamber. 

We conclude that the Cascade chamber 
operating at 50 rpm will have an open cen
tral region with no granules raini lg from 
the inside surface of the blanket and that 
the inner blanket surface will have a half 
angle close to the angle of repose of the 
granular material. 

Author: O. R. Walton 

Major Contributor: J. H. Pitts 

High-Temperature Blanket 
Design Options 

that can be used to absorb and transport 
the neutron energy. The high-temperature 
material can be used to achieve very 
high power conveirsion efficiency (up to 
60%) while still allowing for adequate 
tritium breeding. 

In this article, we present a number of 
high-temperatuh'e blanket-design options 
available to Cascade. We examine the high-
temperature material options for the surface 
layer and include analyses of mechanical 
properties for thermal stress resistance and 
irradiation stability. Material temperature-
limit suggestions are based on compatibility 
of the surface layer with materials used 
for tritium breeding, the chamber, and the 
heat exchanger. Finally, ;ve calculate the 
overall thermodynamic, and thus power-
producing, potential of the selected blanket 
designs, and anii'e rt a reference design for 
subsequent*, secondary system design and 
tritium analyses. 

High-Temperature Material Options. 
Ceramic materials, such as SiC and BeO, 
are usable at temperatures of —2000 K and 
higher. A high-temperature surface layer of 
ceramic material can significantly increase 
the power-conversion efficiency of a Cas
cade reactor by permitting higher tempera
tures than the typical 1400 to 1500 K 
maximum of solid-ceramic tritium breeders 
such as Li 20 and LiAlO,. Table 7-7 presents 
mechanical properties for surface layer ma
terials at elevated temperatures. We used 
these properties to evaluate granule resis
tance to the thermal stress induced by the 
surface-heat flux and to estimate irradiation 
lifetimes. The survey was restricted to low-
activation materials that would maintain the 
safety and environmental athactiveness 
of Cascade. 

Data for metallic-beryllium compounds, 
l i 2 0 , and LiA102 are shown in Table 7-7 for 
comparison. Data from Ref. 17 are for high-
density polycrystalline materials prepared 
by hot pressing, except for SiC, where they 
refer to chemical vapor deposited (CVD) 
/3-SiC. The thermal stress parameter shown 
in Table 7-7 is; calculated according to 

where R is the thermal-stress parameter (a 
measure of the material strength relative 
to the thermal stress), S is the flexural 

A unique characteristic of DT-fueled inertial 
confinement fusion is that a large fraction of 
the energy yield, typically -~ 30%, is in the 
form of a surface heat flux from charged 
particles, reflected laser light, and x rays. 
The balance of the energy yield is in 
the form of volume heating from neutron 
absorption. The ideal ICF reactor could 
convert a high percentage of this energy 
to electricity. In the Cascade reaction cham
ber concept,1 5'" the two-layer blanket con
figuration promises high energy conversion. 
The two-layer blanket combines a thin, 
fast-moving surface layer of high-
temperature (>2000 K) material to absorb 
and transport the surface heat flux, with 
a thicker, slower-moving layer of high-
temperature tritium-breeding material 
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Melting Ttvermal T t e m a \ L \r»M\£s Rex. Sper-ifc Thermal 
point Density expan. conduct. modulus Poisson's strength heat stress 

Material (K) (Mg/m 3 ) ( 1 0 " 6 K ) (VV/m.K) (GPa) ratio (MPa) (IAg-K> parameter References 

A l 2 0 3 
2320 3.99 9.0 7 340 > 0 . 4 5 d 300 b 54 16,17 

M g A l , 0 4 (spinel) 2408 3.59 9.0 6 206 b 250 b 100 16,17 
MgO 3100 3.58 15.7 9 275 b 250 b 43 16,17 
SiC > 3 0 0 0 f 3.21 4.9 50 360 0.2 500-1000 130W1 230-450 16,17 
Neutron-Multipliers 

Be" 1558 1.85 11.5 150 290 b 2 1 0 ^ 1 0 c ' f 1883 47-92 16-19 
BO-38AF 918 2.08 16.2 110 190 b 210-28O"'1 b 51-68 16-19 
Be 2C >2400< 2.24 10.8 23° 214 0.1 1006 1400 8 39 16-18 
BsO 2800 2.90 9.1 29 360 0.22 390 2000 93 h 

Tritium-Breeders 

LiAlO, 1883 2.55 e 12.4 2.2 b b b 1500 31' 16-20 
U 2 0 " 1706 2.00 35.9 3.6 54 0.25 28 2890 11 16 

aAt V71} K unless otherwise noted. 
h Not available. 
"Decomposes. 
dRefs. 16-18, at 1800 K. 
"At room temperature. 
fYield strength depends on form. 
SAAOCVAW.'-, oX TjjpbAK at nom teGwpe'MMKe.. 
hSee Tables 7-8 and 7-9 below. 
'Assuming flexural strength, Poisson's ratio, and Young's modulus of Li 20. 

Table 7-7. Typical 
properties rif ceramic 
materials.*1 

strength, v is Poissort's ratio, ru is the coef
ficient of thermal expansion, and E is 
Young's modulus. Poisson's ratio was not 
available for certain materials. For these ma
terials, we used the Li 20 value in the cal
culation of R. . 

Table 7-7 shows that, among non-neutron 
multipliers, SiC is dealy superior in terms 
of thermal stress resistance, followed by the 
MgAl 20 4 spinel. Among the beryllium 
neutron-multipliers, BeO exhibits the high
est thermal stress resistance at elevated 
temperature, comparable to that of 
MgAl 20 4. As shown below, Be,C must be 
coated because of compatibility concerns, 
and thus its thermal stress resistance is less 
impoYteYAr.. \i\ att cases, Yvowever, tiiese high-
temperarure ceramics exhibit thermal stress 
resistances that are at least an order of mag
nitude greater than that of Li20. Thus, they 
are more likely to survive the thermal 
shock induced by the surface heat load 
without experiencing the cracking and chip
ping predicted for Li 20. 

The surface layer of the Cascade blanket 
will also experience the highest neutron 
fluence. We examined two materials: SiC 
and BeO. The properties of single-phase 
/3-SiC after neutron irradiation in a fission 
spectrum are documented in Ref. 19. In 
summary, at fluences up to 5 x 102'' n/m 2 

at 823 K, specimens of /3-SiC showed no 
structural deterioration and a linear swelling 
of 0.4%. At 1773 K, the same linear swel
ling of 0.4% was reached in a fluence of 

. 10 2 6 n/m 2. The unirradiated dimensions can 
be recovered by annealing. Because of the 
cyclic nature of ICF neutron loading and 
the recirculation of the blanket for energy 
transport, this annealing process may be in
herent to the Cascade concept. Furthermore, 
SiCs flexural strength, Young's modulus, 
and thermal expansivity are insensitive to 
irradiation up to 5 x 10 2 6 n/m 2. The neu
tron fluence expected at the surface layer at 
a radius of 4 m for 3000 MW fusion is 
1.5 x 10 2 6 n/m 2 y, anr1 thr.s an irradiation 
lifetime of 4 to 5 y appears possible for sur
face granules of SiC. 

Data on radiation damage to BeO are 
available in Refs. 20 through 24. For the 
best inacVVation stabffiry, BeO sViou\6 have a 
grain size (<10^m). At irradiation tem
peratures above 1300 K, the volume swell
ing is likely to be less than 3% for fast 
neutron fluence up to S x 102' n/m 2. Ulti
mately, microcracking will occur and the 
material will weaken. The limiting fluence 
is not well defined, but some fine-grained 
specimens have been shown to retain their 
strength at these fluences at 1300 K. BeO 
surfac-.-granule lifetime would thus be 
about 0.5 y. The effect of pulsed neutron 
bursts is unknown, but they may reduce 
the limiting fluence. If longer lifetimes 
are required, the granules could be coated 
with SiC. 

There is no significant data on irradiation 
effects on Be,C, except for some transient 
pulsing exposures23 to very lew fluences in 
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a Sandia reactor. The cubic crystal structure 
of Be2C would indicate a good resistance to 
irradiation damage. However, the formation 
of the transmutation pioducts of helium, tri
tium, and lithium by neutron absorption in 
the beryllium will no doubt have a signifi
cant effect on the irradiation behavior of the 
Be2C. Swelling may result from the agglom
eration of helium in the Be2C granules, un
less the helium can diffuse out at the high 
operating temperature. With coated Be2C, 
the effects of irradiation on the Be2C kernel 
could be accommodated with no significant 
damage to the particles. 

Compatibility Temperature Limits. One 
of the strengths of Cascade is its ability to 
attain a tritium breeding ratio of 1.05 or 
greater with a variety of material combina
tions. Surface-layer materials considered are 
SiC, BeO, and Be2C, coated with either BeO 
or SiC. Tritium-breeder materials considered 
are Li 20 and LiA102 because these are the 
currently preferred breeders2" for fusion 
application. The reaction-chamber and heat-
exchanger material is SiC. 

To establish the maximum temperature 
limits for the candidate materials, we per
formed a thermochemkal assessment of all 
possible material interactions and examined 
the mass transport and overpressure that 
would result from vaporization, assuming 
thermodynamic equilibrium. The resultant 
temperature limits and limiting criteria are 
summarized in Tabic 7-8. We calculated the 
mass transport assuming that the reactions 
both proceed to completio" and are very 
conservative; no credit is .aken for possible 
kinetics effect. Postulated material interac
tions were evaluated for overpressure by 
calculating the heats of reaction A/7 and 
standard free energies of reaction AF at 
1800 K using JANAF2y data. The standard 
entropy AS was then calculated from the 
second law, 

Temperature 
limit (K) 

AF = AH - IAS (11) 

Over a reasonable temperature range, it can 
be assumed that AH and AS are constant; 
AF can be calculated at other temperatures 
using the AH and AS values at 1800 K. Be
cause the processes of interest include gas
eous species, the equilibrium constant K 
given by 

AF\ 

SiC, bulk temperature 2100 Thermal decomposition overpressure 
of lPa a 

SiC/T20 interface No limit Acceptable material transport assum
ing; complete reaction of T 2 0 

SiC/Li20 interface 
Front surface 

Within the blanket 

1100 
1200 
1500 

0\ erpressure of 1 Pa 
Overpressure of 10 Pa 
Stability of Si0 2 layer on SiC 

SiC/LiOT No limit Acceptable material transport assum
ing completp reaction of LiOT 

SiC/LiAI02 1400 
1500 

Overpressure of 1 Pa 
Stability of Si0 2 layer on SiC, over-
pressure of 4 Pa 

SiC/BeO 1700 Overpressure of 1 Pa 
BeO 2300 Material phase transition 
BeO/LiA102 No limit LiAlOp has much lower (more nega

tive) free energy of formation than 
BeO-AI203 

BeO/T20 No limit Overpressures much less than 1 Pa at 
2300 K; acceptable mass transport 
assuming complete reaction of r 2 0 

Be2C, bulk temperature 1600 Thermal decomposition overpressure 
of lPa 

Be2C/T20 No limit Acceptable mass transport assuming 
complete reaction of T 2 0 

Li20, bulk temperature .'200 LiOT mass transport (Ref. 16) 
LiA102. bu)k temperature 1500 0.8 x melting temperature (Refs. 16-

18, 27, 28) 
aOrx'- tenth of the base pressure inside the reaction chamber. 

(12) 

is a measure of the overpressure. The back
ground pressures16 of T 2 and T 2 0 used in the 
calculations are 13 and 1.3 Pa, respectively. 

We considered first the direct thermal 
decomposition of SiC. The equilibrium con
stant in this case is equal to the overpres
sure P S j due to silicon evaporation. We 
found that to maintain a silicon overpres
sure less than 1 Pa, i.e., one order of 
magnitude lower than the background pres
sure, the SiC temperature must be kept 
below 2100 K. 

We next examined reactions of SiC with 
T 2 0. For these reactions, the total partial 
pressure at equilibrium is given by IK, We 
found that the total partial pressure would 
be unacceptable over the 1800 K tempera-
lure range. However, the T 2 0 source rate is 
only 1.25 x 10 " kg-mole/s for 3000 MW 
of fusion power at a tritium breeding ratio 
(TBR) of 1.4. Assuming that the T 2 0 con
tinuously and fully reacts only with the 
SiC, the maximum resultant SiC loss rate is 
1.5 x 101 kg/y. These figures are to be com
pared with typical front-zone flow rates of 
—104 kg/s and a total available SiC mass of 
6 x 10"1 kg. It is thus concluded that the re
actions of SiC with T 2 0 do not impose op
erational temperature limits. 

Table 7-8. Material 
compatibility tempera
ture limits. 
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In the reaction of SiC with Li 20, the 
equilibrium constant has the form K ;~ P c o 

x (Pu)6. If the gas phase has the reaction 
stoichiometry of P L i - 6 P c o , then the total 
overpressure for this reaction is given by 

, = 1.51 K" (13) 

We found that the temperature limit at a 
SiC-Li20 interface is approximately HOOK 
for a maximum overpressure of 1 Pa / and 
1200 K for 10 Pa. The latter is assumed in 
the present application because these limits 
are particularly conservative because they 
apply to a solid-to-solid reaction in which 
kinetics mnv -nit the overpressure due to 
point-to t -oint contact limitations Examina
tion of the products reflects the face that 
SiC has kinetic stability in the presence of 
Li 20 due to the formation of a Si0 2 film. 
After formation of this film, further reaction 
is limited by diffusion of the reactants. The 
high-temperature capability of SiC in the 
presence of Li 20 is thus limited by the sta
bility of the Si0 2 protective layer. We 
conservatively estimated that the Si0 2 pro
tective layer is stable when the Si0 2 is 
amorphous (below 1500 K). For the surface 
layer, where the stability of the Si0 2 

cannot be preserved due to the surface heat 
flux, the limits based on overpressure 
are applicable. 

The reaction of SiC with LiOT can be an
alyzed on a mass transport basis similar to 
that of the reactions of SiC with T 2 0. As
suming a bulk average Li 20 temperature 
of 1300 K the LiOT production rate 1 6 is 
7 x 10" 5 kg/s or 3 x 10 fl mole/s. The cor
responding SiC loss rate assuming complete 
reaction is 600 kg/y, which is quite accept
able: thus, no SiC temperature limit arises 
from LiOT considerations. 

The reaction stoichiometry is the same for 
LiA102 as for Li20. A temperature limit of 
1500 K can be established based on both 
overpressure and Si0 2 stability considerations. 

BeO will contact the SiC reaction chamber 
and heat exchanger. Reaction stoichiometry 
dictates that the total product overpressure is 
given by P t i l , 0 = 3Km. A temperature limit 
of 1700 K is necessary to limit overpressure 
to 1 Pa, i.e., one-tenth of the base pressure 
inside the reaction chamber. In addition to 
the reaction of BeO with SiC considered 
above, the reactions of BeO with LiA102 and 
T 2 0 also need to be considered. With respect 

to interaction with UA102, Li 2 0-Al 2 0 3 has a 
much more negative free energy of forma
tion than BeO-Al 20 3 and there is thv no 
likelihood of a reaction. 

In the reaction with T 2 0, the equilibrium 
constant has the form 

rBc(OT) 2 (14) 

The total overpressure is much lower than 
1 Pa at temperatures as high as 2300 K and 
thus does not present a limitation. In :'ddi-
tion, assuming complete reaction of the BeO 
with the available T 2 0, the BeO loss rate is 
3 x 10 " 5 kg/s, or 1000 kg/y. This is also ac
ceptable compared to a typical front-2:one 
flow rate of 5 x 103 kg/s and total available 
BeO mass of ~10 5 kg. 

For the thermal decomposition of Be2C, 
experimental results30 were taken directly. 
The beryllium overpressure is given in this 
case by PB t, = K and shows that a tempera
ture limit of 1600 K would keep the over
pressure due to decomposition below 1 ?;.. 
This temperature is relatively low and sug
gests that a SiC coating that would contain 
the overpressure be applied to the Be2C, al
lowing the limiting temperature to be that 
of the SiC, i.e., 2100 K. With a coating, reac
tions of Be:C with T,0 are precluded. 
Nonetheless, as in the case of BeO, mass 
transport via reaction of uncoated Be2C 
with T 2 0 would not present a temperature 
limitation. Finally, it is noted that though 
Be2C hydrolyzes to methane at low tem
peratures, it does not do so at the tempera 
tures in Cascade. 

Thermodynamics of Blanket Options. 
To minimize the number of blanket designs 
investigated in detail, we performed a 
preliminary screening of the possible 
material combinations based on the 
following considerations: 
• Li 20 is the only ceramic tritium-breeder 

capable of achieving an adequate TBR 
without a neutron multiplier. Thus, a 
blanket ,'itb SiC as the high-temperature 
surface layer material and Li,0 as the 
tritium-breeder is attractive. 

• If the surface iayer is. a neutron multiplier, 
then LiAlO, is more attractive than Li,0 
as the breeder because it has higher tem
perature capability and :. oids LiOT 
compatibility concerns. 
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Materials 

reaction chamber/ 
breeder zone/ 

front zone 
React; n 
chamber 

Reaction chamber/ 
breeder zone 

Interface 
Breeder 
zone 

Breeder zone/ 
front zone 
interface 

Front zone/ 
Front coating 
zone interface 

Table 7-9. Maximum 
compatibility tempera
ture limits of prime-
candidate blankets (K). 

1. SiC/LUO/SIC 2100 

2. SiC/LiAIOi/BeO 210) 
3. SiC/LiAlttyB^C-SiC 2100 

1400 

1500 
1500 

• Among the ceramic beryllium neutron-
multipliers, BeO offers the highest tem
perature capability if uncoatcd. If a 
coating is required, Be:C is the preferred 
kernel material. 

The three prime material combinations 
selected aTe 
• SiC surface layer, Li : 0 tritium breeder. 
• BeO surface layer, LiAlO, tritium breeder. 
• SiC-coated Be2C surface layer, LiA102 

tritium-breeder. 
These are shown in Table 7-9 along with 
the applicable temperature limits from 
Table 7-8. 

The Cascade blanket consists of a high-
temperature front zone followed by a 
tritium-breeding zone. From a thermody
namics perspective, the determination of the 
relative thicknesses of these zones is a 
neutronics-optimization problem con
strained by the need to achieve an accept
able TBR while maximizing the energy 
delivered by the blanket and the allowable 
delivery temperature. The allowable deliv
ery temperature depends on the nuclear 
heat deposition profile, the velocity flow, 
and the degree of granule mixing within 
the blanket. 

Figure 7-9 is a schematic representation 
of the blanket parameters entering the cal
culation oi the outlet temperature distri
bution. Note that a surface layer of high-
temperature material is explicitly shown in 
Fig. 7-9 moving with a mass flow rate rfis!. 
This surface layer accommodates the high 
surface-heat flux and is independently con
trolled to move at a much higher velocity 
than the rest of the blanket. The front zone 
and breeder zone move at rates of ihf/ and 
ihlv with a parabolic velocity profile3" 
given by 

v(r) = t d l -0.9(r - rj] (15) 

where r is the distance from the center of 
the chamber, r„ is the distance to the sur
face layer, and v0 is the velocity of the 
front zone inside the surface layer. The 

1400 (peak) 
1200 (average) 
1500 
1500 

1200 

1500 
1500 

2300 
2100 

Full mix 
surface layer / • 

front zone / , 

Surface 
heat flux 

volumetric neutron heat generation rate 
profile in the high-temperature front and 
breeder zones is given by t\H (r) and 
tjfa(X), respectively. 

The temperature distribution within the 
blanket can be obtained by examining a 
differential volume element for conservation 
of energy. Thus, the energy deposited via 
neutron absorption is equated to the energy 
transported to the heat exchanger by 

p(r)cp AT(r) • 2nr dr = ij'"(r) • tor2 dr , 
(16) 

where cp is the specific heat of the material 
at radius r and AT(r) is the temperature rise 
of the differential volume element in tra
versing the reaction chamber. Although the 
Cascade reaction chamber has a conical 
geometry, little error is introduced by this 
spherical approximation. We solved this 
equation for AT(r) so that the outlet tem
perature distribution can be calculated for a 
uniform inlet temperature distribution. The 
optimum outlet temperature distribution is 
obtained by calculating u0 so as to satisfy 
the temperature limits given in Table 7-9. 
The temperature rise of the surface layer is 
treated similarly, except that the velocity 
profile is constant through the cross section 
due to full mixing, and in addition, the 

Fig. 7-9. Schematic 
representation of 
parameters in the 
calculation of blan
ket temperature 
distribution. 
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Table 7-10. Thermody
namics of BeO/LiAI02 

blankets 11 500 MW 
fusion). 

surface layer handles the surface-heat flux. 
The Cascade blanket can thus deliver en
ergy to the heat exchanger at the distinct 
temperatures of the surface layer, the front 
zone, and the breeder zone. 

The most useful figure with which to 
evaluate blanket options at this stage in 
conceptual design is gross electrical output. 
With a single power-conversion-system 
working fluid, the gross electrical output Pj 
is given by 

working fluids are used, the gross electrical 
power output P3 is given by 

P3 ~ ^blanke! X 13 (19) 

where Tj^ the power-averaged efficiency, is 
given by 

n 3 =* £ n[Tm ATh s) x /, (20) 

nih) (17) 

where Pw. l n l i l,, is the total thermal energy 
delivered by the blanket to the heat ex
changer, and where T]^(l\) is the power 
conversion system efficiency for a working 
fluid peak temperature given by 

• &Thi 
(18) 

where T i [ lk, t l v is the uniform temperature 
of breeder material entering the reaction 
chamber, AT h / is the average temperature 
rise of the breeder zone, / l v is the fraction 
of energy deposited in the breeder zone; 
AThx, the temperature drop across heat ex
changer heat transfer areas, is assumed to 
be 300 K. If three power conversion system 

where r o u t ] c l > ; is the average outlet tempera
ture of zone i. 

The thermodynamic performance was 
uniformly evaluated for three blankets of 
similar high-temperature zone neutronic 
thicknesses31 and total mass flow rates. The 
BeO/LiA102 blanket had the highest tem
perature, efficiency, and gross electrical 
power production capability. It was thus se
lected for the limited optimizadon. It is fol
lowed closely by the SiC/Li20 blanket. The 
efficiency can be increased by 3 to 6% by 
using three working fluids, each optimized 
to an individual zone or surface layer. 

We then optimized the BeO/LiAiO: blan
ket by maximizing the energy delivered by 
the blanket and the blanket outlet tempera
ture. The constraints on this optimization 
are the need to achieve adequate TBR and 
the compatibility temperature limits. The 

BeO zone thickness, m 0.10 0.10 0.30 0.30 0.75 0.75 

Blanket power (MW,) 1670 1670 1790 1790 1840 1840 
Tola! in, m 3 / s 5.3 26 10.4 20 13 25 
Surface !<iyer 

Power fraction 0.29 0.29 0.27 0.27 0.26 0.26 
T « B o u , l e l ( K ) 2300 2300 2300 2300 2300 2300 

1\ 0.65 0.65 0.65 0.65 0.65 0.65 

Tink-1 <K> 2100 2100 2100 2100 2100 2100 
ill (m-Vs) 1.0 1.0 1.0 1.0 1.0 1.0 

From zone 
Power fraction 0.13 0.13 0.31 0.31 0 49 0.49 
' nv£ o\rtU'l (K) 1510 1500 1510 1505 1540 1510 

It 0.55 0.55 0.55 0.K 0.56 0.55 

•'inlcl (K> 1350 1475 1450 .450 1475 1475 
ill (m-Vs) 0.6 3.3 3.7 7.4 10.6 21.2 

Breeder zone 
Power fraction 0.58 0.58 0.42 0.4? 0.24 0.24 

W e,(K) 1240 1450 1020 12i.l 820 1160 

'It 0.48 0.54 0.40 0.49 0.35 0.47 
''inle, (K) 1100 1425 950 1225 700 1100 
111 (m-Vs) 3 7 21.8 5.8 11.5 1.5 3.0 

l\ (K) 1040 1170 820 1030 901/ 1050 
'll 0.50 0.54 0.46 0.50 0.48 0.50 
P, (MV\y 835 900 823 890 880 920 
•h 0.54 0.57 0.51 0.55 0.53 0.55 
Pe (MWJ 900 950 910 985 970 1010 

•••Assumes AT,,, = 300 K. 
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S 1000 

BeO;zone thickness! 
• 10 CUV=:v,. : j 
O 30 cm 
• 75 cm . 
& Reference design • 

20 
Blanket volume flow rate (m 3/s) 

controlling variables in this optimization 
ar.: Hie neutronic thicknesses of the two 
material zones and the mass flow rates. 
The thermodynamic performance of Ktree 
BeO/LiAlO, blankets of selected Bed zone 
thicknesses and mass flow rates are shown 
in Table 7-10. The gross electrical power 
output figures P, and f̂  are displayed as 
functions of blanket volume flow rate in 
Fig. 7-10. The neuhonic data for these 
blankets were obtained from Ref. 32. All 
blankets achieve a TBR > 1. For a given 
mass flow rate, the inlet temperature to 
each zone was adjusted to maintain the 
peak temperatures below the limits given 
in Table 7-9. 

Thicker BeC zones maximize the energy 
delivered by the blanket by increasing blan
ket energy multiplication through increased 
neutron multiplication. Thicker BeO zones, 
however, also fhermalize neutrons to a 
greater degree, limiting the penetration of 
the neutrons into the LiA10: zone and re
sulting in highly peaked volume heat-
generation rates. The result is that the bulk 
of the energy in the LiA102 breeder zone is 
deposited in a very narrow region near the 
BeO zone, resulting in more highly peaked 
temperature profiles of lower average tem
perature. This requires high mass flow rates 
to meet the compatibility temperature lim
its. Thinner BeO zone blankets have flatter 
volumetric heat-generation rates and tem
perature distributions, and thus have higher 
average outlet temperatures and lower mass 
flow rate requirements. 

For consistency, it is necessary to compare 
blankets at similar flow rates. Figure 7-10 

Fusion power (MW) 
Blanket power (MW t) 
Total ill (m 3 /s) 
Surface layer 

Power fraction 
r avg outlet ( ^ 
ni 
Tinlet(K) 
ill (nvVs) 
Peak exit velority (m/s) 

Front zone 
Power fraction 
l̂ avg outlet 0Q 
1" 
rinlet <K> 
ill (m 3 /s) 
Peak exit velocity (m/s) 

Back zone 
Power fraction 
l"nv|; outlet ( K ) 
n;' 
Ti„|e,(K) 
ill (m 3 /s) 
Peak exit velocity (m/s) 

7l<K) 
I t 
P, (MW,,> 
13 
P 3 (MW,,) 

Fig. 7-10. Gross electn-
cai power output v s 
blanket volume flow 
rate. 

1500 
1670 
10.6 

0.29 
2300 
0.65 
2100 
1.0 
1.9 

0.13 
1505 
0.55 
1435 
1.3 
0.25 

0.58 
1385 
0.52 
1325 
8.4 
0.25 
1130 
0.53 
885 
0.56 
935 

"Assumes A T h s = 300 K. 

shows that at similar flow rates, the blankets 
have similar gross electric power output. The 
gross t'ectric output is a mild function of 
blanket flow rate above ~-10m3/s for thin
ner BeO blankets. Because thinner BeO blan
kets have higher efficiencies, minimize 
beryllium inventory requirements, and allow 
lower mass flow rates, we selected a 10-cm 
BeO-zone blanket for the reference design. 

The thermodynamic performance of the 
selected Cascade blanket is pressnled in 
Table 7-11. The resultant temperature and 

'•able7-11. Thermody
namics of the selected 
BeO/LiA10 2 blanket. 
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Fig. 7-11. (a) Temp
erature profile for the 
reference blanket, (b) 
Velocity profile for the 
reference blanket. 

Cascade Reactor 
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-

1500 

1400 

1 

/ rFron t zone 
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1 

zone 

-

0.5 

& 0.3 

1„ 

(b) 

0.1 

To 1.9 m/s 
(surface layer) 

4.5 
Radius (m) 

5.0 

velocity profiles within the blanket are 
shown in Figs. 7-ll(a) and 7-ll(b), respec
tively. The blanket delivers BeO surface 
granules at an average temperature of 
2300 K, the balance of the BeO front-zone 
granules at 1505 K, and the LiAlO, at 
1385 K. This allows a power-conversion-
system efficiency of 53% with a single-fluid 
peak temperature of 1130 K. The total blan
ket volume flow rate is 11 m 3/s, delivering 
1670 MW of thermal energy to the heat ex
changer. The gross power-conversion-system 
output is 885 MWC. We believe this can be 
improved by careful design of the heat ex
changer and power conversion system. 

Authors: I. Maya, J. T. Porter, R. J. Price 
(GA Technologies); and J. II. Pitts (LLNL) 

Neutronics of Three Blanket 
Options for Cascade 

A comparison has been made of the neu
ronic characteristics of three blanket op
tions for the Cascade chamber. All three 
blankets feature a relatively thin inner re
gion followed by a thicker outer region in 
which tritium is bred. The first option h«., 
an inner region of SiC, which is primarily 
used to protect the outer, Li 20 region from 
ihe x rayt and debris emitted by the target. 
The second option uses Be2C in the inner 
region and LiA102 in the outer region. In 
this case, the Be,C not only protects the 
LiA102 from the short-ranged radiation, but 
it also provides the neutron multiplication 
needed to obtein a tritium breeding ratio 
greater than unity with LiAlO,. The neutron 
multiplication is ihe result of (n,2n) reactions 

with Be. The third option uses BeO 
in the inner region and LiA102 in the 
breeding region. 

Neutromcs Model. The model of the 
Cascade chamber used in this comparison is 
described in the article titled: "Blanket Op
timization for the Cascade Reactor," later in 
this section. The inner zone is 10 cm thick, 
and '.he packing fraction of the material in 
this zone was varied to give different effec
tive thicknesses for the three blanket op
tions. The SiC in the first option has an 
effective thickness of 3.0 cm, which is more 
than enough to stop the short-ranged x rays 
and debris. 

The Be2C in the second option has an 
effective thickness of 4.2 cm. The Be-,C re
gion must be thick enough to provide ade
quate neutron multiplication. The thickness 
of the BeO in the third option is also 
4.2 cm. This thickness was selected based 
on the results of the optimization study re
ported in the article titled: "Blanket Optimi
zation for the Cascade Reactor," later in this 
section. Note that while the density of Be-,C 
is less than BeO, 1.9 vs 3.0g/cm3, the Be 
atom density in the two materials is essen
tially the same. Therefore, equal thicknesses 
of Be2C and BeO should give about the 
same neutron multiplication. 

In all three cases the breeding region is 
90 cm thick and has a packing fraction of 
50%, which gives an effective thickness of 
45 cm. The Li,0 breeder uses natural lith
ium (7.42% 6Li and 92.58% 7Li), while the 
LiA102 was enriched to 35% in "Li. 

Results. The results of the neutronics cal
culations are given in Table 7-12. All three 
options achieve a tritium breeding ratio 
greater than unity. Previous studies3 3 have 
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shown that without the inner SiC region, 
the Li 20 blanket gives a tritium breeding 
ratio of 1.35. With a 3-cm-thick protective 
layer of SiC, the breeding ratio is reduced 
to 1.14. The Be2C and BeO options give 
slightly lower breeding ratios. With thicker 
multipliers, the breeding ratio could be in
creased if desired. The total energy depos
ited in the chamber per DT reaction is 
18.90,19.30, and 19.30 MeV for the SiC, 
Be2C, and BeO cases, respectively. This total 
includes the 3.52-MeV alpha particle energy 
and the neutron energy deposited in the 
target. The fusion-energy multiplication fac
tors, i.e., the ratio of the total energy depos
ited to the fusion energy of 17.6 MeV per 
DT reaction, varies from 1.074 to 1.097. The 
neutron leakage, which includes leakage 
through the beam ports, is 0.1 neutron per 
DT reaction in all three cases. 

Conclusions. Based on the comparison of 
the neutronics characteristics of these three 
blanket options, there is no clear choice as 
to which.is best. All are viable candidates 
from a neutronics perspective. The choice of 
a reference blanket for Cascade can thus be 
based on other considerations. 

Author: W. R. Meier 

Energy Deposition Profile in the 
Cascade Granular Blanket 

Introduction. The reference granular-
blanket concept for Cascade features an in
ner multiplier layer of BeO followed by a 
tritium breeding l?yer of LiAlO,. We per
formed neutronics calculations to determine 
the energy-deposition profile in the blanket. 
This information was used by GA Technol
ogies to calculate the temperature profile in 
the blanket, the blanket flow requirements, 
and, based on the outlet temperatures and 
flow rates, the expected energy conversion 
efficiency for the plant. Three different ef
fective thicknesses for the multiplier—4, 12, 
and 30 cm—were evaluated. (The effective 
thickness is the product of the geometric 
thickness and the 40% packing fraction of 
the BeO granules.) 

Conical Neutronics Model. The basic 
geometry of the neutronics model used in 
these calculations is shown in Fig. 7-12. The 
vertical axis in this figure is a reflecting pla
nar boundary, i.e., a plane of symmetry, and 

Inner layer 
Breeding material 
Tritium breeding ratio 
Total energy deposited (MeV)* 
Energy multiplication factor 
Neutron leakage 3 

SIC 
L i 2 0 
1.14 

-18.90 ••• 
1.074 
0.10 

Ee 2 C 
LiAI0 2 

1.10 
19.30 
1.097 
0.10 

BeO :' 
LiA10 2 ' 
1.09 
19.30 
1.097 
0.10 

aPer DT reaction. 

the horizontal axis is the axis 
source of 14.1-MeV neutrons 

of rotation. A 
is distributed 

Table 7-12. Results of 
the neutronics 
calculations. 

throughout a region of compressed DT at 
the target zone. The pr of this target zone is 
3 g/cm 2. The conically shaped chamber has 
a half-angle of 35°. The 0.75-m-radius hole 
along the axis of rotation ispresents the 
beam port. The inner radius of the BeO 
multiplier along the vertical axis is 3.78 m. 
At its closest point, the inner surface of the 
BeO multiplier is 3.10 m from the target. 
The entire two-layer blanket thickness is 
1 m in all cases. The packing fraction in the 
LiAIOj layer is 50%; natural lithium, i.e., 
7.42% 6Li and 92.58% 7U, is used in all 
cases. Outside the LiA102 breeding layer is 
a 2-cm-thick SiC chamber wall followed 
by a 2-cm-thick zone representing the 
SiC-fiber/Al-composite tendons. 

Results. The energy-deposition profiles 
for the 4-, 12-, and 30-cm-thick multipliers 
are shown in Fig. 7-13. The heating rate is 
given in watts per gram based on a fusion 
power of 1500 MW. The peak heat rate in 
the BeO multiplier occurs at the inner edge 
of the blanket and is about 15 W/g in all 
cases. Note that this heating is due only to 
neutron interactions with the blanket; it 
does not include the heating due to x rays 
and debris emitted by the target. 

A distinguishing feature of the energy-
deposition profiles is the large peak in the 
LiA102 breeder where it interfaces with the 
BeO multiplier. The magnitude of this peak 
increases with increasing BeO thickness. 
The peak heating rates in the UAIO, are 21, 
58, and 99 W/g for the 4-, 12-, and 30-cm-
fhick multipliers, respectively. This peak re
sults from the absorption of neutrons in 
eLi(n,T)ar reactions, which release 4.8 MeV. 
The BeO multiplier, also serves as an effec
tive moderator so that the spectrum of neu
trons entering the breeding layer is shifted 
toward thermal energies; as the thickness of 
the multiplier increases, the neutron spec
trum becomes more thermalized. Since the 
cross section for the tritium breeding reac
tion with 6Li increases with decreasing neu
tron energy, the thermal neutrons are 
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Fig. 7-12. Conical neu
ronics model for the 
Cascade chamber. 
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Fig. 7-13. Energy depo
sition profiles in the 
Cascade blanket. Axial position (m) 
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readily absorbed near the inner edge of 
the breeder. 

Conclusions. Cascade uses a two-layer 
blanket, in which the inner layer multiplies 

and moderates the neutron source, and the 
outer layer contains the tritium breeding 
material. With this type of blanket, a peak 
in the heating rate occurs in the LiAiOi 
breeder at the interface of the two layers. 
The heating-rate peak becomes a limiting 
constraint in determining the flow rate and 
average outlet temperature of the blanket. 

Author: W. R. Meier 

Heat Exchanger Design 

Introduction. The transfer of heat from 
recirculating beds of solid granules has 
been used industrially for many years in 
chemical-process industries, heat-recovery 
systems, and catalytic reactors requiring 
continuous regeneration of the solid-granule 
catalysts. The use of recirculating solid 
granules as the primary heat transport me
dium in large-scale power-conversion sys
tems presents n e w challenges in heat 
exchange to a working fluid. 

The heat exchangers used to recover the 
energy from the stream of solid granules 
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Gravity-flow Gravity-flow 

TabU-7-13. Cascade 
heat-exchanger design 

Immersed-tube Direct-contact cascade cascade summary; 
fluid bed fluid bed.. (helium) (vacuum) 

Helium pressure (MPa) 0.1 5.1 0.1 10" 5 

Pumping power (MW) 1.6 44 - 0 • 0 
Fiuidization velocity (m/s) 0.45 2.8 NA NA 
Number of tubes 6200 NA 6200 6200 
Tube diameter (cm) 2.5 NA • 2.5 2.5 
Total heat transfer surface 
area (rrr) 22000 NA 22000 _ 84 000 
Total frontal surface 
area (m?] 510 200 500 500 
Active height (m) 1.3 13 1.1 4.0 
Helium transfer locks yes yes yes no 
Intermediate heat exchanger yes yes with steam cycle, • no no 

maybe with gas turbine 
Steam cycle yes yes yes yes 
Gas turbine yes yes yes yes 

flowing in a vacuum are a key feature of 
the Cascade power-conversion system. An 
obvious approach is to use a simple shell-
and-tube heat exchanger with the granules 
in vacuum flowing by gravity over the 
tubes with the secondary coolant inside. Be
cause of concerns about low heat-transfer in 
a vacuum, we also investigated the use of 
helium gas in the granule interstices. Be
cause Cascade opeiates in a vacuum (10 Pa), 
designs that include helium gas in the gran
ule interstices require vacuum locks be
tween the heat exchangers and the reaction 
chamber. (A po; sible vacuum-lock system is 
described in Re'. 34.) 

We examined four heat-exchanger 
concepts: 
• Fluid-bed immersed-tube. 
• Fluid-bed direct contact. 
• Gravity-flow cascade (with helium gas in 

the interstices). 
• Gravity-flow cascade (with vacuum in the 

interstices). 
Heat-transfer models and correlations35 can 
be applied with reasonable confidence for 
the case of a moving granule bed flowing 
over heat exchanger surfaces that are under 
vacuum, or with interstitial helium gas. 
Fluid-bed heat-transfer correlations are also 
available3*1 for immersed-tube heat-
exchange surfaces. 

The secondary fluid can be either helium 
or water, but for this study, we evaluated 
the heat exchangers for uniform secondary 
steam-side conditions of conventional, 
superheated steam turbine cycles of modern 
fossil-fired power plants.3 7 All concepts use 
double-walled tubes to minimize tritium 
permeation into the steam and to reduce 

the possibility of water leaks into the blan
ket. We chose granule inlet and outlet tem
peratures to the heat exchanger as 1200 K 
and 800 K. The resulting designs are sum
marized in Table 7-1.3 and discussed below. 

Fluid-Bed Immersed-Tube Exchanger. 
Fluid-bed immersed-tube heat exchangers 
offer relatively high bed-to-surface heat 
transfer coefficients, very good bed mixing, 
and enhanced granule transport from fluid-
ization. Some disadvantages of this type of 
heat exchanger are tube abrasion, vibration, 
solids dusting, and the need for a compres
sor system to circulate the fluidizing gas. 

To minimize the granule-transport 
height differences for the Cascade power-
conversion system, we evaluated a concept 
for a horizontally staged counterflow, fluid-
bed immersed-tube heat exchanger, illus
trated in Fig. 7-14. In this design, the hot 
granules enter the first stage, where they 
mix with the stage granule inventory that is 
fluidized around triangularly stacked tubes. 
The tubes contain either water or a mixture 
of water and steam. Triangular spacing is 
used to minimize bubble growth in the 
granule bed and granule inventory within 
each stage. Triangular spacing of the tubes 
is 3.25 cm for 2.5-cm-diam tubes. 1/ we as
sume that the water or water/steam com
bination makes two passes per tube within 
each stage, and there are six stages, the re
quired heat-transfer area is 22 000 m2. With 
an active heat-exchange height of 1.3 m, the 
total frontal area is 510 m2. The hot gran
ules move from stage to stage through the 
granule cascade orifices. The helium gas en
ters through the bottom of each stage, 
blows through the granules, and exits 
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Fig. 7-14. Fluid-bed, 
immersed-tube, heat 
exchanger 
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Fig. 7-15. Fluid-
bed, direct contact, 
counterflow heat 
exchanger. 
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through the top, The helium recirculates to 
the next stage through tubes that run out
side the heat exchanger. 

The helium gas flows parallel with the 
granules, thereby using the stage-to-stage 
pressure difference to convey the particles 

horizontally. The small heat capacity and 
flow rate of the low-pressure helium fluid
ization flow does not significantly degrade 
thermal performance. 

We estimate the fluidization pressure 
drop per stage as equal to the static head of 
the granules. The total pressure drop is 
0.17 MPa. For fluidization pumping-power 
estimates, we doubled the bed fluidization 
pressure drop to account for ducting and 
gas-distributor losses. 

Fluid-Bed Direct-Contact Heat Ex
changer. The high effective surface area of 
a fluid-bed direct-contact heat exchanger is 
ideal for transferring heat from the granules 
to a fluid. However, the heat capacity of the 
gas requires high pressure and large frontal 
area to keep gas velocity low enough to 
maintain a stable fluidized bed. 

A conceptual fluid-bed direct-contact 
staged-counterflow heat exchanger is shown 
in Fig. 7-15. Granules enter through the 
top of the apparatus and flow by gravity 
from stage to stage against the fluidization 
pressure gradient. A horizontal configura
tion may also be possiole, but to achieve 
a countercurrent flow we must devise 
some means to move the particles horizon
tally against the pressure gradient 
between stages. 

tn a fluid-bed direct-contact heat 
exchanger, the high-pressure, high-flow 
rate helium must flow countercuirent to 
the granules to use the high outlet tem
perature. Hot helium leaving a fluid-bed 
contactor can be used for either a helium-
heated steam boiler oi a closed-cycle 
gas turbine. 

The helium flow rate required to trans
fer heat is large ( —1430 kg/s), and results 
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Granule distributor (1170 K) 
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in a total loop pumping power of 
44 MW, including losses external to the 
direct contactor. 

The fluid-bed direct-contact heat ex
changer offers high effective surface area, 
provides gas near thermal equilibrium at 
the solids inlet temperature, and the sec
ondary heat exchanger can be conventional 
single-wall tubes. The disadvantages of this 
design are: high pressure is needed to pro
vide adequate heat capacity; gas flow rate 
limited by fluidization velocity; granule at
trition; potential dust carryover; and high 
pumping power for gas recirculation. 

Gravity-Flow Cascade Heat Exchanger. 
Gravity-induced flow of granules over the 
heal exchanger provides mixing similar to 
fluidization (Fig. 7-16). Helium in the 
interstices acts only to enhance heat trans
fer, and does not serve a fluidizing function. 
The increase of the surface-to-wall heat-
transfer coefficient depends on the average 
contact time. Flow-splitter-type dibiributors 
can provide relatively short residence times 
for the hot granules while maintaining uni
form flow over all surfaces. To improve 
mixing, we selected a staggered tube, hori
zontal array similar to that used for the 
immersed-tube fluid-bed concept. In this 
case, however, horizontal staging is not 
appropriate, and the once-through boiler 
tubes pass back and forth, ascending coun-
tercurrent to the granule flow. This heat-

exchanger arrangement has the advantage 
that it can operate with either interstitial gas 
or vacuum. (Characteristics calculaed for 
both gas and vacuum cases are shewn in 
Table 7-13.) Other advantages are good bed 
mixing and a relatively high surface heat-
transfer coefficient. 

Disadvantages for the gravity-flow cas
cade heat exchanger are difficult uniform 
granular distribution over a large frontal 
area and difficult removal of granule plugs. 

Conclusions. The most significant con
clusion of this study is that all of the heat-
exchanger concepts evaluated are feasible 
and can result in practical designs. Fluid-
bed concepts are self-distributing across 
their frontal area, whereas the gravity-flow 
concepts require mechanical distribution to 
minimize granule inventory. The direct-
contact heat exchanger requires high helium 
pressure and has higher pumping-power 
losses. Fluid-bed heat transfer areas for the 
immersed tube and gravity flow with he
lium designs are not significantly different, 
because of the good agitation and short 
particle-contact time offered by the triangu
lar pitch and flow baffles in the gravity-
low heat exchanger. Vacuum heat exchange 

surface area is approximately three times 
that of heat exchange area in a helium me
dium. However, the latter needs an active 
transfer lock system through which to pass 
granules in and out of the vacuum that is 

Hg. 7-16. Grarfly-
flow cascade heat 
exchanger. 
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required in the reaction chamber. Because of 
the simplicity of a system without vacuum 
locks, we selected the gravity-flow Cascade 
heat e\changer with granules flowing in 
vacuum as the reference design. 

Authors: E. O. Winkler and I. Maya (GA 
Technologies); J. H. Pitts (LINL) 

Granule Fabrication Processes 

A key feature of Cascade is the granular 
blanket. Of the many blanket material op
tions open to Cascade, fabrication of Li 20 
granules was felt to offer the greatest chal
lenge. We explored available methods for 
iir.tial Li 20 granule fabrication. 

We identified three cost-effective pro
cesses for fabricating Li 20 granules: the 
VSM drop-melt furnace process,38 whicn is 
based on melting and spheroidizing irregu
larly shaped Li 20 feed granules; the LiOH 
process,3' which spheroidizes liquefied 
LiOH and uses GA Technologies' sphere-
forming procedures; and the Li 2 C0 3 sol-gel 
process,4" used for making spherical fuel 
particles for the high-temperature gas-
cooled reactor (HTGR). Each process is 
described below. 

VSM Drop-Melt Furnace Process. This 
process requires high-purity Li 20 kernels as 
feed material to the melt-spheroidizing fur
nace. Because LUO readily absorbs H 2 0 
and C0 2 , we will need a process step to re
move H 2 0 and C 0 2 impurities before 
spheroidizing in the VSM furnace. The 
major steps of the VSM process are: 
1. H 2 0 and C 0 2 are removed from the Li,0 

feed kernels by heating in a vacuum fur
nace to 570 K at a vacuum of 0.3 Pa. 

2. The irregularly shaped feed kernels 
are converted to spherical granules by 
melting as they drop through the hot 
zone of a VSM furnace operating at 1900 
to 2000 K. The spheres solidify by cooling 
below the LUO melting point (1700 K) 
in the cold zone at the bottom of 
the furnace. 

3. The spherical LUO granules are screened 
to specific sizes by a sonic sifter. 

4. Oversized granules are recycled by crush
ing and converted to smaller granules in 
a pelletizer. 

5. Undersize granules are recycled directly 
to the pelletizer. 

6. After crushing, the recycled material is 
combined with the feed stream to the 
vacuum furnaces. 
The VSM drop-melt process is also appli

cable to other materials, such as LiAlO,. 
LiOH Process. This process requires 

high-purity LiOH as the feed material to 
the granule forming equipment. H 2 0 and 
C 0 2 impurities are removed, but nonvol
atile and metallic impurities remain in the 
product granules. 

The major steps for the LiOH process <.re 
as follows: 
1. The LiOH is melted by heating to about 

870 K (melting point -730 K). 
2. The liquid LiOH is transferred to the 

spheroidizing feed tank, also at a tem
perature of 870 K. 

3. The liquid LiOH is pumped at a constant 
rate to nozzles at the top of a cooling 
tower. 

4. The spherical LiOH droplets are solidified 
by a countercurrent flow of argon gas in 
the co -ling tower. 

5. The solidifica granules are collected at 
the bottom of the cooling tower and 
transferred to batch vacuum furnaces. 

6. The spherical LiOH granules are con
verted to LUO in the vacuum furnace 
(at 370 K and 0.3 Pa). 

7. The Li 20 granules are sintered to high 
density by heating in a sintering furnace 
to —1300 K in an argon atmosphere. 
The LiOH process appears to be useful 

only for Li 20, because it requires a 
relatively low-melting-point precursor (such 
as LiOH). 

Li,C0 3 Process. The Li 2C0 3 process can 
use commercial-grade LiOH as the raw ma
terial because water-soluble impurities in 
the LiOH would be removed during the 
gelled-sphere washing step of the process. 
Volatile impurities would also be removed 
during the conversion step to Li 20 as in the 
LiOH process. 

The LUCO, process consists of the fol
lowing major steps: 
1. LiOH dissolved in water reacts with CO, 

to form a Li2CO, sol. 
2. The sol is pumped at constant rate to 

spheroidizing nozzles at the top of the 
gelling column. 

3. The LUCO3 granules from the spheroi
dizing nozzles are gelled in a column of 
CO, gas and collected in an H 2 70 , 
solution. 
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4. The granules are washed in a countercur-
rent wash column with H 2 0 or aqueous 
carbor jte solution. 

5. Washed granules are dried in a 
continunus-drying oven at up to 420 K. 

6. Driea Li 2C0 3 granules are converted to 
LUO in a batch vacuum furnace at about 
0.3 Pa and 870 K. 

7. The Li 20 granules are then sintered to 
about 90 to 95% of theoretical density in 
a vertical tube furnace at 1270 K in an 
argon atmosphere. 
The sol-gel process is highly dependent 

on the chemistry of the gel production and 
gellatiori steps. A sol-gel process has been 
successfully developed at GA Technologies 
for production of LiAlOi and UA1 50 8. 

Fabrication Cost Estimate. A cost-
estimate summary for granule fabrication is 
shown in Table 7-14. The high cost of raw 
materials (1.4- to 2.3-mm, high-purity Li 20 
feed kernels) for the VSM process makes 
it noncompetitive with the other two pro
cesses for fabrication of the granules for 
the reaction chamber. Although the LiOH 
process also requires high-purity feed mate
rial, it offers the opportunity for some im
purity removal. The LiOH is the major cost 
item for granule manufacture, but it costs 
much less than the Li 20 for the VSM pro
cess. The LUCO3 process uses commercial-
grade LiOH, which means that the 
raw-material costs for the Li :CO, process 
should be the lowest of the three. 

The labor, energy, and equipment (depre
ciation) costs presented in Table 7-14 are 
based on actual GA Technologies operating 
experience with the VSM furnace in the 
manufacture of HTGR granules, and sol-gel 
processes used to manufacture HTGR alu
mina and LiAlO; granules. The raw-
material cost of the Li,0 is based on 
estimates of commercial-scale purification 
and vacuum-dewatering of LiOH obtained 
from Ref. 41 and other materials costs from 
Ref. 42. We obtained the chemical plant 
equipment costs by following standard in
dustry practice,4-' and assuming a 1-MT/day 
plant. The fabrication costs shown in 
Table 7-14 should be used only as a com
parison; these would change if the cost of 
high-purity lithium compounds were re
duced by large production demands. Labor 
costs for all three processes would drop, 
based on normal learning cuives for new 
production facilities and cost-sharing of 

VSM 
process 

Costs in $/kg Li2Q 
Table 7-14. Li 20 gran
ule fabrication cost 

LiOH 
process 

U 2 C 0 3 

process 

Labor 
Raw materials 
Energy at $0.07/tWh 
Depreciation 
Total 

13 
150 

0.32 
1.6 

170 

15 
33 
0.69 
1.6 

50 

16 
17 
0.93 
2.3 

37 

personnel with other fusion-related tasks at 
the power plant. The processes are nearly 
automated to current U.S. practice and no 
additional major cost reductions are fore
seen through further automation. 

Authors: O. D. Erlandson, E. O. Winkler, 
I. Maya (GA Technologies); and J. H. Pitts 
(LLNL) 

Chamber Clearing Time 

With each fusion pulse, some material is 
vaporized from the surface of the granular 
bed. This vaporized material must be re
moved from the chamber before the next 
pulse can be fired. In general, because of 
the large chamber size and short time be
tween pulses, it is impractical to use me
chanical pumps to remove the vaporized 
material from the chamber. Our studies in
dicate that the recondensation of the vapor
ized material on the surfaces inside the 
chamber may determine the maximum per
mitted pulse rate. 

There have been many studies4 4"3 2 of the 
phenomena important to recondensation in 
reactor cavities containing liquid-metal 
sprays, jets, or curtains, but the phenomena 
are still not well understood and relevant 
data are sparse. The Electric Power Re
search Institute (EPRI)5'-52 has recently un
dertaken an experimental program to obtain 
some of the necessary data on fragmenta
tion of isochorically heated liquids. Among 
the computer codes that attempt to model 
some of the recondensation phenomena is 
CONRAD, being developed as a successor 
to the widely available MFFIRE53 code. We 
used the CONRAD code to estimate the re
condensation time in the Cascade chamber. 

In this article, we separate the problem 
of determining the chamber clearing time 
into four parts. First, we estimate the 
amount of mass initially vaporized from the 
granular blanket and the amount of energy 
in that mass. Second, we estimate the 
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Fig. 7-17. Simplified 
geometry for calculat
ing vapor flow into 
granular blanket. The 
granular blanKet has a 
thickness L. a porosity 
(, and an initial pore 
pressure }>0 of zero. 

temperata-re faofite m the Temamirrg mate
rial. Third, we estimate how rapidly the va
por flows into the granular blanket. And 
fourth, we use the CONRAD code to esti
mate the energy and mass transfer between 
the vapor and the wall. We discuss these 
parts, in order, below. 

Vaporization of Material. When the 
laser pulse travels from the final focusing 
lens to the target the chamber pressure 
should be no more than about 0.1 Torr. At 
this time, we expect that all gases will have 
rrcondensed, except for the residual tritium, 
deuterium, and helium from the fuel pellet, 
and the tritium and helium bom in the 
blanket. The implosion and bum of the tar
get, and the emission of x rays and neu
trons and their subsequent absorption in 
surrounding material, all take place in less 
than \ jis. /yppKntirnateb) otte-thitd of. the 
300-MJ pellet yield is in the form of x-ray 
and debris energy, while the remaining 
two-thirds is in neutron energy. 

We used the BUCKL code5 4 to estimate 
the deposition of x-ray energy in the 
first layer of BeO granules. The energy-
deposition profile is 

«-"'or I = 0[/4exp(-/j, .r) 

+ B exp(-ft.t)] ikj/kgi (21) 

for the first 10 /im, and thereafter. 

q'" I.YI = 0C.V IkJ/kgl (22) 

where x is the distance (in m) from the 
granule surface, <p is the surface energy flux 
(in kj/m2), and A, B, C, //„ fi2, and fi3 are 
constants calculated for each material. The 
cohesive energy for BeO is calculated as the 
difference between the enthalpy of BeO va
por at the vaporization temperature (4200 K) 
and the enthalpy of the solid BeO at the 

-Vapor nt constant pressure 
\ /?i and constant temperature 

mroai 'rerrrrperatare \7Stfi Ky T-his is about 
23 x 10" J/kg. We assume that all BeO 
with a specific energy greater than 23 x 
106 J/kg is vaporized. Our calculations 
showed that about 3 fim of material on 
each surface granule is vaporized. The total 
granular material vaporized is about 1 kg, 
which is much more than the few milli
grams of DT fuel injected into the chamber 
or the 0.3 g of background gas at 0.1 Torr. 
The vaporized BeO expands into the cham
ber and meets the debris. We estimated that 
the BeO lv.s much more momentum tha-( 

the debris, which leads us to assume that 
the kinetic energy and mass of the debris 
are absorbed in the BeO vapor. Thus the 
1 kg of BeO vapor initially contains about 
100 MJ of energy. 

Temperature Profile. We derived the 
ambient tevcvperatvHe of the granuies Sam 
neutronics and granular-flow calculations 
discussed in the articles "High-Temperature 
Blanket Design Options" and "Energy De
position Profile in the Cascade Granular 
Blanket," earlier in this section. We con
clude that the inner 2 cm of the granular 
blanket will be at 2300 K and that the 
temperature will fall to 1300 K at the 
outside edge. 

Vapor Flow Through the Granular 
Blanket. The vaporized granular material 
will expand toward the center of the 
chamber, rebound, and eventually reach 
the blanket again. During this time, the 
energy exchange is between the vapor and 
the inside surface of the granular blanket. 
However, when the vapor reaches the blan
ket again and starts to penetrate it, the 
available surface area for energy and mass 
exchange increases considerably. Because of 
this increase, it is important to estimate the 
rate at which the expanding vapor pene
trates the blanket. We used a simple, one-
dimensional geometry (shown in Fig. 7-17) 
and the following assumptions to estimate 
the penetration rate: 
• The chamber inside the blanket is filled 

with hot vapor at uniform pressure and 
temperature, the blanket porosity is f, and 
the initial pore pressure PQ is zero. 

• The vapor penetrates the blanket without 
condensing and acts as a perfect gas. 

• The blanket is a one-dimensional column 
with a sealed end. 

• The driving pressure and temperature 
in the volume at the edge of the blanket 
are constant. 
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• All material properties are constant, and 
there is no heat transfer (isothermal flow). 
We calculated the driving pressure and 

temperature using the MIXERG55 code. The 
vapor pressure is about 105 Pa at a tempeia-
ture of about 11 600 K (1 eV). 

Permeability k is determined from the 
equation5 6 

k = fr3 

Ail -
rf2 (23) 

where p, is the driving pressure and p 0 is 
the initial pore pressure in the blanket, 

X = I ' 

where L is the blanket thickness, 

Pi N 
Pa 

(31) 

(32) 

where P = TT/6 for spheres, A is an empiri
cal constant, f is the porosity, and rf is the 
sphere diameter. For a nominal value of A, 
a porosity of 0.5, and 1-mm-diam spheres, 

k = 1.5 x 10 " m 2 = 1500darcy . (24) 

From Ref. 57 we can calculate the viscosity 
of BeO vapor at 11 600 K as 

and 

t' 1.41 x 10 J P a s (25) 

In the method described in Ref. 58, the 
governing equation, which combines mo
mentum, energ}', continuity, and the perfect-
gas equation of state, is 

3 SP n 
— ion + ( — = 0 
a.v F at 

(26) 

where x is the axial dimension of the po
rous column, p is gas density, u is velocity 
(equal to the volume flow rate per unit area 
including voids and solids), f is porosity, 
and / is time. Using Darcy's law and the 
perfect gas law with isothermal flow, 

kdP 
ii dx 

and 

;; = pRT, with T constant 

then 

i) 
dx v Sx ' k at 

With the dimensionless variables 

P = 
- Pa 

(27) 

(2S) 

(29) 

(30) 

MPi ~ Po)> 
f/jL2 

we obtain 

ap i a- 2P 
dT 2 ax2 \ N - 1 

(33) 

(34) 

The pressure at the end of a sealed column 
and the pressure distribution in a sealed 
column are shown in Figs. 7-18 and 7-19, 

Fig. 7-18. Pressure at 

1.0 -
1 1 1 1 l Hie end of a sealed 

column. 
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Fig. 7-20. Initial 
problem geometry 
for the CONRAD 
calculations. 

Table 7-15. Material 
properties of BeO-

respectively. Values far N = «> are close to 
those for N = 45. Figure 7-18 shows that 
the vapor first reaches the outside edge of 
a 1-m-thick blanket at r = 0.38. Using 
Eq. (33) thus results in time t = 160 ms. 

From Fig. 7-19 we see that the time for 
the pressure in the entire blanket to reach 
80% of the chamber pressure is T = ~0.8 
or ( = 330 ms. Thus the available surface 
area will be much larger than the surface of 
the first layer of granules. Note that if the 
vapor filled the blanket, more than half the 
vapor would contact the granules. 

Energy and Mass Exchange Between 
the Vapor and the BeO Blanket. The 
CONRAD code simulates the behavior of a 
solid or liquid layer that is exchanging mass 
and energy with a vapor. One-dimensional 
Lagrangian hydrodynamics and multifre-
quency radiation, transport are used to 
model the vapor. The Lagrangian zones are 
automatically rezoned when mass transfer 
between the vapor and the solid or liquid 
significantly changes the mass contained in 
any zone. The maximum permitted mass 
change in any zone is an input variable. 
Non-ideal equations of state for use in the 
CONRAD code are obtained in tabular 
form from the MIXERG code, which calcu
lates ionization level, opacity, etc., to create 
such tables. The CONRAD code uses a 
one-dimensional, finite-difference method 

High-density-
BeO vapor 

] ? , R 2

K 3 
Radius 

Melt temperature ' n l (K) 
Vaporization temperature, l'v (Ki 
Heat of fusion, /(((J/kfi) 
Ileal of vaporization, J/ v (J/kfj) 
Density, p (kg/m3) 
Specific heat at 1270 K, c„ (J/kg-K) 
Thermal conductivity at 1270 K, * (W/m-K) 
Young's modulus. £ (GPa) 
Tensile strength, <rt (MP.1) 

59 2800 
59 aoo 
60 2.6 x 106 

61 19.8 x 10 6 

59 3000 
62 2100 
62 28 
62 325 
62 330 

to determine the time-cteprandent tempera
ture profiles in the solid or liquid layer. 

Heat transfer across the interface between 
the vapor and liquid is due to mass transfer 
(either condensation or vaporization), ther
mal radiation from hot vapor, and x rays. 
All of these deposit energy either on the 
interface, or within the solid, both of 
which have a deposition profile of a 
multigroup sum of exponentials. Vapor 
within the 1-mfp-thick boundary region ex
changes heat and mass with the layer of 
solid or liquid material. The mass transfer 
is determined by the temperature of the 
solid or liquid layer at the interface and by 
the conditions of the vapor in the boundary 
layer. Since the Lagrangian method is only 
valid within the hydrodynamic approxima
tion, the CONRAD code stops when the 
thickness of the boundary layer equals the 
thickness of the entire vapor region. 

No one-dirnensional code can yet model 
in detail the granular blanket or the 
vapor flow into it. Soon after the initial va
porization of BeO by the x rays, we use the 
simple geometry shown in Fig. 7-20. We as
sume the chamber to be spherical and to be 
divided into three regions: a solid-BeO 
spherical shell (between R3 and R2), a high-
density BeO-vapor region (between R, and 
R,), and low-density BeO-vapor region (be
tween 0 and R,). The outer boundary is 
made immovable; there should be no heat 
transfer across this immovable surface, be
cause it will represent the center of each 
granule. The heat-transfer condition is not 
yet available in the CONRAD code. In
stead, we held the temperature at the outer 
boundary constant. Containing the 100 M) 
of energy would have raised the tempera
ture of the solid wall while decreasing the 
temperature gradient across it. However, if 
all the energy is deposited in the 170 kg of 
BeO used in our calculations, the wall tem
perature will be raised only 280 K, or about 
10%. From the x-ray deposition calculations 
above, we chose the mass of BeO vanot to 
be 1 kg, and the energy in the BeO vapor 
to be 100 MJ (the sum of the x-ray and de
bris energy). Initially, the high-density BeO 
vapor was spread over a tew centimeters to 
make equal-mass zoning feasible. The prop
erties of BeO used in the calculation are 
shown in Table 7-15. 
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We have run a series of calculations in 
which we vary the surface area in the solid 
BeO to represent various portions of the 
granule blanket accessible to the hot gas. 
The ideal area multiplier X A is 

X A "fc RV 

and r 

for R, < R < R, 

R, = 0.5 mm (35) 

where n ~ number of granule layers in
cluded, R is an arbitrary location between 
R2 and R v r = granule radius, R3 -
3.1005 m, and where we assume the bed 
porosity to be 0.5. For a correct thermal gra
dient, the thickness of the BeO shell must 
equal the granule radius. However, we must 
decrease the area as a function of R to rep
resent correctly the conductivity into each 
granule. This area should be used to calcu
late heat transfer from the gas to the solid 
EeO surface and from the surface at R2 into 
the bulk. Up to 50% of the gas will be in 
the bed at any given time, and the multi
plier at the surface R2 is 3n. 

If there is no heat transfer across the 
outer boundary at R v the solid BeO will 
heat up. To represent the total heat capacity, 
we must change the mass in the BeO each 
time we change the area in the BeO. Thus, 
the mass multiplier is 

R, - RV 
for R2< R <R3 . (36) 

The mass multiplier should be used to cal
culate the temperature changes in the solid 
BeO. We must have R2 = 3.1 m to make 
the total energy density correct. The initial 
temperatures chosen for R2 and R3 de
pended on the number of granule layers ac
cessible to the gas. Table 7-16 contains the 
values that would apply if the gas were in 
close contact with 1, 10, iOO, or 1000 layers 
of 1-mm granules (1000 layers represents 
the entile blanket) We calculated the tem-
ppr^tures by averaging the granular blanket 
temperatures weighted by area. For one 
layer of granules, we assume that the sur
face of each granule is at 4A 0 K. In all 
other cases, we assume that most of the 
bed is at a temperature determined by 
the time-averaged power density for the 

Initial T at R2 

(K) 
i Initial r»IJj 
i ; (K) 

] 4200 ,i 2300 
10 2300 !| 2300 
100 1750 ' 1750 
1000 1300 1300 

location, and each granule has no internal 
thermal gradient. For one layer, the ideal 
initial temperature gradient would be an 
exponential between R2 and R3. 

Making the area and mass multipliers 
functions of radius proved difficult with the 
CONRAD code. Thus, for the first runs, we 
chose constants that bound the problem. 
We ran two cases initially, both representing 
only a single layer of granules (n = 1). In 
the first case we chose a constant multiplier 
of M = 3 and a thickness R3 - R2 = 
0.17 mm. In these CONRAD calculations, 
the multiplier is used to multiply the 
calculated surface heat flux (composed of 
condensation/vaporization and radiation 
flow) and the thermal diffusivity in the 
solid BeO. This is the correct multiplier for 
the total surface of one layer of granules 
and the correct thickness for the total heat 
capacity of a single layer of granules. The 
multiplier and thickness represent an upper 
limit to the heat transfer rate into the gran
ules because for the real granules the ther
mal gradient will be only one-third as large, 
and the surface area through which the 
heat flows decreases as the granule centers 
are approached. 

In the second case, we used a irmltiplier 
of M = 1 and a thickness of 0.5 mm. 
M = 1 is the average value of the expres
sion in Eq. (35) for one layer of granules, 
and because the thickness is equal to the 
granule radius, the heat flow is calculated 
correctly. However, in this case, the mass 
and, thus, the total heat capacity is a factor 
of 3 too large. Thus in the first case, the 
heat flux in the solid BeO is a factor of 9 
larger than in the second case, but the total 
heat capacity is correct. In the second case, 
the heat flux is accurate, but the heat capac
ity is a factor of 3 too high. 

The results of our calculations are shown 
in Figs. 7-21 and 7-22. To maintain the BeO 
pressure below the 0.1-Torr pressure of the 
tritium, deuterium, and helium, the BeO 
density must be below 101 5 atoms/cm3. In 

Table 7-16. Initial 
temperatures as a 
function of the num
ber n of 1-mm granule 
layers exposed to the 
gas. 
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Fig. 7-21. Average den
sity for the first case 
(see text). 

Fig. 7-22, Average den
sity for the second 
case (see texO. 10 
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neither case did the CONRAD code 
allow the calculation to proceed to W1* 
atoms/cm3, and we *~iust extrapolate to this 
value. Within the numerical fluctuations in 
the calculations, the times for recondensing 
to this value in both cases appear to be 
about 25 ms. 

Conclusion. The combination of the 
CONRAD code results and the estimate of 
gas flow into the granular blanket shows 
that the recondensation time is likely to be 
considerably less than the desired 200-ms 
interpulse time. However, there are a num
ber of calculational uncertainties that could 
alter the results. The CONRAD code con
tains a very simple condensation model: if a 
vapor molecule is within one mean free 
path of the wall and is moving toward the 
wall, it is assumed to be condensed. No ac
count is taken of the effect of the presence 
of noncondensable gases, sticking coef
ficients not equal to unity, dissociation and 
recombination of the BeO molecule, and 
any effects of surface chemistry. All thp°e 
effects could make the condensation time 

much longer than calculated here. On the 
other hand, the real geometry and possible 
contact with the very large surface area 
of the granular blanket would accelerate 
condensation. We must further investi
gate all potential effects to provide a 
definitive answer. 

Authors: W. J. Hogan and J. H. Pitts 
(LLNL); R. Peterson (University of 
Wisconsin) 

Major Contributor: J. Hovingh 

Pulse*Star Reactor 
Introduction 

Pulse*Star is a pool-type reactor in which 
the fusion chamber, pumps, and heat ex
changers are submerged in a pool of liquid-
metal coolant. The l-GWt, design63 uses a 
liquid lead/lithium eutectic (Li ] 7Pb 8 3) to 
transfer heat from the fusion chamber to 
the steam generators, to breed tritium for 
fuel, and to protect the bell jar, which 
constitutes the structural element of the 
fusion chamber. 

Work on the Pulse*Star concept this year 
has concentrated on three areas: polonium 
issues, tritium containment, and the use of 
lithium in place of LiPb. We discuss these 
areas in the following three articles. 

Author: W. J. Hogan 

Polonium Issues 

The large quantities of lead in the Li l 7 Pb s l 

(LiPb) coolant of Pulse*Star can lead to pro
duction of significant quantities of 2,"Po—an 
alpha emitter with a 138-day half-life—by 
neutron activation. This half-life is long 
enough that the 2 t 0 Po would not decay 
away before human contact, in the hypo
thetical case of a polonium release from a 
reactor, and si.ort enough that the alpha-
emission rate from a given mass of : ,"Po is 
much higher than from an equivalent mass 
of longer half-life plutonium. The allowable 
concentration of : ,"Po in air is extremely 
low: 7 x 10 1 : Ci/m 3 = 1.6 x 10 "g/m 3 , 
compared to 10 l 2 Ci/m 3 = 1.6 x 10 " 
g/m 3 for ™Pu.°4 
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Fig. 7-23. Production 
of polonium from lead 
and bismuth. 
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Fig. 7-24. Generation 
of - 1 0 Po in PulGe'Star 
as a function of initial 
bismuth content. Shut
down follows 30y op
eration at 70% capacity 
factor and 1 GW„, 

Polonium can be produced from two 
pathways, as shown in Fig. 7-23. Successive 
absorption of two neutrons by 2 , w Pb fol
lowed by two beta decays can produce 
2 1 0Po, but the 3.3-h half-life cf the interme
diate 2 l w Pb minimizes this contribution. The 
fast decay of : i w Pb, however, produces 2 0 9Bi, 
the only stable isotope of bismuth. This 
activation-produced bismuth and the bis
muth impurity normally found in lead can 
absorb a neutron and then decay to 2 l l )Po: 
this is the primary source of polonium in 
fusion reactors by perhaps five orders 
of magnitude. 

Comparison of Pulse*Star and MARS. 
Both the Pulse*Star and the mirror-
advanced-reactor-study (MARS) reactors'" 
use LiPb coolant. The 2 1 0Po inventory in 
Pulse*Star is shown in Fig. 7-24 as a func
tion of initial bismuth impurity level. The 
41.7-wppm bismuth-in-lead data point cor
responds to the initial bismuth level in 
MARS. According to Ref. 65, the : i , l Po pro
duction rate after 30 y of operation would 
be 0.027 Ci/s, with a total production of 
16.8 MCi. The production rate at the end of 
the reactor'b 30-y life would equal the decay 
rate for an inventory of 0.47 MCi, which is 
about 20% of the calculated Pulse*Star in
ventory. The possible reasons for the differ
ent polonium levels include: 
1. Possible error in either the activation 

code or cross section libraries at LLNL 
or the University of Wisconsin (which 
performed the MARS calculation). 

2. In MARS, the LiPb is in the balance 
of plant 86.4% of the time and in the 
high-flux region for 13.6% of the time. In 
Pulse*Star, the LiPb is always in either 

400 800 1200 1600 
Weight of Bi in LiPb (ppm) 

the high-flux .egion or the low-flux 
pool region. 
3. In MARS, there are several competitors for 

thermal neutrons. The 2 ( , r tPb reaction rate 
is reduced because of the increased reac
tion rates of 6Li (90% enriched in MARS, 
natural 7% enriched in Pulse*Star) and 
steel (in the MARS reflector). 
The magnetic fusion and ICF projects 

will run a simple, one-dimensional test 
problem for the Sixth Topical Meeting on 
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Fusion, March, 1985, to evaluate the fust 
and second possibilities. The third possibil
ity is design dependent; however, we note 
that enrichment to 90% 6Li is expensive, 
and that absorption of neutrons in steel 
creates additional nuclear energy at the 
xpense of increased activation of the 

steel's constituents. 
Reduction of Polonium Production by 

Tailoring the Lead. Different lead ore bod
ies have different isotopic abundances, 
which result from the production of 2 0 6 Pb 
and 2 0 7 Pb from the decay of uranium, and 
2 0 8 Pb from the decay of thorium. Inspection 
of 11 ore bodies from around the world 6 6 

showed that the lowest 2 0 8 Pb abundance 
was 51.25% (in a galena sample from Jop-
lin, Mo.) compared to 52.30% for radio-
genically uncontaminated lead. Thus, the 
2 0 8 Pb abundance variation is too low to sig
nificantly reduce 2 , u Po production by selec
tion of an ore body with low 2 0 8 Pb. 
However, isotopic tailoring of the lead to re
duce the bismuth impurity level could sig
nificantly limit polonium production. 

The bismuth impurity in lead ranges 
from a low of 41.7 wppm for the purest-
available lead to 1982 wppm for standard 
lead. The impact of the initial bismuth con
tent is shown in Fig. 7-24. Using the purest-
available lead reduces the final 2 1 0Po 
inventory by about a factor of 3, but the 
2 K 1Po inventory is still very large. Removing 
all the remaining bismuth before startup 
provides almost no additional improvement; 
however, continuous removal of bismuth 
to very low levels could provide a 
great improvement. 

Polonium Vapor Pressure and Chemis
try. The vapor pressure P0 associated with 
pure polonium liquid was given in Ref. 67 as 

log P0 :Torr) = 7.2345 ± 0.0068 

The vapor pressure above a polonium-in-
lead solution is 

5377.8 ± 6.7 (37) 

in the 438 to 745°C range. Although Ref. 67 
states that the temperature units are in de
grees Celsius, the correct units are kelvin, as 
stated in Ref. 68, where the equation was 
originally published. At 500°C (227 K), 
Eq. (37) gives P„ = 2 Torr, which is in 
agreement with the MARS report.65 Such a 
high vapor pressure would allow removal 
of polomum in the vacuum system. 

P =P0yn (38) 

where y is the activity coefficient and n is 
the atom fraction of polonium in the liquid 
lead. The activity coefficient for polonium 
in lead is unknown, but the MARS report 
gives the relation69 

log rP t..Bi = 1-1176 -
2728.3 (39) 

for polonium in bismuth, where T is in kel-
vin. At 500°C, the activity coefficient of po
lonium in bismuth y P o . E i equals 0.0039, 
which reduces the polonium vapor pressure 
by a factor of 250 from ideal. A similar situ
ation may exist for polonium in lead. 

Polonium vaporization will probably be 
in the form of H2Po, where the hydrogen is 
provided by the ui .burned deuterium and 
the tritium. H2Po, a chemical analog to H2S, 
is a gas at room temperature, suggesting a 
potential containment difficulty. Additional 
information on polonium chemistry is 
contained in the German 6 7 and 
Soviet7 0"7 3 literature. 

Authors: J. A. Blink, W. R. Meier (LLNL); 
and N. J. Hoffman (ETEC) 

Tritium Containment 

Because tritium is not very soluble in the 
Li, 7Pb 8 3 eutectic we chose as the coolant for 
the Pulse*Star reactor, concern was ex
pressed that tritium will diffuse into the 
Pulse*Star steam supply and escape at un
acceptable rates into the environment. 
While acceptable tritium leakage rates for a 
fusion reactor are still subjecf to much de
bate, values of 10 to 500 Ci/d (correspond
ing to 1 to 50 mg/d tritium) have been 
widely used for conservative design goals. 
Because —1.4 kg of tritium are injected into 
the chamber each day, vsry stai gent mea
sures might be required to reduce tritium 
leakage to an acceptable level. 

We assume the tritium vapor in the 
Pulse*Star chamber to be in equilibrium 
with the tritium dissolved in the Li 1 7PbB i. 
Some Li^Pb^ vaporizes with each fusion 
pulse and mixes well with the tritium, deu
terium, and helium gases from the target. 
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This mixture is in close contact with the 
fine Li17Pb83 droplets in the spray zone as 
the Li 1 7Pb 8 3 recondenses. Tritium and he
lium exist both in the vapor (from the tar
get) and in the Li^Pb^ (from the neutron 
reactions). Each Li, 7Pb 8 3 droplet experiences 
many fusion pulses as it falls to the bottom 
of the chamber. In this case, the equilibrium 
atomic concentration of tritium in the 
Li, 7Pb 8 3 is C T = P\n/K5, where P T is the tri
tium pressure in the chamber and Ks varies 
between 1.0 and 1.3 Torr I / 2/appm for 500 
and 400°C Li 1 7Pb B 3 (Ref. 74), respectively. 
Last year, we established an upper tritium 
pressure limit in the chamber of 1.7 x 10" 3 

Torr to minimize the tritium release in the 
event of a Li| 7Pb 8 3 spill. If we take P T = 1.7 
x 10 ~3, we find CT = 0.034 appm in the 
Li| 7Pb 8 3, or a tritium inventory of — 20 g for 
the whole Li 1 7Pb 8 3 inventory of 3.2 x 10 1 0g. 
The Li 1 7PbB 3 inventory circulates through 
the heat exchangers over 500 times per day. 

Without a tritium-extraction process in 
the Li ] 7 Pb 8 3 circulation loop, the tritium 
driving pressure in the Li l 7Pb 8 3 is 
1.7 x 10 ~3 Tom The permeation rate of tri
tium through a 4.8-mm-thick iron heat-
exchanger tube wall has been calculated on 
the DIFFUSE code at Sandia National Lab
oratory, Livermore.7^ The results are shown in 
Fig. 7-25 as a function of wall temperature T 
and the temperature drop across the wall AT. 
The temperature of the tube wall varies from 
-500°C at the top to ~~400°C at the bottom. 
The eight Pulse*Star heat exchangers have a 
total area or 14 700 m2. Using a weighted-
average value of 3.1 mg/nr-d from Fig. 7-25, 
we find a total transfer of —46 g/d (neglect
ing back diffusion). If we assume that all tri
tium entering the steam cycle escapes to the 
environment, then the leakage would be 
three or four orders of magnitude greater 
than the presently used goals. 

Several methods of reducing the tritium 
leakage to me environment can be used: 
• Dilution of the chamber gases with hydro

gen or helium. 
• Adding a liquid getter to the Li, 7Pb 8 3 to 

trap tritium. 
• Removing tritium from the Li 1 7Pb 8 3 with 

counterflowing helium. 
• Using double-walled heat exchanger tubes 

with an oxide layer and/or flowing-gas 
sweep system. 

• Introducing a liquid sodium intermediate 
loop, and cold trapping tritium from the 
sodium. 

wali 

• Removing tritium from the water in the 
steam cycle. 

• Substituting liquid lithium for Li, 7Pb 8 3 as 
the coolant. 

We are examining all methods quantita
tively, and we have performed preliminary 
calculations for hydrogen dilution, coid 
trapping in sodium, and the use of pure 
liquid lithium instead of Li J 7Pb 8 3. 

If Sievert's law applies to the diffusion of 
tritium through a thin metal wall, then the 
rate of diffusion through the heat-exchanger 
wall should be proportional to the square 
root of the tritium partial pressure (assum
ing zeu tritium pressure on the steam side). 
Thus, to reduce the diffusion rate by more 
than four orders of magnitude, we must re
duce the partial pressure by more than 
eight orders of magnitude. 

If hydrogen or helium gas is added to the 
chamber and the chamber pressure is 
simultaneously kept below 5 x 10 ~3 Torr, 
then the partial pressure of tritium is re
duced by the resulting dilution. If hydrogen 
gas is used for the d'lution, theu cold trap
ping in an intermediate sodium loop can be 
used to further reduce the tritium driving 
pressure in the steam generators. However, 
using hydrogen in the chamber complicates 
the process of separating the tritium from 
the other gases in the target factory because 
of the isotopic separation techniques that 
must be used. Although using helium as 
the diluent removes these complications, 
cold trapping in sodium is not possible with 

Fig. 7-25. Permeation 
rate of tritium through 
4.8 mm iron with no 
barriers for a drive 
pressure of 1.7 
x Ur 3 Torr . 
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Fig.7-2G. Rate of tri
tium transfer from 
Pulse*5tar reaction 
chamber into steam 
for three methods of 
control. 

102 1 ' 1 ' 1 _ 

10 
V Lii 7Pb 83 baseline with 

hydrogen dilution V 
• 

1 

0.1 

• 

Li17Pbjj3 with hydrogen 
dilution and sodium cold 
trapping 

0-2 

Pure lithium with 1 wppm 
hydrogen isotopes and 
hydrogen dilution 

" " "1 

n-3 1 , 1 . 1 

0 20 40 

Hydrogen dilution 
D + T + He 

helium as the diluent because the total hy
drogen isotope content in the sodium 
would not be great enough (unless we 
added hydrogen only in the sodium loop). 

Some hydrogen will enter the chamber 
by diffusing from the steam side of the heat 
exchanger into the Li,7PbK1. Hydrogen ('H) 
is formed by the corrosion reaction between 
hot H : 0 and the steam-generator tubes. 
Some of this nascent hydrogen combines 
with other hydrogen atoms to form molecu
lar hydrogen that goes back into the water. 
The majority of the nascent hydrogen at
oms, however, diffuse through the metal 
wall. Measurements on 2-1/4 Cr-1 Mo 
steam generators used in the liquid-metal 
fast-breeder-reactor (LMFBR) program show 
the 'H flux from this source to be about 
0.2 x 10"" g/m 2-s (Ref. 76). Because each of 
the eight Pulse*Star steam generators has 
an area of 1840 nr, —32 g/d of hydrogen 
will diffuse through the walls of each steam 
generator. Thus, the total input per day of 
'H diffusing towards the Li 1 7Pb 8 3 pool is 
—250 g/d. For each individual steam gen
erator, the 32 g-atoms of *H (32 g) diffusing 
toward the Li 1 7Pb 8 3 liquid is 17 tfmes 
greater than the 1.9 g-atoms (6 gj of 3H dif
fusing out of the Li^Pbg}. However, 250 g 
of 'H is small compared to the 1.4 kg of tri-
tb'm that is injected in the form of targets 
each day. Much greater dilutions will be 
necessary, and the hydrogen will have to be 

injected directly into the chamber. Our cal
culation shows that even if we use helium 
as the diluent, some hydrogen will enter 
the chamber anyway, making isotopic sepa
ration in the target factory necessary. 

If we add an intermediate sodium loop 
between the Li 1 7Pb 8 3 and the steam circuits, 
we can cold trap tritium from the sodium. 
We estimate77 that cold trapping reduces the 
total tritium diffusion rate into the steam oy 
a factor of 10. 

Finally, we could replace Li^Pb^ with 
liquid lithium as the coolant. In the lithium 
loop, hydrogen isotopes could be kept be
low 1 wppm by electrochemical removal." 
We could reduce the tritium diffusion rate 
more than three orders of magn! ude using 
this method. 

Figure 7-26 shows the maximum total tri
tium transfer rate for three combinations of 
limiting measures: hydrogen dilution, hy
drogen dilution plus sodium cold trapping, 
and pure lithium instead of Li 1 7Pb s 1 with 
hydrogen dilution. (We assume a driving 
tritium pressure of 1.7 x 10 3Torr and a 
4.8-mm-thick heat-exchanger tube wall.) 
Only the use of pure lithium can limit the 
total tritium transfer rate to 1 to 50 mg/d. In 
future work, we will examine methods of 
reducing tritium leakage in quantitative de
tail, and account for the effects of back dif
fusion. For now, we can only conclude that 
control of tritium leakage in the Pulse*Star 
reactor requires considerable attention. 

Authors: W.J. Hogan (LLNL) and 
N. J. Hoffman (ETEC) 

Major Contributor: J. A. Blink 

A Version of Pulse*Star Using a 
Liquid-Lithium Coola^.; 

Our concern about tritium leakage and po
lonium formation in the Pulse*Star design 
that uses Li 1 7 Pb w as a coolant has 
prompted us to design a version of 
Pulse*Star that uses pure liquid lithium as 
the primary coolant and liquid sodium as 
the secondary coolant. In our original de
sign, all the components were contained in 
the liquid-metal pool.7 8 In our new version, 
the primary circuit components are con
tained in a 17-m-diam lithium pool; the sec
ondary circuit components are just outside 
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the pool wall. We selected specific configu
rations by minimizing capital costs and 
pumping power. We estimated the overall 
power balance of the plant. 

The heat-transfer circuits are designed to 
transfer 3300 MW, to the steam generators. 
The hot leg and cold leg temperatures are 
set at 500CC and 400°C, respectively, for the 
lithium circuit, at 482°C and 316°C for the 
sodium circuit, and at 46G°C and 243°C for 
the steam circuit (pressure P = 15 SMPa) 
based on the HYL1FE design.™ The thermal 
conductivity, density, viscosity, and heat ca
pacity of lithium8" at 450°C are 47.8 W/m.K, 
490 kg/nv', 3.73 x 10 4 kg/m-sand 
4.19kJ/kgK, respectively. The values of 
the same parameters for liquid sodium5' 
at 400°C are 72.3 W/mK, 856 kg/m1, 
2.85 x 10 4kg/m-s, and 1.28 kJ/kg-K, 
respectively. 

To produce 3300 MW, with a 100°C tem
perature difference, the lithium flow rate 
fhrougn the intermediate heat exchangers 
(IHXs) must be 16nvVs. We obtain a rea
sonable flow rate ot 4 m"7s per pump by di
viding the total flow into four parallel 
circuits. A low flow velocity through each 
circuit is necessary to minimize the piping 
pressure loss component of the pumping 
power. We can obtain a 3.5-m/s flow rate 
by using 1.2-m-diam piping. At 3.5 m/s. we 
estimate a minimal pressure loss of about 
3 x 10 ' m (Li) of head for each meter of 
pipe length. 

To remove 3300 MW, from the IHXs with 
a sodium temperature difference of 166°C, 
the sodium system must have an 18-nvVs 
flow rate. Dividing this flow rate into four 
heat-lransfer circuits results in a flow rate of 
4.5 m'/s per heat-transfer circuit. We can 
obtain the reasonably low flow velocity of 
3.9 m/s by using 1.2-m diam piping (at this 
flow velocity, the pressure loss through the 
pipe is minimal). 

Liquid Metal Pump Selection. A pump 
is required in each of the four primary and 
four secondary' heat-transport circuits. In 
each primary circuit, the liquid lithium is 
forced through two parallel IHXs. In each of 
the secondary heat-transport circuits, the 
liquid sodium is pumped through the two 
parallel IHXs, and then into two parallel 
steam generators. The pump characteristics 
and dimensions selected1^ are summarized 
in Table 7-17. 

Primary Secondary 
loop loop 

Table 7-17. Pump 
characteristics and di
mensions (or lithium 
Pulse'Star. 

Number of pumps 
Flow per pump (m3/s) 
Developed head (m) 
Developed pressure (kPa) 
NPSW available (m) 
NPSH*1 required (m) 
Impeller diameter (m) 
Pump speed (rpm) 
Net fluid power per 
pump (MW) 
Electric power per 
pump (MWe) 
Pump heat absorbed 
oy fluid (MW,) 

4 
4.0 
17.4 
86.2 
2.5 
1.9 
1.2 
445 

0.34 

0.43 

0.40 

4 
4.5 
13.2 
in 
3.0 
2.5 
1.2 
420 

0.63 

0.59 

Fig. 7-27. Heat ex
changer capital cost 
and pump operating 
cost vs P/t), 

150 

Heat Exchanger Design. The thermal en
ergy extracted from the primary circuit is 
transferred IO the secondary circuit through 
the IHXs. The energy from the secondary 
circuit is used to generate steam by circulat
ing sodium through the shell side of the 
steam generators (SGs). Based on an earlier 
study,1^ we selected countercurrent heat ex
changers for both the IHXS and the SGs. A 
heat exchanger height of 12 m was chosen 
to correspond to the reaction chamber 
height. To complete the layout of the reac
tor building, we must find the necessary 
heat exchanger diameters, which will 
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Fig. 7-28. Conceptual 
layoul of the pumps 
and circuits in the 
lithium Pulse'Star. 

depend on the required heat exchanger 
surface area. 

The total required heat-transfer surface 
area A for any heat exchanger is given by 

The overall heat-transfer coefficient U is 
given by 

A = Q/UATt„ (40) 

A, i_ 
Ath, 

X^A) (41) 

where 
where Q is the total power requirement 
(3300 MW,), IT is the overall heat-transfer 
coefficient (W/m2-K), and ATlm is the log 
mean temperature difference. The values of 
AT,m for the IHXs and the SGs are 43°C 
and 45°C, respectively. 

Aa is the outside heat-transfer surface area, 
At is the inside heat-transfer surface area, 
r n is the outside tube radius, 
r, is the inside tube radius, 
k is the thermal conductivity, 

SG—Steam generator 
IHX—Intermediate heat exchanger 

Bell jar wall 

Lithium pool wall 
Liquid 

Secondary 
sodium circuit 
(1 of 4) 

Steam pipes 
(similar for each 

of the eight SGs) 
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/i, is the average heat-transfer coefficient 
for the tube side, 

fts is the average heat-transfer coefficients 
for the shell side. 

Both /i, and /i s are complex expressions of 
the material properties and geometry. We 
developed these expressions from turb . lent 
flow analysis. Both the pressure drop 
through the shell side of heat exchangers 
and the average heat-transfer coefficient 
for the shell side of the heat exchangers 
are dependent on tube spacing. Because of 
this, we can optimize the heat-exchanger 
design with tube spacing that will give the 
most cost-effective combination of heat-
exchanger area and pumping power. As the 
tube spacing increases, flow resistance and 
pumping costs decrease. However, the heat-
hansfer coefficient is also reduced, resulting 
in increased tube surface area and therefore 
increased heat exchanger cost. Our objective 
is to select a tube spacing that will mini
mize the total cost (pumping plus heat ex
changer area) for the 30-y plant lifetime. 

Economic parameters used for the 
present optimizatior 3re plant electrical 
costs at 3c/kW0h, 80% pump efficiency, 
80% plant capacity factor, 30-y plant life, 
and a 12% per year economic rate of return. 
We negkv* the slight dependence of the 
pump capital cost on pump head in this 
analysis. The capital cost of a heat ex
changer is proportional to its heat-exchange 
surface area: we used $4500/nr to calculate 
the heat-exchanger cost. 

Figure 7-27, taken from Ref. 82, shows the 
cost of various items as a function of P/D, 
where P is the spacing between tube cen-
terlines and D is the tube diameter. To find 
an optimum for the !HX tube spacing, we 
must combine the cost of lithium pumping 
with the cost of the IHX. This curve pro
duces a minimum at P/D = 1.3. At this 
minimum, we calculated a necessary heat-
transfer area of 7840 nr, which indicates an 
IHX diameter of 1.2 m for each of eight 
lHXs and a corresponding shell-side pres
sure loss of 5.4 m of head. 

Rir the SGs, Fig. 7-27 shows a minimum 
cost at P/D = 1.5. At this minimum, the to
tal required heat-transfer area is 16 160 m2. 
Dividing this into eight steam generators 
produces a diameter of each of 1.5 m with a 
corresponding shell-side pressure loss of 
2.2 m of head. 

Overall Layout and Power Flow. 
Figure 7-28 shows a conceptual layout of 
the pumps and circuits for the lithium pool. 
The geometry is fairly compact, even with 
the sodium secondary circuits. The rest of 
the plant layout is very similar to the origi
nal Pulse*Star layout.83 

The lithium Pulse*Star power balance is 
shown in Fig. 7-29. The main differences be
tween the lithium and Ld^Pb^ Pulse*Star 
energy flow designs are the smaller system 
energy multiplication factor and auxiliary 
pumping requirements in the lithium design. 

Table 7-18 compares the major design 
features of th= lithium Puise*Star design to 
the previously reported Li 1 7Pb g 3 Pulse*Star 

Fig. 7-29. Lithium 
Pulse'Star power 
balance. 
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multiplication 
factor 
1.18 

39% 
Electric^ 

conversion 
efficiency 

1287 MW,, 
gross electrical power 

2734 MW. 
fusion chamber 

output 
4.6-Hz 

repetition rate; 
2MJ 

on target 

G -300 
Vd= 10% 

93 MWe 

laser system 
input 

147 MWe 

electrical power 
used in plant 

1140 MWe 

net electrical 
power to busbar 

Pumping requirements at full power 
1.7 MW,, Li primary 
2.5 MW0 Na secondary 
10 MWC boiler feed and condensate 
1 MWe circulating (cooling water) 
3 MW0 other pump loads 

19 MWe heat removal syf lem 
17 MWe misc. in plant 

54.2 MW„ total 

Lithium U ] 7 P b w 
Table 7-18. Compari-

Primary circuit coolant Lithium Lead-lithium and lithium Pulse*Star 
Secondary circuit coolant Sodium None configurations. 
Number of pumps 8 4 
Number of intermediate 
heat exchangers 8 None 
Number of steam 
generators 8 8 
Total heat-exchanger 
area (m2) 24 000 14 700 
Po.nl height (m) 16 17.5 
Tola! required pumping 
power (MW) 4.2 35.5 
Pressure drop through 
secondary circuit (m) 13.2 _ 
Pressure drop through 
primary circuit (rn) 17.9 14 
Total heat exchanger 
capUai cost and pump 
operating cost (JM) 163 173 
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Fig. 7-30. Starfish reac
tor concept. 

design.83 The significant differences are the 
heat exchanger area (almost twice that of 
the Li l 7 Pb a 3 Pulse*Star) and the pumping 
power (only one-eighth that required for 
the Lii 7Pb 8 3 version). The pool height is 
smaller for the lithium version because the 
net-positive suction head (NPSH) required 
by the pump is smaller. 

Summary. We have proposed a compact 
configuration for a Pulse*5tar reactor 
using lithium as the primary coolant and 
sodium as the secondary coolant. Concep
tual designs of the pumps and heat ex
changers are within the range of existing 
technology. The recirculating power and 
plant n^t efficiency are reasonable. The 
addition of the secondary circuit into this 
design does not increase the combined 
pump-power and heat-exchanger costs 
compared to the Li 1 7Pb 8 3 design. The iayout 
of the proposed design compares the 
Li 1 7PbH 3 plant to one of pure lithium with a 
sodium secondary circuit. Further work is 

(a) Top i 
Falling blanket 
of liquid lithium 
or liquid lithium-lead 

<b) Cross section view -Falling blanket 
of liquid lithium 
or liquid lithium-lead 

t Fusion 
reaction 

needed to compare the lithium design with 
the Li 1 7Pb 8 3 design in greatei depth. 

Authors: W.J. Hogan (LLNL); N' T. 
Hoffman, J. J. Corugedo, and H. N. Neely 
(ETEC) 

New Concepts 
Starfish Reactor 

The Starfish.Reactor concept84 (Fig. 7-30) 
maximizes the conversion of fusion energy 
into kinetic energy, which is then directly 
converted to electricity using turbine gen
erators. The concept involves placing a 
iiquid-iithium (or iithium-(ead) failing blan
ket as close as possible to the central axis of 
the chamber. If looked at in cross section 
the blanket forms an annulus, unlike the 
cross section in the HYLIFE design,85 which 
forms a series of discrete jets. 

Fusion energy in the form of x rays, fuel 
pellet debris, and neutrons is absorbed into 
the lithium blanket. High pressure devel
oped in the blanket's central core accelerates 
the lithium radially. The lithium hits the 
chamber wall, and a portion of it is chan
neled through converging passages to tur
bine generators. As the lithium interacts 
with the cone-shaped flow enhancers that 
make up the surface of the inside chamber 
wall (Fig. 7-30), kinetic energy from the ma
jority of the lithium blanket is transferred to 
those portions of the blanket directed to the 
turbine generators. The phenomenon is 
similar to that of a large amount of sea wa
ter transferring kinetic energy to a smaller 
portion of sea water as it splashes against 
rocks at the shoreline. 

After kinetic energy is extracted from the 
lithium that passes through the turbine gen
erators, that lithium is collected with the 
lithium that has fallen out the bottom of 
the chamber. Once collected, it is directed to 
heat exchanger loops where thermal energy 
is extracted and converted into electricity 
via a standard steam cycle. 

In 1983, Lasche1* showed that a maxi
mum of one-half the fusion energy can be 
converted to kinetic energy in his spheri
cally symmetric Sunburst reactor concept. 
Our geometry is cylindrical, and while we 
expect less conversion to kinetic energy 
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than with the Sunburst reactor, we expect a 
total conversion efficiency greater than that 
yielded by the Sunburst or HYLIFE reactor. 
The Starfish will allow us to directly con
vert four-tenths of the fusion energy to ki
netic energy, with 90% efficiency. Then, 
with 40% efficiency, we can convert the re
maining six-tenths of the fusion energy to 
electricity using the standard steam cycle. 
Together, the two conversion processes can 
give a total efficiency of 60% (Table 7-19). 

Fuel pellets, used to produce the fusion 
energy, are injected into the central core of 
the chamber through the top opening. As 
each pellet reaches the chamber center it is 
illuminated with laser or ion beams from 
both the top and the bottom of the cham
ber. The chamber is kept at vacuum to per
mit beam propagation. The lithium blanket 
shields structural components from radia
tion damage and produces tritium to replace 
that burned in the fusion fuel pellets. 

Starfish is a novel concept because it re
tains the advantages of the HYLIFE and 
Sunburst designs while improving on their 
limitations. Starfish is expected to have a 
40% higher conversion efficiency than 
HYLIFE, and it does not require magnetic 
fields around the chamber, as the Sunburst 
reactor does. 

Author: J. H. Pitts 

10-MJ Laser Target 
Chamber Options 

The next step beyond Nova will be to pro
duce high gain in a fusion fuel pellet. We 
estimate that 1 to 10 MJ of driver energy 
will be required to produce the requisite 
high gain. Such a facility, if upscaled 
from Nova, could be very expensive. Our 
efforts, then, are to minimize costs of 
each component. 

We present three options for a low-cost 
target chamber. Each option is based on a 
target with high gain ( — 100), which would 
yield a total energy of 1 GJ. Environmental 
effects can be substantial when fusion 
yields oi this magnitude are involved, and 
many options (including some presented 
here) may be rejected for this reason. 

Option 1—No Target Chamber. In the 
first option [Fig. 7-3I(n)], the fusion target is 
placed at the center of a depression in the 

Method of conversion 

Fraction Unit Net conversion 
of energy conversion efficiency 
converted efficiency (fraction x unit) 

(%) (%) (%) 
Direct turbine generator 0.4 90 
Standard steam cycle 0.6 40 
Total net conversion efficiency = 60% 

36 
24 

ground. A small plastic-covered vacuum 
barrier, approximately 100 mm in radius, is 
placed around the target. Evacuated beam 
ports extend horizontally to the laser 
final turning mirrors and necessary di
agnostics. The vacuum barrier and evacu
ated beam ports, made of inexpensive 
wood frames, must be replaced following 
each shot. 

A special nonactivating granular fill (per
haps boron carbide or processed borax), 
with a thickness of 3 m and a theoretical 
density of 1/2, protects diagnostics and laser 
optics permanently installed in the sur
rounding earth formation. This fill absorbs 
energy from x rays, fusion fuel pellet debris, 
and neutrons without transmitting shock 
waves. However, because neutrons activate 
the surrounding air, access to the site would 
have to be restricted. 

The advantage of option 1 is its low cost, 
but environmental effects are a concern. 
First, tritium would be released into the at
mosphere. The yield for completely burned 
deuterium-tritium is 340 MJ/mg. The mass 
of tritium contained in a 1000-MJ shot is 
5.5 mg, with an associated activity of about 
55 Ci. While the normal burn fraction of tri
tium is 0.32, from 66 to 100% of the tritium 
amount could be released, depending on 
the success of the bum. Although this 
amount is small, it may not be environ
mentally acceptable. 

A second concern with this option is the 
prompt dose from the atmosphere caused 
by high-energy neutrons and gamma rays. 
Singh8 7 used the TARTSH code, calculating 
that the dose would reach 1 mSv (100 milli-
rem) per shot at a radius of 2 km. The pro
posed DOE standard',,,' of 1 mSv per year 
suggests that no personnel would be per
mitted within this radius. Furthermore, site 
selection may have to be restricted because 
flora and fauna present at closer radii 
would receive significant doses. 

We also calculated activation of n N, 41Ar, 
and '"N in the air, as well as the resulting 
dose at the site boundary (with a 5 m/s 
wind speed and average turbulence)." |1',! R>r 

Table 7-19. Calculated 
efficiency for Hie Star
fish reactor. 
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Evacuated beam tubes 
to laser turning mirrors 
and diagnostics 

•Ground surface 

100-mm radius 
vacuum barrier 

B4C sand 

Plastic liner supported by a wooden 
geodesic dome structure 

I i-Target chamber room 
j / (or similar large containment 

structure) 

B4C sand 

Spherical aluminum target chamber 
(or similar large containment structure) 

Plastic liner supported by a 
wood frame 

B4C sand 
Fig. 7-31. Three op
tions for a 10-MJ laser 
target chamber: (a) no 
target chamber, (b) dis
posable target cham
ber, and (c) reusable 
target chamber. 

a site boundary at 2 km, the dose is only 
6/iSv. This value, which is insignificant 
compared to the prompt dose, poses no 
additional hazard. 

Beyond the technical issues addressed 
here lie political issues dealing with the 
relative benefits of fusion, the release of 
tritium, and the activation of the atmo
sphere. These issues would have to be re
solved before this target chamber option 
could be used. 

Option 2—Disposable Target Chamber. 
Here we suggest a 3-m inner radius dome, 
also made of a nonactivating granular mate
rial (boron carbide or processed borax) 3 m 
thick, at 1/2 density [Fig. 7-31 (b)]. The B.,C 
sand in the upper hemisphere is held in 
place by a wooden geodesic dome structure 
over which plastic is placed to form a vac
uum barrier. Laser beam ports and diagnos
tic tubes extend from the chamber, each 
surrounded by granular material. Following 
every shot, x-ray and debris energy vapor
ize the plastic, but the gases formed in 
the process permeate the porous granular 

material, dissipating energy and recondens-
ing before reaching the outer radius. 

Neutrons are absorbed in the granular 
material. Tritium and other toxic materials 
are contained in the target chamber room 
(or in a similar large containment structure), 
closed to the atmosphere. These toxic ma
terials, including the same 55 Ci of tritium 
released with option 1, are then removed 
and either recycled or placed in an appro
priate disposal. The wooden dome structure 
is destroyed during each shot; however, tiie 
granular material that collapses on the floor 
can be scooped up by a front loader and re
used on the next shot. 

The cost of this option is low, and no 
toxic materials are released into the atmo
sphere. Singh 8 7 also calculated the neutron 
and gamma dose for a 3-m inside tadius 
chamber with B4C walls. If the walls are 
3 m thick, the neutron dose is reduced eight 
orders of magnitude, to a total of 1 mSv at 
the outside surface. 

The plastic liner thai: holds the B4C sand 
in place is exposed to x rays and fuel pellet 
debris during each shot, and is trw. de
stroyed. We calculated that the pressure 
inside the chamber that results from va
porization of the inside surface of the plas
tic is about 4 x 10s Pa (4 bar). The 
vaporized material flows into the B4C sand, 
•where it condenses. Increased pressure in 
the target chamber room is insignificant and 
presents no problem. Before condensation is 
complete, the gas pressure accelerates the 
granular material. This acceleration is 
small, however, and the maximum vertical 
motion, of a granule is only 6 cm above its 
original position. 

Option 3—Reusable Target Chamber. 
This option involves a permanent alumi
num target chamber lined with B4C sand 
that is held in place by a plastic liner 
[Fig. 7-31(c)]. The liner absorbs x-ray and 
debris energy and must be replaced follow
ing each shot. Like the disposable chamber, 
the liner is supported L-y a woode frame. 
The sand dissipates any shock waves 
caused by the fusion reactions, and the alu
minum target chamber contains all gases so 
that no toxic materials are released into the 
target chamber room or the atmosphere. 
While beam and diagnostic ports would be 
attached in the same fashion as the Nova 
target chamber, all ports would be shielded 
with granular materials to reduce neutro 
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leakage. The advantage of this option is 
that the chamber can be used to structurally 
support diagnostics and beam tubes; how
ever, there will be some activation of the 
chamber itself. This option is the most ex
pensive of the three, but it is also the most 
reliable and flexible. 

Stresses in the chamber wall come from 
two major sources: pressure that results 
from vaporization of material on the inner 
liner surface, and momentum generated by 
x-ray and debris energy deposition. For a 
4-cm-thick aluminum wall, the stresses due 
to pressure and to x ray and debris are 
55 and 25 MPa respectively. The total of 
80 MPa is slightly less than the value al
lowed by the American Society of Mechani
cal Engineers (1/3 the yield strength of the 
aluminum). Hence a 4-cm-thick wall could 
be used to contain toxic materials and could 
be reused from shot to shot for the 10-MJ 
laser target chamber. 

We have identified three options for the 
10-M/ laser target chamber. While we recog
nize advantages and disadvantages of each, 
final selection requires further examination. 

Author: J. H. Pitts 

Major Contributors: M. S. Singh 
and W. J. Hogan 

General Studies 
Identifying Heavy-Ion-Beam 
Fusion Design and System 
Features with High 
Economic Leverage 

Introduction. One of the primary objectives 
of the 1CF Applications Group is to develop 
power plant concepts that will be economi
cally competitive with other long-term elec
tric power product rs (e.g., with fission and 
coal). We are developing svstems models 
for 1CF power plants that allow us (1) to 
identify design features that have the high
est leverage for improving ICF economics 
and (2) to do first-order economic compari
sons with other power sources. 

In this article we consider a heavy-ion-
beam (H1B) fusion power plant that 
consists of a driver, a target factory, and 
one or more power units. A power unit is 

defined as all the buildings and equipment 
needed to generate electric power, provided 
the target and beams are delivered to the 
reaction chamber. Because the maximum 
achievable pulse rate in a single chamber 
is limited, more than one reaction chamber 
may be required to achieve the desired out
put of a single power unit. We distinguish 
between multiple power units and multiple 
reaction chambers so that we can examine 
separately the effects of increasing the 
number of reaction chambers at a constant 
net power and of increasing the power 
level by driving more power units with a 
single driver. 

We conducted studies to investigate the 
effects on the cost of electricity (COE) of 
variations in several design parameters. In 
particular, we examined the effects of maxi
mum achievable chamber pulse rate, driver 
cost, target gain, electric conversion effi
ciency, and net electric power. We found 
that with a combination of improvements 
over our base case, HiB fusion can be eco
nomically competitive with present and fu
ture power sources. 

While economic factors are not the only 
ones that we consider when making deci
sions about future power sources, such fac
tors as safety, environmental impact, and 
public acceptance may not weigh heavily 
unless ICF appears to be economically com
petitive. Although the definition of eco
nomic competitiveness is subject to debate, 
a common figure of merit in any such anal
ysis is the COE. Because of economies of 
scale, the COE decreases monotonically 
with increasing power plant size. In a more 
extensive economic analysis, other figures 
of merit that reflect total capital investment 
would necessarily be considered. However, 
in this initial step we limit our discussion to 
the COE as the figure of merit. The cost 
models we used jre reported in detail in a 
separate report.92 The essence of the models 
is summarized here. 

Power Unit Cost. The model we have 
assumed for the HIB fusion power plant 
uses a conventional steam cycle to produce 
electricity. Each power unit looks like a fis
sion power plant, except that the fusion 
chamber replaces the fission reactor vessel. 
Because of the structural similarities be
tween the two, we have derived our cost-
scaling models from recent estimates for 
future fission plants. Fission power plants 
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Fig. 7-32. The gross 
electric power re
quired to maintain a 
constant net electric 
power increases with 
increasing driver pulse 
rate. 

recently completed and currently under 
construction are significantly more expen
sive to build than coal-fired power plants. 
However, researchers in the Engineering 
Technology Division at Oak Ridge National 
Laboratory and United Engineers have esti
mated the cost of nuclear power plants for 
the 1990s based on the presumed effects of 
licensing reform.93-94 The 1990's nuclear 
plants have direct capital costs that are es
sentially equal to those of coal plants. We 
assume that the fusion plant can achieve 
similar direct capital costs for those ele
ments not unique to fusion. On this basis, 
the direct capital cost of a 1-GW,, power 
unit is $0.7 billion. 

As previously stated, each power unit 
may have more than one reaction chamber. 
To account for this in our cost algorithms, 
we break down the direct capital cost into 
three parts: the containment building cost, 
the steam-supply-system (SSS) cost, and the 
remainder of the power unit cost. The re
port by United Engineers gives a detailed 
breakdown of the cost of the pressurized 
water reactor for the 1990s.94 It shows that 
the reactor containment building cost is 
7.5% of the total direct cost and that the 
SSS accounts for 18.2% of the total direct 
cost. We allocate additional containment 
building space and SSS equipment for each 
additional fusion chamber using these same 
fractions. The direct capital cost of the 
power unit (Cm l) can be written as 

C l l u = 0.705 (0.743P|!" + 0.075P'!'Nr 

+ 0.182Pj"Nc)$P , (42) 

>° 1.2 -

0.4 

-Driver power, 
requirement 

-Constant net power 
-Gross electric power 

where P g is the gross electric power for one 
power unit, P c is the gross electric power 
associated with each chamber, and N c is the 
number of chambers per power unit. Hence, 
PcNc is equal to P g for each power unit. Ex
perience has shown that there are savings 
in both the direct and indirect capital costs 
for multi-unit power plants. 9 3" 9 ' Typically, 
each additional unit has a direct capital cost 
equal to 80% of the direct capital cost of the 
first unit on the site and an indirect capital 
cost equal to 60% of the indirect cost for 
the first unit. These factors are included in 
our analyses. 

Driver Cost. The cost of an H1B driver 
has been estimated based on radio-
frequency accelerator96 and induction-linac97 

technology. The driver direct capital cost 
( Q is given by 9 7 

C d = 0.64EJ]4 + 0.1 (NCNU - 1)3 (43) 

10 20 30 40 
Driver pulse rate (Hz) 

where Ed is the driver beam energy in MJ. 
The second term in Eq. (43) accounts for the 
additional cost of transporting beams to the 
individual reaction chambers. 

Other Factors. In addition to the driver 
and power unit cosh., we include $100 mil
lion for the direct capital cost of the target 
factory and ic/target for consumable ma
terials. The total capital cost is 1.9 times the 
direct capital cost. This factor accounts for 
contingency and indirect construction costs 
(10% and 50%, respectively), as well as in
terest during construction (15%). Annual 
operation and maintenance costs, equal to 
2% of the total capital cost, are also in
cluded. The fixed charge rate used in our 
constant-dollar analysis is 10%. and the 
plant capacity factor is 70%. 

Results. The base-case parameters used 
in our calculations are a net power per 
power unit (Ph) of 1 GWt„ one power unit 
per plant (Nu = 1), maximum chamber 
pulse rate (fc>tnl) of 10 Hz, and an electric 
conversion efficiency (r}c) of 40%. 

Figure 7-32 shows the constant net 
power, driver and auxiliary power require
ments, and gross electric power as a func
tion of the driver pulse rate for the base 
case. The driver power requirement in
creases with increasing pulse rate. This fol
lows since a higher pulse rate corresponds 
to a lower target gain, and, therefore, more 
power must be recirculated to run the 
driver. The gross electric power required to 
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maintain a net output of 1.0 GW„ increases 
from 1.15 to 1.45 GWC as the driver pulse 
rate increases from 5 to 50 Hz. 

Maximum Chamber Pulse Rale as a Pa
rameter. The COE as a function of the 
driver pulse rate is shown in Fig. 7-33 for 
four different maximum chamber pulse 
rates (a>cm): 5,10, 20, and >50 Hz (unlim
ited). The discontinuities, which occur every 
wtm • Hz, reflect the cost of additional SSS 
equipment-containment building space and 
beam-transport lines incurred each time an 
additional chamber is added. 

Focusing on the base case with &>cnl = 
10 Hz, we see that the COE initially de
creases with increasing driver pulse rate. 
This is because driver cost decreases with 
increasing driver pulse rate, since higher 
pulse rates correspond to lower driver ener
gies. The minimum COE is 7.0c/kW,,h for 
the base case and occurs at 10 Hz. At this 
point, the driver energy is 3 MJ and the 
gross electric power is 1.18 GWt,. 

Note the flatness of the dashed line in 
Fig. 7-33. If a chamber could be designed to 
operate at an unlimited pulse rate (or if no 
cost were associated with increasing the 
number of chambers), the minimum COE 
would be 6.75ct/'kWl,h, which is realized be
tween 25 and 30 Hz. Hence the 10-Hz limit 
on chamber pulse rate increases the COE 
by less than 4%. If the chamber pulse rate 
is limited to 5 Hz, the COE is 7.4<t/kW,,h, or 
less than 10% higher than the 6.75<t/kWLb 
minimum. The curves also rise at high 
pulse rates since the cost of the power unit 
is increasing with increasing gross power. 

Driver Cost as a Parameter. Figure 7-34 
illustrates the sensitivity of the COE to the 
cost of the driver. The tmve curves, from 
top to bottom, are the base case, the driver 
cost reduced by 25%, and the driver cost re
duced by 50%, respectively. The cost reduc
tions are applied to the total driver cost, 
including the additional beam-transport 
lines required for power units with more 
than one chamber. In all three cases, the 
minimum COE occurs at 10 Hz. Because the 
driver cost is about half of the total capital 
cost, reducing the driver cost leads to a sig
nificant reduction in the COE. Each 25% 
reduction in the driver cost gives a 13% re
duction in the COE. 

By looking at the dashed curves in 
Fig. 7-34, one can see that if the chamber 
pulse rate is unlimited, the optimum driver 

Unlimited 

10 20 30 40 
Driver pulse rate (Hz) 

10 

O 
U 

- • — r — • — i — i — i — • — r 
—— Unlimited chamber 

pulse rate 

Driver cost = Cj 

0 10 20 30 40 50 
Driver pulse rate (Hz) 

pulse rate decreases with decreasing driver 
cost. In addition, the COE becomes less 
sensitive to driver pulse rate (i.e., the 
curves tend to flatten out). 

Target Gain as a Parameter. We also in
vestigated the effect of improving target 
performance. The reference target gain cor
responds to the r3'2!? = 0.01 case given in 
Ref. 98. It is fit by the expression 

G = 20 + 113 In (£d/1.7) (44) 

As a variation on this reference case, we as
sumed that the driver energy required to 
achieve a given target gain is reduced by a 
factor of 3. This is consistent with estimates 
for polarized fuel. (See the article "Spin-
Polarized DT" in Sec. 4.) At 10 Hz the COE 
is reduced by 12%. With no limit on cham
ber pulse rate, the COE minimum shifts to
ward higher pulse rates as gain improves at 
lower driver energy. Moreover, the COE 
also becomes more sensitive to pulse rate. 

Fig. 7-33. The mini
mum COE decreases 
as the maximum 
achievable chamber 
pulse rate increases. 

Fig. 7-34. Reducing 
the driver cost reduces 
the COE. 
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Fig. 7-35. The COE de
creases as the net 
power of the single-
unit plant increases. 

Fig. 7-36. For the same 
net power, plants with 
fewer, larger power 
units have low°r COE. 

Electric Conversion Efficiency as a Fa* 
rameter. We examined the effect of increas
ing the electric conversion efficiency by 
assuming that the conversion efficiency can 
be increased without increasing the cost per 
kW[. We found that increasing the conver
sion efficiency from 40 to 60% reduces the 
COE by only 12%. Remember that the net 
electric power is held constant; therefore, a 
more efficient power unit is smaller and 
suffers an economy-of-scale penalty. That 
is, the cost per kW, is only the same for 
plents of equal thermal power. 

Plant Power as a Parameter. As noted 
previously, there are two ways to consider 
net plant power as a variable. The number 
of units can be set equal to one, and we can 
vary the power of the unit. On the other 
hand, we can keep the power of each unit 

0 10 20 30 40 
Driver pulse rate (Hz) 

I 
8 

\n-,0.5-GW,, units 

\ 

V 1.0-GW,, units 

2.0-GWc units" 

1 2 3 
Total net power (GWe) 

constant and vary the number of power 
units in a plant. 

First, we considered a single-unit plant. 
Figure 7-35 shows the COE for net power 
outputs of 0.5,1.0 and 2.0 GWC. The COE 
from the 0.5-GWe plant is 66% greater 
than the base case at 10 Hz (i.e„ 11.6 vs 
7,0c(/kWch). The 2.0-GWc, plant produces 
electricity at 4.3<t/KW,,h, or 39% less than 
the base case. It is clearly advantageous, in 
terms of the COE, to use the driver to pro
duce as much power as possible. Other 
considerations, such as following load 
growth and minimizing total capital invest
ment, may favor smaller net powers. 

We also considered the advantages of us
ing a single driver and target factory ;o oper
ate more than one power unit. At a driver 
pulse rate of 20 Hz, a two-unit, 2-GW, 
power plant produces electricity at 
4.8ct/kW„h, or 31% less than the single-unit, 
l-GWe plant. A four-unit, 4-GWL. power 
plant reduces the COE to 3.6<t/kW,.h, or 49% 
less than the single-unit plant. However, th': 
total capital investment increases as the 
number of units increases. The total capital 
costs for the 1-, 2-, and 4-unit plants are 
$3.55, $4.81, and $7.35 billion, respectively. 

We found that as the number of units in
creases, the COE 'becomes less sensitive to 
the driver pulse rate. In fact, the four-unit 
plant could operate at a driver pulse rate of 
12 Hz and still be within 5% of its mini
mum COE. The required chamber pulse 
rate in this case is only 3 Hz. 

Figure 7-36 shows the COE as a function 
of the total net power for plants made of 
different size units: 0.5, 1.0, and 2.0 GW,, 
net. The COE from a 1,0-GWt> power plant 
consisting of two 0.5-GWt. units and a sin
gle driver is 7.7«/kWl,h. This is 10% higher 
than the COE from a single-unit power 
plant generating 1 GWt,. This higher COE is 
the result of the economies of scale in the 
power unit cost and the additional cost of 
beam-transport lines for the two-unit plant. 
The COE from a 2-GW^ power plant with a 
single unit is 4.3e/kW,,h, compared to 
4.8<r/kWl,h for a two-unit plant, and 
5.8<r/kW,,h for a four-unit plant. 

At a fixed net power, the COE is lower 
for a single-unit plant than for a multi-unit 
plant. The multi-unit plant does, however, 
achieve most of the economy-of-scale bene
fits of a single large unit. For example, go
ing from 0.5 to 2 GW,, in a single-unit plant 
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reduces the COE by 63%, compared to the 
50% reduction achieved by a four-unit 
plant. An advantage of the multi-unit plant 
is its operational flexibility. The plant can 
begin tc operate and produce revenues 
from one unit while decisions are pending 
on the need for additional units. Capital 
costs for the future units are, of course, 
also deferred. 

Several Parameters Simultaneously. 
Most of the parameters considered have 
a modest impact on the COE. No single im
provement considered is sble to reduce the 
COE to a point where it would be competi
tive with coal (4.6(t/I;Wph) or nuclear 
(35(t/kWvJi) power.91 Hence it is important 
to make advances in as many areas as pos
sible. In Fig. 7-37 we consider several 
simultaneous improvements: a driver cost 
reduction of 25%, improved target gain, 
an electric conversion efficiency of 
50%, and two-unit power plants. We found 
that a 2-GWt. plant produced power for 
3.6<t/kWL.h, which is economically competi
tive with coal and nuclear power. 

Conclusions. We have examined the 
COE of HIb fusion power plants to deter
mine the economic impact of various design 
and system improvements. Our conclusions 
fall into four major art as. 

Pulse Rate. For the single-unit, l-GWt, 
power plant, the optimum pulse rate (for 
both driver and chamber) is 25 to 30 Hz, re
sulting in a COE of 6.75<r/kW1,h. However, 
the COE is not very sensitive to pulse rate. 
For example, if the chamber pulse rate is 
limited to 5 Hz, the COE increases by less 
than 10%. This weak dependence of COE 
on pulse rate is important because there are 
major uncertainties associated with predict
ing the maximum achievable chamber pulse 
rate. Decreasing the driver cost or increasing 
the plant size results in a lower optimum 
pulse rate, and the cost of electricity be
comes even less sensitive to pulse rate. Im
proving the target gain (which corresponds 
to reducing the required driver energy for a 
given gain) results in a higher optimum 
pulse rate and a greater sensitivity of the 
COE to pulse rate. Increasing the electric 
conversion efficiency has little effect on the 
location of the optimum pulse rate. 

Multiple Reaction Chambers. For the con
ditions examined here, using multiple reac
tion chambers at constant net power never 
improved the COE. The optimum driver 

0 10 20 30 40 50 
Driver pulse rate (Hz) 

pulse rate in every case was at the maxi
mum chamber pulse rate of a single reac
tion chamber. This was due to the large 
cost ($100M direct) of adding beam-
transport lines for each new chamber and 
to the insensitivity of the COE to pulse rate. 

Economy of Scale. As expected, the COE 
decreases with increasing net elecrrc power. 
The reduction is significant, whether the 
power is increased by increasing the power 
of a single unit, or by using a single driver 
to operate several power units. These sav
ings result from the driver being such a 
large fraction of the plant cost. Only if the 
cost of the driver is significantly reduced 
will the penalty for smc'I power units be 
significantly affected. 

For a given net power, a multi-unit plant 
achieves most of the economy-of-scale ad
vantage of a single large plant. Because the 
difference is so small, starting with a small 
plant {0.5 GWt. or less) and adding power 
units might be particularly attractive. In this 
way revenues can be collected from the first 
units, and the later units can be cons'ructed 
as neeaed. Other advantages of smaller 
units, such as reduced on-site construction 
costs due to increased factory fabrication 
and shortened construction periods, have 
not yet been considered in our studies. 
These will tend to reduce the COE penalty 
of plants comprising several smaller 
power units. 

Various Design Improvements. Reducing 
the Hin driver cost is important: a 25% re
duction in the driver cost leads to a 13% re
duction in the COE. Improving target 
performance is also important. If the same 
target gain can be achieved with a factor of 
3 less driver energy, the COE can be re
duced by 12%. Improving the electric con
version efficiency is not as advantageous as 

Fig. 7-37. With several 
simultaneous im
provements, the COE 
from HIB fusion 
power plants will be 
competitive with 
nuclear and coal 
power plants. 
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might be expected. Increasing the conver
sion efficiency from 40 to 60% reduces the 
COE by 12%, assuming the power-unit cost 
per kW t does not increase with increasing 
efficiency. If it does increase, the savings 
will be even less. 

Only a combination of improvements re
duces the COE to values in the range of 
those forecast for future coal and fission 
plants. Such a combination of improve
ments is not unreasonable, however. If the 
driver cost is reduced 25%, the target gain is 
improved at low Ed, the electric conversion 
efficiency is increased to 50%, and a two-
unit plant is built (2 GW„ total), then the 
CCE is competitive. 

Summary. We find that the COE from 
H1B fusion can be competitive with other 
future energy sources. Staged construction 
of multi-unit plants may make smaller ini
tial plant sizes more attractive. Chamber 
pulse rates of 5 to 10 Hz appear adequate to 
achieve these economic goals. 

Authors: W. R. Meier and W. J. Hogan 

Blanket Optimization 
for the HYLIFE Reactor 

Introduction. Optimal blanket design is 
a key element in effective fusion reactor 
design. We have developed a meihodology 
for optimizing the blanket design as a func
tion of several variables."'"0 In this article, 
we apply this methodology to a modified 
version of the HYLIFE chamber as a func
tion of two variables: xt (the 6Li fraction 
in lithium) and xz (the effective lithium 
blanket thickness). 

The HYLIFE concept""'1"2 is based on an 
am\y of liquid-lithium jets, which forms a 
1-m-thick blanket that protects the first 
structural wall from direct exposure to the 
x rays, debris, and high-energy neutrons 
emitted by the fusion target. The lithium 
blanket reduces the 14-MeV neutron flux by 
a factor of 200, and neutron damage levels 
are low enough to allow the 5-m-radius 
chamber wall to operate for more than 30 y 
without replacement.1"1 With a i-m-thick 
blanket of natural lithium (7.42% "Li and 
92.58% 7Li), HYLIFE achieves a tritium 
breeding ratio of 1.75 (Ref. 104). 

Modified HYLIFE Design. We have 
modified the design of tl.e HYUFE. cham
ber to increase the energy deposited in the 

chamber per fusion reaction. Our approach 
is to reduce the tritium breeding ratio and 
capture the excess neutrons in 5 5Mn. Each 
neutron capture in 5 5Mn adds 9.8 MeV to 
the energy balance. The 5 5Mn(n,r) reaction 
releases 7.3 MeV, while the decay of the 
product, 5 6Mn, releases an additional 
2.5 MeV of recoverable, energy. The half-life 
for the fS' decay is 2.6 h. 

There are two simple ways of reducing 
the tritium breeding ratio in HYLIFE: re
duce the fraction of 6Li in lithium, or reduce 
the effective thickness of the lithium blan
ket. 1 0 5 In the modified HYUFE design, we 
also replace the lithium-cooled graphite re
flector, which surrounds the first structural 
wall, by a sodium-cooled, manganese-steel 
blanket. All the tritium breeding must occur 
in the lithium blanket. 

The ratio of total energy deposited to 
fusion energy released per DT reaction is 
called the fusion energy multiplication fac
tor M,. For our calculations, 

M, 
En + 3.5 

17.6 
(45) 

where En is the total energy (in MeV) de
posited as a result of neutron reactions 
within the chamber, including the neutron 
energy deposited in the compressed fuel re
gion of an ICF target, 3.5 is the fusion 
alpha-partide energy in MeV, and 17.6 is 
the total fusion energy released per DT 
reaction in MeV. in general, M f will be 
slightly greater than unity because of exoer-
gic neutron reactions such as the bLi(n,T)a 
reaction, which releases 4.8 MeV. For 
HYLIFE, M, is 1.16. 

Increasing Mf by capturing neutrons in 
structural material has been proposed."1*"108 

lor the calculations in this article, we use a 
20 wt% manganese steel, known as Nippon 
Steel Alloy NM-1."" The composition of 
NM-1 is 77.5 wt% iron, 20.0 wr% manganese, 
2.0 wt% chromium, and 0.5 wt% carbon. 

An increased M ( offers the potential ad
vantage of a lower cost of electricity from a 
fusion electric power plant by making more 
power available for a given investment in 
either an 1CF or a magnetic fusion reactor. 
For an 1CF reactor, the size of the laser and 
the char„cteristics of the target fix the 
fusion energy released per pulse. If this en
ergy can be increased as a result of neutron 
reactions in the blanket, more thermal en
ergy will be available for conversion to 
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electricity. In our blanket optimization prob
lem, the characteristics of the driver, target, 
and pulse repetition rate are fixed: x, and x2 

relate only to the blanket design. 
Design Constraints. Reducing the blan

ket thickness is advantageous in that it re
duces the lithium flow rate, which saves 
pumping power and reduces capital costs 
for liquid metal pumps and piping. Reduc
tion of the blanket thickness is limited, 
however, because of the maximum allow
able radiation damage rate in the first struc
tural wall. For HYLIFE this rate was such 
that the wall was expected to maintain its 
structural integrity for the 30-y life of the 
power plant. The life-limiting radiation 
damage mechanism for HYLIFE was found 
to be the repeated displacement of atoms 
from their lattice positions.'01 

Currently there are insufficient data to set 
absolute damage limits for structures in 
fusion reactors. We know that ferritic steels, 
such as the 2-1/4 Cr-1 Mo steel used in 
HYLIFE, are less susceptible to the effects 
of displacement damage than austenitic 
steels.1"1 A damage limit of ~200 displace
ment per atom (dpa) appears to be a rea
sonable estimate for ferritic steels.111 

In this article, the total displacement 
damage in the first structural wall of the 
modified HYLIFE chamber is limited to 
200 dpa over an operating period of 
30 years at a 70% plant capacity factor. This 
gives a constraint on the displacement dam
age rate of 9.5 dpa per full-power year. The 
dpa rate is expected to depend primarily on 
.v2, but it may also depend somewhat on i,. 

Another constraint in our optimization 
problem is the requirement for a sufficiently 
high tritium breeding ratio to ensure a self-
sufficient fuel cycle. A tritium breeding ratio 
£1.05 has been chosen to satisfy this con
straint. The tritium breeding ratio will be a 
function of both design variables. 

Figure of Merit for the Modified 
HYLIFE Reactor. The figure of merit we 
used for this optimization problem is 

C,/P„ (46) 

where C r is the total plant capital cost, 
including the costs of the reactor, laser, and 
target factory, and P„ is the net electric 
power (in kWJ produced and available 
for sale. 

The cost of electricity in cents per kV .̂h 
from a fusion electrk power plant is 

expected to be dominated by the carrying 
charges on the capital investment and, 
therefore, proportional to F. Hence, mini
mizing the plant capital cost per unit of net 
electric power is equivalent to minimizing 
the cost of electricity. 

The total capital cost C T is expressed as 

CT = Cn + Cp + Ci + CTI 

where 

(47) 

CR = cost of the reactor including the 
balance of plant required for heat 
transfer and conversion to electricity, 

C r = cost of lithium recirculating pumps 
and piping required to maintain the 
flowing lithium blanket, 

C L = cost of the laser driver, 
C T F = cost of the target factory. 

The cost of the reactor scales as the plant 
thermal power P, raised to an exponent less 
than unity. For our calculations, we conser
vatively use 0.8 as the exponent,112 so 

C. <* P? (48) 

The thermal power is simply the fusion 
power P, times the fusion energy multipli
cation factor M,. Hence, 

CRoc(M fPrj (49) 

As previously stated, P( is fixed but Af, will 
be a function of both the hLi fraction, .r,, 
and the lithium blanket thickness, ,v2. 

The power and cost of the pumps will be 
proportional to the total lithium flow rate 
through the chamber. The flow rate is pro
portional to .Y2, hence 

C p 0C Jf, (50) 

The power and cost f the laser and the 
cost of target factory are fixed and are inde
pendent of .v, and x2. 

The costs in this article are based on 
those reported for HYLIFE in Ref. 113. The 
normalized values for the original HYLIFE 
chamber are given In Table 7-20. Using 
these values, the normalized total capital 
cost of the modified HYLIFE chamber is 

C, = 0.62(M,/1.16f" + 0.10.V, + 0.28 . (51) 
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Table 7-20. Original 
HYLIPE plant Tritium breeding ratio (7) 1.75 
characteristics. Neutron energy deposition (Hn), MeV 16.9 

Fusion oower (Pr), MW 2700 
Fusion energy multiplication factor (M,) 1.16 
Thermal power (Pt), MWf 3130 
Thermal conversion efficiency (n,) 39% 
Gross electrical power (P„), MWG 1220 
Laser power consumption (Pj), MWe 135 
Auxiliary power requirements (Pa), MWe 75 
Lithium pumping power (P ),a MWe 

Net electrical power (Pn), MWe 

30 Lithium pumping power (P ),a MWe 

Net electrical power (Pn), MWe 9B0 
Normalized capital costs 

Reactor (CK?' 
Normalized capital costs 

Reactor (CK?' 0.62 
Lithium pumps {CP) 0.10 
Laser (C, / 0.21 
Target factory (CT F) 0.07 

Total (CT) 1.00 

Fig. 7-38. The optimal 
design point lies at the 
intersection of the tri
tium breeding and 
displacement damage 
constr.-.inls. 

aBased on a lithium blanket thickness of 1.0 m 
and —50% efficient electromagnetic pumps. 

llReactor includes the chamber and balance of 
plant required for heat transfer and conversion to 
electricity; it excludes the lithium recirculating 
pumps. 

cHiilf the estimated cost of a 4.5 MJ laser. We as
sume that the laser drives two full-sized reactors by 
switching beams. 

1.20 
£ = 0.96 

-Tritium breeding ratio constraint 
5=1.05 

0.90 

0.80 

0.90 

Displacement damage constraint 
9.5 dpa/y 

0.2 0.3 
6U fraction x\ (%) 

0.5 

I iie net electric power is given by 

pn = p^ - p, - Pa - P ( 1 , 

where 

P, = gross electric power (MW,,), 
P, = laser power requirement (MW(I), 

(52) 

P. = plant auxiliary power requirements 
(MWe), 

Pp = lithium pumping power (MW„). 

The gross electric power is equal to the 
thermal conversion efficiency r/, times the 
thermal power P, and, therefore, is propor
tional to M f. The laser and auxiliary power 
requirements are independent of the blan
ket design. Hence, 

P„ = 1220(M(/1.16) - 30*2 - 210 (53) 

If we combine Eqs. (46), (51), and (53), 
and normalize to the HYLIFE net power of 
980 MWt„ the result is 

0 .62(Ayi . l6 a s + 0.10*. + 0.28 
F = — = . (54) 

1.24(Mf/U& " 0-03*, - 0.21 k 

Our goal is to minimize F subject to the 
constraints on the displacement damage 
rate (<9.5 dpa/y), and the tritium breeding 
ratio (2:1.05). 

We used the methods presented in 
Refs. 99 and 100 to write analytical expres
sions for Mf, T, and the displacement dam
age rate (. pa/y) as functions of *, and x2. 
With this approach, we could calculate F at 
any point (.T[,.Y2)- We then used the direct-
search optimization algorithm described in 
Refs. 99 and 100 to optimize F subject to the 
two constraints. 

Optimal Design Point. Figure 7-38 
shows that F decreases with decreasing Ti 
fraction and lithium blanket thickness. The 
constraints on the tritium breeding ratio and 
displacement damage rate limit the degree 
to which the 6Li fraction and blanket thick
ness can be decreased co minimize F. The 
optimal design point lies at the intersection 
of the two constraints: a "Li concentration 
of 0.09% and a lithium blanket thickness 
of 0.91 m. 

We performed a transport calculation for 
a 0.91-m-thick lithium blanket and a 0.09% 
hLi fraction to check the accuracy of cur es
timated results at the optimal design point. 
These calculations were performed *vith the 
TART Monte Carlo transport code." 4 The 
results are compared in Table 7-21. All the 
results agree quite closely. The tritium 
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breeding ratio is off by —0.5%, the total en
ergy deposition is within 1% of the trans
port calculation result, and the dpa rate is 
high by ~0.5%. 

Summary. The modified-HYLIFE plant 
parameters at the final optimal design point 
are compared to the reference HYLIFE pa
rameters in Table 7-22. With the modified 
design, the fusion energy multiplication fac
tor is increased to 1.34. As a result, the 
modified design produces 19% more electric 
power. The plant capital cost, however, is 
only 6% higher for an 11% reduction in the 
cost per kWt.. 

Author: W. R. Meier 

Major Contributor: E. C. Morse 
(U.C. Berkeley) 

Blanket Optimization 
for the Cascade Reactor 

Introduction. In 1984 we performed blan
ket optimization studies for the Cascade re
actor concept.m The primary feature of 
Cascade is a rotating chamber in which a 
blanket of solid lithium ceramic granules 
breeds tritium, acts as the heat transfer me
dium, and protects the chamber wall from 
the damaging effects of neutrons, x rays, 
and target debris. 1"'" 7 Granules are injected 
at each end of the chamber and are held 
against the wall by centrifugal action. The 
granules cascade toward larger radii and are 
then removed and sent to heat exchangers. 
Heat and tritium are extracted and the gran
ules are recirculated to the chamber. 

In the original design, we used Li 20 as 
the solid breeding material."7 While Li 20 is 
a good tritium breeding material, there are 
some concerns about the corrosive effects of 
IJOH (Refs. 118and 119). From a compati
bility standpoint, LiAlO; is a more attractive 
ceramic tritium breeding material because it 
does not form LiOH (Ref. 120). Unfortu
nately, LiAIOi will not give a tritium 
breeding ratio greater than unity unless a 
neutron multiplier is placed between the 
fusion neutron source and the LiA102 

breeding blanket. 
The Cascade Optimization Problem. 

We investigated a Cascade chamber that 
uses a LiAlO, breeding blanket and a 
beryllium oxide (Bed) neutron multiplier. 

General Studies 
Table 7-21. CompariTable 7-21. Compari

TART Estimated son of TART and esti
mated results at 
xt = O.W70 a n d Reactions per DT reaction 
mated results at 
xt = O.W70 a n d 

6LI(n,T)r» 0.357 0.350 x2 = 0.91 m. 
7Li{n,n'T)a 0.698 0.700 
T 1.055 1.050 
7Li(n,7) 0.016 0.016 
Mn(n,y) 0.353 0.353 
Fe(n,y) 0.390 0.382 

Energy deposition3 

Target 1.82 1.84 
'Li 1.67 1.70 
7Li 9.45 9.32 
Structures 6.17 6.03 
Mn decay 0.88 0.88 
Alpha particle 3.52 3.52 
Total 23.51 23.29 

Displacement damage rate^ 9.45 9.50 
Table 7-22. Compari
son of HYLIFE and aMeV per DT reaction. 
Table 7-22. Compari
son of HYLIFE and 

bdpa per full-power year based on 2700 MW of modified HYLIFE pa
fusion power. rameters at *] - 0.09W 

and x2 - 0.91 m. 

Modified 
i HYLIFE HYLIFE 

Tritium breeding ratio 1.75 1.05 
Neutron energy deposition (MeV) 16.9 20.0° 
Fusion power (MW) 2700 2700 
Fusion energy multiplication factor 1.16 1.34 
Thermal power (MW,) 3130 3607 
Thermal conversion efficiency (%) 39 39 
Gross electrical power (MWe) 1220 1407 
Laser power consumption (MWe) 135 135 
Auxiliary power requirements (MWe) 75 75 
Lithium pumping power (MWe) 30 27 
Net electrical power (MWe) 980 1170 
Normalized capital costs 

Reactor 0.62 0.69 
Lithium pumps 0.10 0.09 
Laser 0.21 0.21 
Target factory 0.07 0.07 
Total 1.00 1.06 

Normalized cost per MWe 1.00 0.89 
aBased on results of transport calculation t. 

Beryllium is an excellent neutron multiplier 
and has a threshold of only 1.85 MeV. Be
cause of its high melting point, BeO will al
low high-temperature operation, which is 
one of the goals of the Cascade concept.121 

We can maintain a flowing layer of BcO 
granules on the surface of the LiA102 blan -
ket by making the BeO granules larger and 
less dense than the LiAlO, granules.1 2 2 

Figure of Merit for Cascade. We consid
ered three blanket design variables in the 
optimization problem: 

x, = 6Li fraction in HtH..m, 
1, = LiA102 blanket thickness (m), 
.v, = BeO multiplier thickness (m). 
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The figure of merit F chosen for Cascade is 
the sum of x2

 a n ^ *3, or, 

F = *2 + *3 • (55) 

By minimizing F, we would minimize the 
size and cost of the rotating chamber. 

At the present stage in the development 
of the Cascade concept it is not possible to 
optimize a more general system parameter, 
such as the cost of electricity, because cost 
estimates for the reactor plant have not yet 
been made. The minimum inner radius of 
the blanket is assumed to be fixed by the 
damaging effects (ablation and vaporiza
tion) of the x rays and target debris. 

Design Constraints. Three constraints 
are imposed on the Cascade design. The 
first is a requirement for a tritium breeding 
ratio T greater than 1.05, or 

T > 1.05 . (56) 

The second constraint relates to the me
chanical design of the Cascade chamber. 
GA Technologies has proposed a concept1 2 3 

in which the rotating chamber is con
structed of individual SiC panels held to
gether by tendons composed of aluminum 
in which SiC fibers are embedded for 
greater tensile strength. Based on a tem
perature limit of 400°C for the tendons, the 
heat-generation rate G in the tendons due 
to neutron and gamma heating must be less 
than 0.85 W/cm3 (Ref. 123), or 

G < 0.85 W/cm1 . (57) 

The heat-generation rate in the tendons is 
calculated from 

G = P,(E/]7.6)/V, , (58) 

where 

P, = the fusion power (W), 
E, = energy deposited in the zone repre

senting the tendons per DT reaction 
(MeV), 

V, = volume of the zone representing the 
tendons (cm1). 

The total energy released per DT reaction 
is 17.6 MeV. At the time of this study, P, in 
Cascade was 3000 MW. 

A third constraint is placed on the total 
neutron leakage rate L from the Cascade 
chamber. This constraint indicates the effec
tiveness of the blanket design in performing 
one of its primary functions, that of captur
ing the fusion neutrons. 

The beam ports at the ends of the Cas
cade chamber provide a direct leakage path 
from the chamber. The two ports subtend 
1.25% of the total solid angle. The neutron 
leakage through the ports, however, will be 
g.eater than 1.25% of the fusion neutron 
source for two reasons.1 2 4 First, the neutrons 
entering the blanket can be scattered 
out through the ports. Second, neutron 
multiplication in the BeO region will tend 
to increase the neutron leakage through 
the ports. 

There will also be some neutron leakage 
through the LiA102 blanket itself. The con
straint on the total neutron leakage is set at 
0.1 neutrons per DT reaction, or 

L < 0.1 . (59) 

We evaluated each of the three con
straints as a function of the three design 
variables using successive two-point 
variational interpolation.115 

Neutronics Model for the Cascade 
Chamber. The neutronics model of the 
Cascade chamber is shown in Fig. 7-39. The 
double-cone-shaped chamber is approxi
mated by a sphere. The 14.1-MeV neutron 
source is uniformly distributed throughout a 
region of DT compressed to a density-
radii J product of 3.0 g/cm2. The target 
(zone 1) is located at the center of the 
chamber. The region between the target 
and the blanket is void. 

The innermost blanket region (zone 3) 
contains the BeO neutron multiplier. Zone 3 
is 0.1 m thick and has an inner radius of 
3.4 m. The Jensity of BeO within zone 3 is 
varied to represent variations in xy 

The LiAlO; breeding blanket (zone 4) 
extends from a radius of 3.5 to 4.5 m. The 
material density is varied to represent varia
tions in .v,. The ''LI fraction of lithium 
in this zone is xt. 

Outside the breeding blanket is zone 5, 
which is a 2-cm-thick SiC shell that repre
sents the chamber wall. Zone 6 is a 2-cm-
thick region that represents the SiC-fiber/ 
Al-composite tendons. Zone 7 represents 
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the two beam ports in the blanket. The ra
dius of the beam ports is 0.72 m so that the 
solid-angle ftaction subtended at a radius of 
4.5 m is 1.25%. 

The volume of zone 6 is 5.09 x 106 cm3. 
Thus from Eq. (58), the heat-generation rate 
in the SiC-fiber/Al-composite tendons for 
3000 MW of fusion power is 

-SiC wall and 
Al/SiC tendons 
(zones 5 apd 6) : 

G = 33.5 £, (60) 

Table 7-23 lists the composition of the 
materials used in the neufronics calcula
tions. The tendons are 65 vol% Al and 
35 vol% SiC fibers. These fibers contain CO 
and SiO : impurities, which give rise to the 
indicated oxygen content. The fiber compo
sition is 57 wt% silicon, 31 wt% carbon, and 
12 wt% oxygen. 

Results of the Initial Transport Calcula
tions. Eight reference-point transport cal
culations arc required for the Cascade 
chamber optimization problem. The eight 
points are defined by the combinations of 
two values for each of the three design 
variables. The reference values and results 
are given in Table 7-24, which lists the reac
tion rates, neutron balance, and energy de
position per DT reaction. The neutron 
balance indicates the net neutron gain or 
loss in the various regions of the chamber. 
The small remainder is the neutron capture 
in the wall and tendons. 

Estimated Neulronic Performance. 
The neutronic performance is estimated 
as a function of the three design variables 
by successive, two-point variation interpola
tion between values obtained in the eight 
reference-point transport calculations. We 
must determii ie the constraints on the tri
tium breeding ratio 7", the tendon heat-
generation rate G, and the total neutron 
leakage L. 

The tritium breeding ratio increases with 
increasing "Li fraction .v, and with increas
ing blanket thickness."1 To meet the con
straint of T > 1.05 with a 0.05-m-thick BeO 
multiplier, we need a LiAlO, blanket thick
ness greater than ~0.37 m if the lithium if 
enriched to --40% "Li. With a O.lj-m-thick 
BeO multiplier, T exceeds 1.05 over the en
tire range of "Li fractions and LiAlO;, blan
ket thicknesses, except for thin blankets 
(-0.3 m) with denatured lithium (less than 
- 3 % "Li). 

LiAlO, blanket 
(zone 4) 
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l ,Lithii'.ni enriched to 50% "L i. Cascade neutronics 
calculations. 

Tnble 7-24 indicates that the energy depo
sition in the tendons is independent of the 
"Li fraction. The heat-generation rate G de
creases as the thickness of either region in
creases. To keep G > 0.85 W/cm1, the 
required LiAlO-, thickness is -^0.38 m with 
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Reference point 1 2 3 4 5 6 7 8 
BeO thickness (m) 0.05 0.05 0.05 0.05 0.15 0.15 0.15 0.15 
LiA102 thickness (m) 0.30 0.30 0.50 0.50 0.30 0.30 0.50 0.50 
6Li Fraction (%) 7.42 50.00 7.42 50.00 7.42 50.00 7.42 50.00 

Reactions11 

6Li(n,T)« 0.797 0.948 0.999 1.100 1.158 1.217 1.263 1.276 
7Li(n,nT)tr 0.070 0.038 0.075 0.040 0J023 0.012 0,023 0.ui2 
Be(n,2n) 0.269 0.266 0.264 0.267 D.562 0.569 0.561 0.556 

Neutron balance'1 

Target 1.057 1.056 1.055 1.057 1.052 1.051 1.061 1.057 
DeO 0.189 0.188 0.187 0,184 0.321 0.318 0.325 0.315 
IJAlOo - 0.893 -1.046 -1.104 -1.179 -1.179 -1.252 -1.290 -1.305 
Port leakage -0.046 -0.033 -0.043 -0.030 -0.057 -0.051 -0.056 -0,050 
Blanket leakage -0.303 -0.161 -0.094 -0.031 -0.136 -0.065 -0.039 -0.016 
Remainder 0.004 0.004 0.001 0.001 0.001 0.001 0.001 0.001 

Energv deposited,'1 (MeV) 
Target 1.80 1.85 1.85 1.83 1.81 1.83 1.84 1.83 
BeO 3.05 3,02 3.06 3.03 6.89 6.82 6.94 6.82 
I.iAlO, 9.19 9.98 10.77 11.2B 7.77 7.91 8.36 8.38 
SiC wall 0.11 0.11 0.03 0.02 0.05 0,04 0.01 0..: 
Tendons 0.059 0.059 0.013 0.014 0.026 0.024 0.007 0.006 
Port leakage 0.20 0.20 0.19 0.18 0.21 0.20 0.18 0.19 
Blanket leakage 0.66 0.65 0.14 0.13 0.28 0.26 0.06 0.06 

'•Per PT rcjclkm. 

Table 7-24. Results of 
reference point neu
ronic calculations. 

0.50 

0.46 

0.42 

0.38 

Fig. 7-40. Three con
straints as a function 
of 6Li fraction and 
l.iAlO, thickness with 
0.05 m"of Bet). 

0.05 m of BeO 
-Neutron leakage 
constraint L^O.1 

40 
'•Li fraction (%) 

0.05 m of BeO. The required thickness de
creases with increasing BeO thickness to 
-0.30 m with 0.15 m of BeO. 

The neutron leakage L is calculated from 
a neutron balance, with the net gain in the 
BeO region and the net absorption in the 
LiAlO, blanket being estimated by succes
sive two-point interpolation: 

I = 1.056 + N„ N, (61) 

where JVfi is the net neutron gain in BeO 
and N, is the net neutron absorption in 
LiAlO,. The quantity 1.056 is the number of 
neutrons emitted by the target per DT reac
tion; it exceeds unity because of (n,2n) reac
tions with deuterium anL tritium in the 
compressed fuel zone. 

The leakage decreases with increasing "Li 
fraction and with increasing blanket thick
ness because in both cases more neutrons 
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are captured by 6Li as these variables in
crease. With a 0.05-m-thick BeO multiplier 
and with the lithium enriched to 80% 6Li, a 
0.41-m-thick LiAlO, blanket is required to 
keep the neutron leakage below 0.1 per DT 
reaction. With a 0.15-m-thick BeO multi
plier, the neutron leakage is lower, For 
the 0.15-m-thick BeO multiplier, the mini
mum required breeding blanket thickness 
decreases from —0.49 m with natural lith
ium to ~0.33 m with lithium enriched 
to 80% "Li. 

Figure 7-40 shows the three constraints as 
a function of the 6Li fraction and the LiA102 

blanket thickness for 0.05 m of BeO. The 
hash marks are on the unacceptable side of 
the constraint lines. Neutron leakage is 
clearly the limiting constraint over the 
entire range of 'Li fractions. 

Optimal Design Point. The direct search 
algorithm gives the optimal design point as 
63.6% ""Li, 0.397 m of LiA102 and 0.040 m of 
BeO." 5 This result is shown in Figs. 7-41 
and 7-42. Figure 7-41 shows the minimum 
blanket thickness as set by the neutron 
leakage constraint and the heat generation 
constraint as a function of the BeO thick
ness. Note that the neutron leakage con
straint goes through a maximum at —9 cm 
of BeO. The rise and fall in the required 
blanket thickness is related to the two 

modes of neutron leakage. As indicated in 
Table 7-24, increasing the BeO thickness in
creases the neutron leakage through the 
ports and decreases the neutron leakage 
through the blanket. In some cases, the in
crease in port leakage can exceed the de
crease in blanket leakage. As a result a 
thicker breeding blanket is required to 
maintain a constant total leakage rate of 
0.1 per DT reaction. 

Fig. 7-41. Minimum 
blanket thickness as a 
function of BeO thick
ness. The lower curves 
show the minimum 
LiA102 thickness as 
set by the neutron 
leakage and heat-
generation rate con
straints. The top curve 
is the total blanket 
thickness including 
the BeO multiplier. 
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Fig. 7-42. First esti
mate of the location of 
the optima] design 
point with 0.04 m of 
BeO. The point lies at 
the intersection of the 
neutron leakage and 
heat-generation rate 
constraints. 
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Fig. 7-43. Final esti
mate of location of op
timal design point. 

For less than 0.04 m of BeO, the heat-
generation rate is the limiting constraint. Be
tween 0.04 and 0.16 m of BeO, neutron 
leakage is the limiting constraint. Beyond 
0.16 m, the LiA102 blanket thickness is 
again limited by the heat-generation rate. 
The tritium breeding constraint, which is 
not shown, only comes into play as the 
BeO thickness approaches zero. 

Figure 7-41 also shows the total blanket 
thickness. There are two local minima, one 
at 0.04 m of BeO and the other at 0.16 m. 
The minimum at 0.04 m, however, is the 
lower of the two. 

The constraints as a function of the 6Li 
fraction and the LiA102 thickness are 
shown in Fig. 7-42 for the optimal 0.04 m of 
BeO. The optimal design point lies at the 
intersection of the neutron leakage and 
heat-generation rate constraints. Higher 6Li 
enrichments give the same minimum thick
ness because the heat rate is independent c.f 
this variable. The minimum acceptable °Li 
fraction of 63.6% was chosen from a 
resource consideration. 

Comparison with Transport Calculation 
at the Optimal Point. We performed an ad
ditional neutron transport calculation at 
63.6% "Li, 0.40 m of LiAlO,, and 0.04 m of 
BeO. We found that the estimated tritium 
breeding ratio was ~ 3 % higher than the 
TART result and that the estimated neutron 
leakage was lower than the TART result by 
~6%. While these are acceotable differ
ences, the heat-generation rate in the ten
dons is actually 22% higher than the 
estimated result. 

0.042 m of BeO 

3 0.38 U 

0.36 I-
0 

^-Heat-generation constraint 
S ^0.85 W/cm3 

40 60 
••Li fraction (%) 

80 

Improved Estimate of Location of Opti
mum. There was a significant difference be
tween the estimated heat-generation rate in 
the tendons and the results of the neutron 
transport calculation. We postulated that the 
difference was largely due to the fact that a 
significant fraction of the energy deposited 
in the tendons is photon energy that origi
nates in the UA102 blanket.1 1 5 The varia
tional interpolation formula used to predict 
the energy deposition in the tendons or 'y 
accounts for variations in the neutron flux 
in that region: it does not account for varia
tions in the photon source in adjacent re
gions and the transport of those photons 
into the tendons. 

We used an alternative approach to esti
mate the heat-generation rate in the ten
dons as a function of the BeC and LiAlO, 
blanket thicknesses. We assumed that the 
heat-generation rate in the tendons de
creases exponentially with BeO and LiA102 

thickness. That is, 

G = G0 exp ( - n2x2) exp ( - ^ r 3 ) , (62) 

where 

G0 = heat-generation rate in the tendons 
with no blanket (W/cm3), 

H2 = attenuation coefficient for the LiAlO, 
thickness (m '), 

/̂ 3 = attenuation coefficient for BeO thick
ness (m ~'). 

Using the energy deposition results given 
in Table 7-24, Eq. (62) becomes 

G = 27.5 exp (-7.37r 2) exp (-8.59.V,) . (63) 

From Eq. (63), we find that the predicted 
energy deposition for the optimal design 
point of T, = 0.40 m and x3 = 0.04 m is 
0.031 MeV or 1.03 W/cnv\ This is exactly the 
same as the TART rt.uiH at that point. 

We ran the optinn^uon problem again, 
using the exponential estimate for the heat-
generation rate in the tendons. In the rerun, 
the optimal design point was 34.2% 'Li, 
0.424 m of LiA102, and 0.042 m of BeO. 
The constraints and location of the optimal 
design point for this case are shown in 
Fig. 7-43. 

We performed a final transpon calculation 
at the new optimal point and compared the 
calculation results to the estimated results in 
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Table 7-25. The agreement is close for all 
the relevant parameters. 

Summary. The Cascade chamber can be 
designed with a LiAlO, breeding blanket if 
a BeO neutron multiplier is used. The con
figuration that minimized the total blanket 
thickness is 0.042 m of BeO followed by 
0.424 m of LiA102. The lithium must be en
riched to at least 34.2% in 6Li. Because the 
blanket is a granular bed. the actual thick
ness is equal to the effective thickness di
vided by the granule packing fraction. If we 
a .sume a 50% packing fraction, the result is 
a total blanket thickness of 0.93 m. 

Author: W. R. Meier 

Major Contributor: E. C. Morse 
(U.C. Berkeley) 

Fragmentation of Suddenly Heated 
Liquids in ICF Reactors 

Introduction. In 1984, we proposed four 
hydrodynamic models to predict the frag
ment size of liquid metals in ICF reactors.125 

In this article, we review the predictions 
from Model 3, the energy-minimization 
model, and compare them with results from 
molecular-dynamics experiments. Models 1, 
2, and 4 did not predict fragment size accu
rately, and we refer to these models only to 
gain physical insight. Detailed information 
on all four models is available in Ref. 125. 

In an ICF reactor, fusion neutrons are 
suddenly deposited into liquid metals 
within the vacuum chamber. The neutron 
energy is deposited so quickly that the liq
uid has virtually no opportunity to expand 
during the deposition time; the deposition is 
effectively isochoric. We consider energy 
deposition to be isochoric when the deposi
tion time is less than the sound wave tran
sit time rf the liquid region. The suddenly 
increased temperature and energy content 
of the liquid produces a sudden increase in 
pressure. Because the free surfaces are ex
posed to effectively zero pressure, tensile 
relief waves propagate inward. Tension 
even*uaMy causes the liquid to cavitate, 
leading to fragmentation in liquids with 
available expansion volume The fragments 
have velocities due to acceleration by the 
pressure difference across the tensile wave. 

Liquid-metal fragmentation has two 
effects on ICF reactor design. First, the 

Parameter1 TART 
6Li(n,T)a 1.019 (1.0)b 1.029 
7Li(n,nT)a 0.040 (1.1) 0.057 
Tritium breeding ratio 1.059 1.086 
Total neutron leakage 0.097 (3.7) 0.100 
Energy deposited in tendons (MeV) 0.024 (3.0) 0.025 

aPer DT imru'on. 
^Percent standard deviation. 

fragments eventually collide with the reac
tor structure, causing a pressure load (which 
can be estimated from the average velocities 
of the fragments). Second, fragment size de
termines the liquid surface area available to 
interact thermally with the superheated gas 
or plasma produced by the fusion pulse. 
Because cooling and condensation times de
pend on the cooling surface area, it is possi
ble that the degree of fragmentation can 
limit the chamber puise rate. 

Energy-Minimization Model. An 
energy-minimization model (Model 3) was 
used to predict mean fragment size. This 
model minimizes the sum of the surface 
energy density and the total fragment 
dilational energy density as a function of 
fragment size. (Models 1 and 2 predict the 
fragment size by balancing the fragment 
surface tension with the isochoric heating, 
or the fragment surface tension with the 
dynamic expansion pressure, respectively; 
Model 4 minimizes the sum of the fragment 
surface energy and the dilational energy 
near the fragment surface.) 

The energy-minimization process, which 
is similar to the Griffith theory of Vac-
ture, 1 2 6 was proposed by Grady 1 2 7 and ex
tended by Glenn.'2 8 Fragment size a is used 
as an independent variable. The kinetic en
ergy of each fragment is divided into dila
tion and the motion of its center of mass. 
The dilational kinetic energy is added to the 
surface energy, and the sum is minimized 
with respect to the fragment size. The ve
locity divergence, V-v = -pip, is the in
dependent variable in Grady's result, 

(D + 2)D2y 

p{fi/py 
(64) 

where D is the number of dimensions (2 or 
3) and y is the surface tension. (This result 
is based on a homogeneous expansion, i e., 
constant velocity divergence.) 

Glenn performed a series of hydrody
namic calculations of isochoricaliy heated 
spheres in which tensile fragmentation was 

Table 7-?5. Compari
son of TART calcula
tion and estimated 
neutronic perfor
mance at X] « 34.2% 
x2 - 0.424 m, and 
* 3 = 0.042 m. 
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Table 7-26. Predicted 
fragmentation in sev
eral 1CF reactors calcu
lated from Model 3. Reactor Fluid 

Thickness 
(cm) 

Fragment 
diameter 

(cm) 

Suddenly added 
specific energy 

Translational specific 
kinetic energy 

0/kg) 

Dilational specific 
kinetic energy 

07kg) 

HYLIFE (Ref 129) 
Inner jet Li 20 0.21 800000 15800 1 
Outer jat 

HIBALL (Ref. 130), 
Li 20 13 50000 61.6 0.16 

(inner jet, ignoring 
SiC stock) 
Modified Wetted Wall11 

LiPb 3 1.8 500 0.14 0.013 

(Ref. 131) Li 4 2.7 3500 0.22 0.081 
EAGLE (Ref. 132) Li 0.05 0.14b 3700 0 0.34 
Pulse'Star (Ref. 133) LiPb 1 0.53 1000 0.58 0.042 

aLiquid motion is not in diverging geometry. 
bNo breakup predicted by the energy-minimizatiun model. 

not allowed. The resulting velocity profile 
was relatively flat for r/R > 0.1, and the ve
locity divergence was even flatter. Hence, 
for most of the liquid mass, the velocity di
vergence was roughly constant (Dvs/R), 
where R is the initial liquid radius. Then 

')']" (65) 

where e is the isochoric heating per unit 
mass, c is the sound speed, p m is the mass 
density, and T is the Griineisen constant. 
Equation (65) represents Model 3. 

If the sphere size is chosen to avoid 
fragmentation (a = R), Model 3 agrees well 
with Models 1 and 2 because all the kinetic 
energy is dilational. Thus, for practical 
purposes, the jump-off velocity gives a 
much better estimate of the available en
ergy for surface formation than does the 
total added energy. Further, if fragmentation 
is extensive, only a small fraction of the 
jump-off kinetic energy is balanced against 
the increased surface energy; the larger 
fraction becomes translational energy of 
the fragments. 

We extended Eq. (65) to include the ve
locity divergence as a function of radial po
sition within the original drop rather than 
as a single value.1 2 S The fragments near the 
drop center are up to one order of magni
tude smaller, and the outermost fragments 
are up to 31% larger than the prediction 
based on constant velocity divergence. Even 
after this correction, Model 3 still assumes 
local homogeneity within the fragment. 
Hence, for large fragments {a approaching 
R), Mode! 3 continues to break down 

because velocity divergence is then not 
constant within the fragment. 

Table 7-26 lists the Model 3 fragment 
sizes for several ICF reactors and shows 
that the fragment dilational kinetic energy 
is small compared to the translational en
ergy. In the low-energy-density reactor con
cepts, the liquids are predicted to have little 
or no fragmentation. 

Because Model 3 does not consider the 
dynamic process of fragmentation, we used 
numerical experiments to study the frag
mentation dynamics and test the model re
sults. We used molecular dynamics to track 
the evolution of up to several thousand liq
uid atoms following sudden heating. 

Molecular-Dynamics Validation of 
Model 3. Model 3 gave intuitively reason
able estimates of fragment size. However, 
Model 3 determines only the lowest final 
energy state of spherical or circular frag
ments. We tested the ability of Model 3 
to predict fragment size as a function of ini
tial pressure (Fig. 7-44) and system size 
(Fig. 7-45). We compared our Model 3 pre 
dictions with molecular-dynamics predic
tions of fragment size. Our calculations are 
described in detail in Ref. 125. Here, we 
present only our overall results. 

We performed molecular-dynamics cal
culations on 2-D circular regions of liquid 
containing 169, 721, 2611, or 14 491 ato.as. 
(The four system sizes cor ^spond o the 
number of atoms in regular hexagonal crys
tals with 8, 16, 30, and 70 row? of particles 
on a side.) The crystals were melted and 
brought to equilibrium at a constant density 
(within a confining wall) at various tem
peratures between saturation and an energy 
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level above that of HYLIFE. The confining 
wall was then removed. During the^ubse-
quent fragmentation, we monitored the 
translational, rotational, thermal, and 
potential energies, and the population for 
each fragment. 

Figure 7-44 shows the fragment sizes N c 

(in atoms) for two 2611-atom computer runs 
as a function of initial pressure (or heating 
level). The two groups of symbols (A and 
B) correspond to separate computer runs at 
different initial pressures. Each symbol 
represents a different method of defining 
fragment size: the largest fragment, the av
erage of the largest fragments comprising 
30% of the system population, and the av
erage of the 10 largest fragments. In each 
case, the raw data have been slightly ad
justed to uniform initial conditions (2611 
non-monomer atoms, and specified density, 
sound speed, and surface tension) using 
Model 3. The only remaining variable is the 
initial pressure. The molecular-dynamics 
data fit shows the average slope of the 
three methods of defining fragment size. 
Only Model 3 has the correct dependence 
on initial pressure (slope of 1VC vs 
P = - 2D/3). The slope of the curve 
indicates the power-law dependence. 

Figure 7-45 shows the fragment sizes for 
each system size. The data were slightly ad
justed to uniform initial pressure, density, 
sound speed, and surface tension. The only 
remaining variable is the system size N 
(number of atoms). The slopes of the mo
lecular dynamics data fit (between the 721-
atom and 2611 -atom data points) for the 
three methods of determining fragment size 
are 0.75, 0.69, and 0.64, respectively. 
(The molecular-dynamics data fit shown in 
Fig. 7-45 is the average of the three slopes.) 
These values bracket the predicted slope of 
2/3 for Model 3. We did not use the 169-
atom data to compute the slope because of 
minimal fragmentation. The sizes of the 
fragments in the 14 491 -atom system were 
reduced because of a sloshing motion 
present in the system at the time the con
fining boundary was removed. However, 
when we determined the slopes of the line 
segments between the 721- and 14 491-atom 
data, the results were 0.54, 0.50, and 0.41, 
respectively, for the three methods of de
termining fragment size. Therefore, the 
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Fig. 7-44. Fragment 
sizes (atoms) vs initial 
pressure for two 2611-
atom runs. 

169 721 2611 14 191 
System size, N (number of atoms) 

molecular-dynamics data show a possible 
system size power-law dependence of 0.67 
with an uncertainty of ±0.15. Again, this 
result is consistent with Model 3 and incon
sistent with the other models, 

Although the data in Figs. 7-44 and 
7-45 support the Model 3 power-law depen
dence of fragment size on initial pressure 
and system size, the sizes of the frag
ments (in atoms) from the molecular-
dynamics calculations are about one order 
of magnitude lower than the prediction 

Fig. 7-45. Fragment 
sizes (atoms) vs system 
size tor similar heat
ing levels. (Symbols 
identical to those in 
Fig. 7-44.) 
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from Model 3. We will need to perform 
laboratory-scale experiments to determine if 
this is an effect of the small molecular-
dynamics system size or if it extends to 
experimental and reactor sizes. 

Summary. The molecular-dynamics ex
periments produced reasonable agreement 
with Model 3. The qualitative dependences 
of fragment size, system size, and heating 
level were correct, and the larger fragment 
sizes were within one order of magnitude 

of the predictions. Thus, we conclude that 
Model 3 is a useful tool for ICF reactor de
sign. Model 3 predicts significant fragmenta
tion only in high-energy-density reactors, 
such as HYLIFE. Low-energy-density de
signs, such as Pulse*Star and EAGLE, must 
provide adequate droplet surface area by 
means other than the hydrodynamic re
sponse to fusion-neutron pulses. 

Author: J. A. Blink 
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87, 91, 92 

Architectures for multi mega joule lasers, 
comparison of 

cost breakdown, linear-chain vs 
multipass 6-84, 85, 89 to 93; damage 
thresholds 6-85, $'/, 91, 92: extraction 
efficiency 6-89, multipass laser system 
design 6-45. 84, 87, 90 to 92 

Argon in advanced laser development 
6-2, 27 to 34; 93, 95. 97, -38, 100 

Argus laser 
2-39; 5-2, 3, 5. 9, 10. 31, 33 to 35 

Atomic Pliofohwizatien by Complex Basis-
f unction Expansion 

6-104 
Atomic scattering factors, Henke library of 

5-86 
Atomic-level population studies 

5-27; See also Computer codes, XRASUR 
Auston switch 

5-1,40 
Autoionizing 

See Resonance states 
Automated Image Reconstruction System 

5-73 
Avalanche transistor 

S-69, 70 

B 
BeO 

See Beryllium oxide 
Beam compression 

3-1, 2, 6, 23, 24, 28 to 31 
Beam-Aligittn&tf and Diagnostic Systems, 
Nova 

2-18 
Beryllium 

3-2, 15, 19; oxide (BeO) neutron 
multiplier 7-6,17 to 26 

Beryllium-like manganese 
3-2, 15 

Biaxial crystals 
6-63 to 66 

BK-7 glass 
6-41 to 43 

Blanket Optimization for the HYUhE Reactor 
7-52 

Blanket Optimization (or the Cascade Reactor 
7-55 

Borostlicate glass 
2-45 

Bremsstrohlung 
3-32, 50, 51, 62, 65, 68, absorption 5-10, 
12, 14 to IS, 24; diagnostics 5-22 to 27, 
30- emission 5-6, 16, 20 

Brightness function in plasmas 
5-24 

Brillouin scattering 
3-34, 35. 37, 41, 52; 5-2, 8, 9, 11, i7, 22 

CAMAC 
Sir Computer-assisted monitoring and 
control crates 

Capacitor bank 
2-15, 16 

Capacitor Bank 
2-15 

Cascade reactor 
1-9; 7-5 lo 36; blanket 7-2, 11, 17 to 26; 
estimated neulronic performance 7-57; 
granule transport system 7-6, 9; 
mechanical stress 7-5. 7. 8, 17. 18; 
neutronics model 7-24, 25, 56; reactor 
chamber 7-7, 12 h. 14, 16, 17, 24, 31, 55 
to 57, 61; structural design 7-5, 6. 8; 
thermal efficiency 7 12; See also Two 
layer granulai blanket 

Cassegrainian lelescop." 
5 23. 90 

Ciisl Polymer Fi/ius 
4-18 

C O camera 
5-51, 59,88, 89; x-ray 5-55 to 57 

Ce:VAG 
See Cerium-doped yttrium aluminum 
garnet 

Ceramic mater als. Cascade 
granule fabrication 7-6, 30, 31. high 
temperature thermal stress 7-8. 17, 18, 
irradiation stability 7-17, 18; mechanical 
properties 7-17; thermal stress resistance 
7-17. 18 
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Cerium-doped yttrium aluminum garnel 
6-37, 38 

CH foil targets 
4-8; bum-through of 3-44, 45; in Novette 
experiments 5-3, 15 to 20, 22, 24, 27, 29, 30 

Chamber Clearing Time, Cascade reactor 
7-31 

Chamber Structural Design, Cascade reactor 
7-7 

Chiir$eil-Partide Fusion 
3 1 

Chemical Fhshhmps 
6 34 

Clean rooms 
• lass-10 000 2-32, 53 

Collision.il 
coupling 3-6S; damping 3-1, 32, 40; 5-3, 
5. h, 15 to 17, I 1'. 29; isolat ion 3-1, 2, 10, 
)^ 19. 20- excitation t l selenium and 
v'tniim vxploding-foil lasailts 4-6 to 8; 
lif'iuencv 3 34: thresholds 3-1 

Ci'tli^wniil-lxuiiition i.iist'i Scheme 
5 v-i 

(.ommerual phosphates in laser glass 
s«v I as.., >;lass 

l. nm men l.il siln'.itos in ki-er glass 
\e I . W I glass 

(.ompai; U-UN (CI) 
-»d 

.niir* (*w it Ale; 

3 M 
i. ompion -lailei'ine, 

3 -1! 
Computer assisted monitoring and control 
(C \ \ I \ C ) u a l . -

2 >;> 5 K7 SS 
C ompmei lode 

•U (. OS V 1..H- oVsi^n tode 2 (v -XLAPt" 
pt.v.i'i londmoning program 2 IK- ISI.ISS 
I D [wmli-simulation .ocle 3 10 
IH '. M 7 C s 0 \ K - \ D recondeiisation 
phenomena , ode 7 U 12, U In 3d: 
IMsM'l A giaphk- hbi.m 5 7=v 79. 82; 
IMS tonus au-LUVfuieul 5 79; GOAL 
l.taphii-Orn-iili 'd -\ppinalion Language 
to. I \->M \ 3 2 M 17 So, 73 to 76: 
inUKMsuhiHiiii i if 3 7 f AS.MA 
ludroduKinu-. l.i-fi h^hl siimilaiion 
model ~> \ In 1'' to IH 21 to 23. 25 to 
2s. 10 H 14 r 4h -IS IINUOU'1 5-82 
u. 85. I Kl IU.W extended Ixmran 3-75; 
M \ ^ k paiti.l ' ' simulation a ide 2-20, 
3 10. MII1U1 7 H Ml \ l KG7 33, 34: 
lW- \ l I 1 daukis . - management 5 7 s 
7" S2 NT *S I ' l O l l IHgiapiiK-hhra.\ 
Mi I ASM \ 3 5h l*i IMS tontrol system 
language 2 1<» '" N A I I O \ kinetics 
5 4i>, Kiri ' l I I si "tdiv Indrodvnanihs 
3 2 lo -t 0 7, SL AIMS llashlamp data 
.uijiusiuon b 28, SHOIIiOOk laser shot 
data n.anagrnu-nt 5 75, SO, K2, K4 to H6: 
si'l-C'IKi- \KASl.N photon nh traiectorv 
pusipnu.-ssor 3 12; TIX; streak record 
simulation 5 25. 2o; XKASkK 2-U x r.» 
I.IM'I O.KU- 3 II- 12. >7; ZOHAK -'lasma 
simulation 3 40 41; 5-% 

l Liiuputei simulation* 

2 plasnuin iietiiv 3 40 to 41; ablation ot 
l li toils 3 44 to 45. lomptession ot 

microwaves with compact torus 3-55 to 
56; coupling physics 3-30 to 32; density 
profile 3-12; exploding foil 3-12; kinetics 
data 3-15; ray tracing 3-56; target 
performance 3-17 to 19 

Computers 
DEC 2-17; 5-74 to 77; FEP front end 
processor 2-17, 31, 32; IBM PC 5-75 to 
77; lOP input-output processor 2-31, 32; 
LSI-11 5-73, 74, 87, 88; LSI-11/23 2-31; 
PDP-11/34 5-75 to 79; VAX 2-18, 23, 32, 
36 to 38; 5-2, 52, 75 to 80, 87 to 89; X-10 
microprocessor 5-79 

Configuration interaction (CI) method, 
potential energy curve generation 

6-96, 99, 106 
Construction, Laser Program 

1-10, 11 
Conversion efficiency, ICF power reactors 

7-2, 4. 17, 25, 45, 47, 48, 50 to 52, 54 
Copper activation 

Cost ol electricity (COE) 
capital cost 7-43, 48, 49, 53. 55; driver 
cost and gain 7-47 to 49, 51. 52; electric 
conversion efficiency 7-2. 4, 47, 48, 50, 
51; maximum chamber pulse rate 7-48, 
49, 51; power unit cost 7-47, 48, 50, 52 

Cross-timing 
Sec Diagnostics, LEAD Program 

Cryogenic DT implosion experiments 
3-45 

Cryogenic target support system 
cryogenic assembly chamber (CAC) 
4-11: crvostat end register 4-9; filling fuel 
capsules in situ 4-1 to 12; regulation of 
target temperatures 4-4; crvogei'nc utility 
post (CUP) 4-9 

O'lii^Yiiii Faigrt Support Si/s/cuj 
4-9 

Crystal 
acentric classes in large-aperture 
electrooptic devices 6-62; biaxial 6-63 to 
hd, growth of. supersaturation 6 72, 74. 
7^ 78. 83, laser candidates, smdv ot 
vwtwn fc-ftt \v> &J. ss'wmw\f\- fc-^2 w> wv 
mvaxial 6-63, 65, 66 

LiUi-till t.l.'lftll 
6 83 

Civshil I iiM-r GinJkliite*. Siiuite> i'f < Mhe> 
6-80 

Crystal Symmetry and \oncntknU\i l*ha-c 
iVIiilclii'if ihirmouu Ci'iii't'rsiixi 

6-M 
Cryshil Svnuuettv ml tlu ilectwoptn litci 

6-02 
Cycl< >ps laser 

in frecjiiency conversion experiments 
6-49 to 51, 53 

D 
Danle soft x-ray spectrometer 

2-30; 5 32 to 34, 86, W 
Data Wmitmement ami Analysis 

5 75 
Debris shields 

2-7, 111, 28 

DEC VT125 graphics terminal 
2-37 

DECNET inter-computer network 
2-37, 38; 5-75, 77, 79 

Deuterium-tritium (DT) 
1-3; 3-4, 12, 49; 5-1, 36 to 38, 61, 62, 64; 
formation of pure molecular 4-1, 15,18; 
spin-polarized 4-15 to 18 

Diagnostic Development, LEAD Program 
5-50 

Diagnostic Systems 
2-24 

Diagnostics 
electron and ion temperature, ion density, 
and longitudinal field spectra 3-42; for 
x-ray laser 2-47, 48; laser 3-17 to 20; loft 
2-30^ 32; Nova beam alignment 2-18 to 
28; opposed-port 2-24, 25, 28, 32; plasma 
source 3-47 to 48; soft x-ray spectrometer 
(Dante) 2-30; spool 2-27, 29; target 2-30 to 
32; using x-ray scattering 3-/1 

Diagnostics, LEAD Program 
22 x streak x-ray microscope 5-82, 83 
to 85; advanced 5-70, 73, 89, 92; CCI > 
camera 5-51, 55, 57; cross-timing 5-91, 
94, 95; Danle soft x-ray spectrometer 
5-32 to 34, 86, 90; data processing codes 
5-75, 81, 83; data storage and retrieval 
5-87 to 90; image reconstruction system 
5-73; grating-incidence spectrograph 
(CIS) 5-40 lo 44, 67; microchannel-plate 
grazing-incidence spectrometer (McPIGS) 
5 (17; microfabrication facility 5-72; 
neutron acln.in.in 5-61: neutron time-
of-flight 5-64; pemimbral imaging 5-r>0, 
65, 66; pinhole camera 5-65. 73, 84, 89. 
90; scintillator- " 14. 60, 61, 64, 65, 85; 
short-pulse las M. 59, 71, 72; slitless 
inieiisified-re i .;,ited spectrometer 
(SiKGAs) s .illv discriminating 
streak iai- •->) 5-83, 84. 90; 
streak i.mu i . u t i roni i s > S| ,ireak 
cptnal speitromett ' ' <^''\ M 5-S3. 
S4; target 5 '•'" t.> ..er-element 
diagnostic '.i. -i 27, 36. 611. n l . hi-
transinissum -tivak spivtrograph 
vs-uh e \U^^ • UC-SS t'W\ 5-40. 
41. =>l lo ^ ' v ia\ crystal streak 
spectrograpii , \i. "• 2" 2*1. 40 87: w a y 
Ir.imjiif; . .>'• • M ( \ t '• i 5 ^7 to Nl \ rav 

/one plat ,h'J :i ^c~. ( / l \ l ) 5 71 

.1 21 
I ' l ssPl \ 

we C -M .:, 
Hoppk-l shltt ,• 

5 4.1 46 • 
D o p p l e r ^ u -

3 IS. 17 n 
Oiup mell • 

7 .111 11 
blank. 

D! 
We Deuten. tnliiim 

Dve lasc-i 
5-711 to 72 

mpmg hue 

M l 
la\er granular 
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E 
EBM 

See Energy balance modules 
Eikonix CID-I Automated Image 
Reconstruction System 

5-73 
Electric conversion efficiency for fusion 
reactors 

7-2. 4, 47, 48, 50, 51 
Electrical power output in fusion reactors 

7-22, 23 
Electromagnetic particle code 

3 32 
Electron pjasnia leaves 

3-35. 42; 5-18. '15 
Electron temperature in plasmas 

3 11. 13.32 to 34. 37, 411 to 43. 71 
I tectro'i-lieam-Pumj'eti Plics/'licis 

6 37 
1 Icliou hut Collision* i,i p,mi,ill,i Ionize,! 
IhfliZ Plasma* 

3-D 
I l,\tto,, Ion lien I \,l,.;„v I,: Ionization an,l 
lie, oinlnnation 

I II . . , ;> Ktl.li... module-(I UM, 
5 'ill 

l.-M,-.,- '." i . Ili.:.'ii,il |ij.ii|iiiiv in Ific/i 
I n, i;„ (VJIIIJII 1..IIICUIH / i/'cni'.i'ill- .11 

Exploding-Foil X-Ray Laser Target 
3-10 

Exploding foil targets 
3-1, 2. 12, 15, J9, 20,40; 5-2 to 5, 8, 19, 
22, 23, 27, 29, 30, 38, 40, 45; coating of 
4-5 to 7, 19 

F 
Facilities for LEAD diagnostics 

5-70 
Far-Wing Absorption in Na-Ar Collision 

6-101 
Fast-Scintillator Measurements 

S-64 
last-Timing controls 

2-17, IS 
FFLEX 

See Filter fluorescer x-uw spectrometer 
Fiber-optic data communication 

3-58. 67, 75, 76, 87, 91 to 94 
l:i la mentation 5-8, 17, 18 

ponderomotive and thermal 3-32 to 35, 
49; thresholds 3-35 

Filter fluorescer v r a v spectrometer (FFLEX) 
2-30; 5-90 

FUshlamp Evaporation of Metal Dints 
6-93 

FUishlamp Performance, Dependence of on 
Gas Fill am: p*in- <:•;<• 

6-27 
Flashlamp experiments 

5-46 to 48, 50 
Fkishlamps 

beryllium-like manganese 3-2, 14 in 20; 
6-3; che nical 6-34 to 37; cost comparison 
6-85; evaporation of metal dust by 6-93 
tn 95; in single-segment amplifiers 6-9, 
11. 15 to 21; optical output and pumping 
performance 6-27, 28; power --iipply 
2 14. 17; pulse lurniing network (ITN) 
6 77: refle.'ors 6-5, 2?, 25 to 27 

l :iiiuii/,ilton, in heat exchangers 
7-27 to :M 

Fti .uresmue 
6-8, IS. IS to M). 32. 35 to V 45 to 4S. 
7d 77 79 to 83, 9S Kir. 108 

ninirtne. lncirogen like 
\ ray laser 3 2, 1! to 2d 

Iodising optui 
lor nuiltimej'--;. ule lasers 6 85: lor Nina 
2 -1 (v toi \over te 2 47. 4S 

h.ivnent,tlh»t ef *i..Ulentv Ite.ileil i i./iwif-. MI 
ICI si. ...(."> 

7 hi 
I in , ing t,im,T.i 

'nil aperuiu diagnostics on I 'oikels.ell 
6 M- m 

I r ^ u e n ^ .o,H.-rs,on 
1 (., 9 i-rn.u-ruv 2 4. 49. 5(1. index 
inalchmg il id 2 4, 7. 44, 5 2. 3. 11 H io 
Vl. 91. 'O b S| =0 Ml. S9 9 | 92. 
dvna-nu range 6 3 14. ?4 49 S<) hi, 
i'ilKiem\ in \ o \ , i produition i r w . i k 
2 5 21 41 I" Ml fa 55. 5h experiments 
6 49, SO, r,. .i 2 7 H, ID 2". 2K W 
lor \ . . \ e t i i - 2 .1 44 49 to SI high 
dvnaniu i.inge b 49 SO. til ol lusion 

lasers 6-64; second-harmonic generation 
(5HG) 6-49 to 51 ,53 , 54; third harmonic 
generation 6-50, 51, 54, 55 

Frequent) doubling 
quadrature SHG G-49, 50, 61 

Frequency noise in laser-atom inleractions 
6-108 

Fresnel loss in frequency conversion 
2-4 

Fuel (pr- •< Nova Targets 
5-61; AI>o see 5-4, 36 to 38 

Fuel Layering Techniques 
4-12" 

Fuel capsules 
in situ filling 4-9 

Fuel compression 
3 2 

liiel layering techniques 
"free fall" 4-12 to 15; noncor.tacl thermal 
gradient 4-12, 13- solid layers 4-12 to 15; 
uniform liquid layers 4-12 to 15 

Funding, Laser Program 
1-10 

hised silica target opiics. 
2-42 

Fusion experiments with Novette 
5-2 to 50 

G 
GaA-. pholoionductive switch 

5-S8 
Gadolinium gallium garnet ((..>,.-..) doped 
iv.ih Cr.Nd 

b 75, 79 
Gadolinium scandium gallium garnet 
(GSGG) 

6-4. 7-HO; stimulated emisMnn iruss 
section for N d ' 6 45. 7h. ~s o 

Gas ci-ll target lor inter.VrometrK 
nuMstirenn-ni-

5 18 !,• -
t i l led s p i r o m e t e r 

.1 7! 
I,razing IIH l-'iue speitrngiaph | t , IM 

5 40 lo44 n7 
Cross <•(.•• tmal output vt the Ui-i.klc 

7 : . 
C',-i,p II R.t'f iljs , ».;.«,.. s . v . - i s 

b •'" 
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H 
H1BALL German heavy-ion reactor 
concept 

3-24, 27 
HR 

Sir Highly reflective coatings 
HYlJFE (high-yield lithium-injection 
fusion energy) reactor 

7-1 In 5. 41. 44, 45, 52 to 55, 63, 64 
Hagen reflector 

6-10, 11, 13, 20. 21, 2 1 25 to 27 
Harmonic conversion 

arrays 6-!: materials 6-62; refraclivi 
index engineering 6-70; See n/su 
treiiuencv conversion 

Heat exchange in fusion reactors 
Cascade 7 5. 9. 10. 27 to 29, 41, 43; 
PuKe-Star 7 .W to 44 

Heat 1 ulmu^t-r [tf^n 
7 26 

Heat transport 
in high / pl.i-ni.is ? 32, 51) 

Mealing K high liitensiiv ligin 
3 1 : 

/fe.Jfiiiv' ••' I/w.fcMens.- I'hi-ma .)( High li.: 

3 42 
Heaw ion beam tiisinii (HUM 

3 I > 7 2 47 -i.s Si. r-2. peak power 
3 -> 28. 1| 

/Jci ' i i Ion flown ii.-ion / V^iyn ,/«,/ Sr/sfcw 
(.•;fnv- ; t )fJ( l/i^i J.(.»L'iiii, U-i'fiav 

7 47 
Helium lik.' fluorine 

3 1" 20 
HenVe librari ol atomn sintering (.mors 

5 « h 
HcleronuHear IOII-

meiii.i tin mnie r img eleclrK.il energ\ in 
light 6 'is 

llii'.h gam fusion 
fuel pellet 7 45 

f/l,v.''l nwLWin K.mce iji.ii./p.lfwe J VhWniv 
( i/icmurm-

fa 4" 
/ / /C'I /I-HICI i.fMKeM.niler /V-i\->. , i r.,,.„s 

7 17 
High / p l a n u s 

3 *2 so 
I h g h a i c . g c , »-i Ias.-rs 

6 J 2 iS J5 nJ 75 
High gainia .geN 

3 2 
High poise, l.we.s 

3 1 2 in fa I 2 
Hu;lih irl l t i i iM'iMK) r u l i n g s 

b IS 40 42 5] MS 
Hologiaphii nierleromeir> 

S 48 
I 1**1 e l c t i o n -

gi neiauou I ii 7 3 32 42. production in 
p l a n u s 5 t "* H 10 to 15, 38. 90. 95. % 

l lvdiudvn. imualh fiiittwik'iit 'argel 
3 2 

l -hJ i th l iminuis 
v e t unipuiei 11Hie I.ASNfcX 

Hulioi-leitiii lutt'iiie reactor design 
s.v Staitlsli 

Hydrogen-Deuterium (HD) 
4-12, IS 

Hydrogen-like fluorine 
Sec -Fluorine 

I 
ICF neutron loading 

7-18 
ICF reactor drivers 

3-28; 7-1; high-temperature experiment 
3-28, 30; ion beam compression 
See Beam compression 

Imaging 
Automated Image Reconstruction 
System, x-ray and charged particle 5-73 

Implicit 2-D electromagnetic particle code 
3-32 

Implosion 
bum 3-1 experiments 3-6. 23, 45; fuel 
temperature 3-68; perturbation analysis 
3-7 to 10 

/Hi;lJ(»S!l'H '..VlllTJHIl'HfS 
5-35 

hnyivvements hi Streak Camera Electronics 
5-69 

Impunlti Quenching 
6-46 

Index matching fluid 
6-3. 81. 82; Koolase 6-59 

Indirect-drive targets 
5-36 

Inhalation biological ha/jrd potential (BMP) 
7-4 

Instability growth in plasmas 
3 -1 6,'4« 

Integrated Controls. Ni \i 
2'36 

Intercomputer communication, 
See DFCNFT. Novanet 

Interlcronu'trv. holographic 
5 48 

Ions ui plasmas 
ionization heat exchange 3 68 lo 71; self 
lonsistent field models 3-ho; temperature 
3 17 S|, o8 to 71 

Kotopu ahuiulancc-
polomurn production 7 38 

K 
KD'V 

S,,- Poias-iuni dkleulerium phosphate 
KDP 

Sec Potassium dihvdrogcn phosphate 
KOPirvs-als 

AR coating 2 7; frci|iiency-conversion 
array 2 4, b. 7, index matching fluid 
6 3 59 81. S2; growth 6 71 to 75 

KZnl •,:(> 
Sec Crystal lasei candidates, studies 
ol other 

Kirkpatriek IMtv (KB) x-rav mtvrt>M'opr 
5 5 7 58 

Koolase index matching tluid 
6 59 

krl exumei .aver 
6 I 2 

Krypton in advance laser development 
6-2, 30, 93, 95, 97, 98, 100 

L 
LaMgAl n O w :C r 

Sec Crystal laser candidates, studies 
of other 

Lagrangian mesh 
3-3, 4, 57, 74 

Lamp check diagnostic for Nova 
2-16 

Landau damping 
3-36,43.68; 5-15. 17, 18,22,30 

Laser Damage Studies 
6-40 

Laser Experiments Analysis Facility (LEAF) 
5-2, 50, 75 to 80, 87 to 89 

Laser Lxf>eriii!t::ts and Advanced Diagnostics 
5-1 

Laser Targets 
3-2 

l-aser glass 
6 2, 3, 5 to 7, 15. 16, 21, 25 to 27, 84, 85. 
87, 90; absorption spectrum of Nd laser 
transition 6-47, 48; borosilicates BK-3, 
BK-7, BK-10 6-48; for megajoule laser 
6-45; Nd-fluorescence decay 6-45, 46; 
phosphates UP-91, UP-16 6-45 to 47; 
pioperties of 6-45, 48; silicates LC-660. 
1 G-670, LG-750 6-4, 8, 14. 15, 35. 46 
to 48; thermal loosing 6-48; See fifsc-
Commercial phosphates. Phosphates. 
Commercial silicates, Sihco-phosphates 

'user-Glass Compositions, New 
6 44 

Laser plasma interaction 
I 1. 3. 6. 7; 3-1. 31. 32. 43; absorption 
coel f iek*nt 3-33; electrical conductivity 
3-54: opacity 3-50. 52. 53; scaling with 
angular dependence 3-3-;, 61 to 62; 
scattenng by density fluctuations 3-34. 
hi. 62, thermal conductivity 3-11 34, 50. 
51. 51 34: wavelength dependence 3 32 

Lasers 
advanced research m 1-1. 8. 9: 6-1 to 4. 
14. 15. 17. 27. .14 to 37: 10-MJ 7-45; 
alignment 2 18 '8. 44; diagnostics 2-15. 
17. H. 21 27. 3d to 38. 41; dye laser 5 70 
to -2 cxcilalion transler ultraviolet 6 10L 
extreme ultra violet (\LV) 5-1. 38, 39; 
tree electron 6 t. 2. gas storage media in 
large M.ile tusion 6 ' ' 1 97. ILK); high 
average power 6 45. 75; Krl: excimer 6 I. 
2 megaioule 6-45 multimegajoule 6-84. 
85. slab geometic 6 77 short poise 5-51. 
5M. 71. 72: ^ t ( v * a v (XUVl 5-1, 2. 4. 39 
45- solid si.,te 6 I .0 3. 37. 75; >AG 5 ? ) 
71. ^At 1 .Nd 6 77 to 79 See u/s«. Argus 
Cy.lops, Nova. Nove'te. Shna 

I.'ISN/X an.t Ali'iiih Miv-iis 
3 s (, 

I ASNt-\ hvdroiiyiiamic snnulauon code 
5 \. iO. In to 18. 21 to 23. 25 to 28. .10, 
3.1 U 37. 46. 48 

I A L . N I \ models 
3 1 to 4 t> to 13, 17. 32, 44, 5b to 58, 60 
to 62. w.. ti8 ,2 (O 76, acenrac)' 3-10; 
advedion (remapping) of Ligrangun 
meshes 3 57 to M Fulerian 3-56; Gf)Al-
>ee < oniputer code 
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LEAD Laser Experiments and Advanced 
Diagnostics Program 

3-1.3, 11 ,20 ,23 ,42 ,57 ,63 ,73 
LEAF 

lee Laser Experiments Analysis Facility 
Lens design 

2-6, 48 
LiAIOj 

See Lithium aluminate 
UPb 

Sec Lithium-lead coolant 
Line emission in high-Z plasmas 

3-32 
Linearved hvdrodvnamic eolations 

3 2 
UNHOVT 

See Computer code 
Liquid metal in ICF reactors 

hydrodynamic models 7-61 to M; 
tragmentalinn 7-hi 

Lithium 
r o o b m 7 W: flmv r,»t> 7 4J. 5.1 
enrichment " h i 

Itthiuin ,ilum:nate (I lA'O,) 
tritium breeding laver 7*2S 

I ilhium lead coolant. I\\Ke"Star 
7 : . 3h, .17 

I '-ng range planning. User Program 
1 10 

I ong scjlelength plasmas 
3 1. 31 

I ow frequent v plasma kinetics simulations 
3 32 

M 
Magnesium, hvdrogen hW 

Siv Hydrogen like magnesium 
Magnet K tiMon realtor 

7 4. 37. 38 =12 
Manganese 

loiK { tlashlanips ) ;t ;• |=; ] , , pi. 20: 
4 : to =i 

MAKs 
s,v Minoi advamed u a u o i siudv 

MAsk 
\ v I ompule; .ode 

Mass ttuisport ,ontu ; .a , , w a l ^ .ou lh 
b "1 IO 74 

M.) oMillatoi p o u , nphi,,., (MOPA1 
. •iiliguration 

b 1 =«> 87 K'J 
Masi.-i ,,^ullau.[ looi'i iMOK) 

2 1 H I - 17 io 1" 22 1U 14 42 to 
•J-i 5 >>| »0 

M.I 'K.s 
\ v Mu UK li.iim.-l plaii- gia/nij!. nu ideiii e 
sp,-u.oinru-. 

M.-JsLn-rrn-riFs,.* l \ , . , i i >i„- „ „ , , /,,-, 
pd.-f i» \ i -s ,n»/ i .»i i'/ iHi . i , - , ; / . ! , . , - . 

b 4t% 

\1.-./(.UIIL..; sw.-m- \ o v j 
2 12 

Me. lum.al p.op,TtK-s 
t.-iami. material-7 17 

Mi-l.il uni-g.iM-v.mw.*. 
6 ' ) ! 11T "7 'IK HK< 

MFFIRE 
Src Computer code 

MicroChannel plate grazing-incidence 
spectrometer (McPIGS) 

5-67 
MicrofaWcatian Facitihf 

5-72 
Microspot target, fabrication of 

4-8 
Microwave Experiments 

5-95 
Microw s, compression of 

3-12,44,54 to 56 
Military applications of IC1 : 

1-1, 2,9 
Mirror advanced reactor sfudv (MARS) 

7-37, 38 
MIXFRG 

See Computer code 
A'ldili'ti'uy Noise in Strong laser-Atom 
Interact Urns 

6-11)7 
Molecular dynamics 

liquid-metal fragmentation 7-61 to 64 
Monk- Carlo atomic physics model 

3-1,32. 69 
Monk' Carlo laser scattering 

3-62 
MnPA 

Sec Master oscillator power amplifier 
MOK 

See Master oscillator room 
Alufn»!i of Single Frictional Granules on 
Rotating Cylinders ami Cones 

7 12 
Mul'iltiucr Polumer Microdot Fargets 

SUtltntu'gafoule Laser Ptoh\t 
6-84 

N 
Na,C»UJ,i :

1 2 :Cr 
See Crystal laser candidates, -.tudies 
ot other 

V . / V ' " ' ' 
b 47 

\ d glass 
sec N-.-odvmium dopi'd glass 

Neodvmium (Nidi 
b 13. 7S to 79 

\ e o d v n u u m doped glass 
5 70; b 14. IS 17 14 37. L>er b I to 
1. laser transition 6 47 fluoresiein e 
(.[tft'iu hing b 4t> pmnpifig IM <hemft.il 
lamps b 27 

Neon like selenium 
Siv Selenium 

\ e t electru power in lusion realtors 
7 \ 47 4*, SO. V St. M 

\ e t plant power in Lision realtors 
7 s() 

Neutron aili\ation 
5 4. ib. 37. hi. M l«l 

Neutron energ\ spi 'dmm 
5 nil hi 

Neutron measurements 
Nova laser diagnostics 5-60 to 64; fuel 
(pr) 5-4, 36 to 38, 61; fast-srintillator 
5-64; penutnbral imaging 5-65 

Neutron streak camera 
5-61, 65, 71 

Neutron time-of-flight measurements 
5-64 

Ncutroitks of Three Blanket Options for 
Cascade 

7-24 
New Compact Multipass Laser Design 

6-85 
New Harmonic Materials: Index Engineering 

6-70 
New laser-Class Compositions 

6-44 
Nickel flashbrnps 

3 19 
Noisy laser-atom interactions 

6-108 
MojUTJiical phase-matching (NCPM) 

6-3, 62, 64 to 66, 70, 71; in biaxial 
crystals 6-65 

.Vuiiiiin'or Materials Laboratory 
6-61 

Nova 
I-L 3, 4, 5, 2-1 to 39, 48 to 57; activation 
chronology 2-2; alignment control system 
2-18; beam alignment and diagnostics 2-18 
to 28; budget, cost, and schedule 2-2, 38, 
39; rosl comparison with multipass last'r 
design 6-89 to 92; electric .riggering 
system 5-69, s»4; lens positioner 2-4, 6: 
optical fiducial system 5-89 to 'J2; optical 
materials, coatings, and surfaces 6-38 to 
44: picosecond diagnostics 5-72; power-
conditioning control 2-lh; target design 
3 1. 2. h. htr target diagnostics 5-60 to 63, 
65; target systems 2-28 to 32; ten beam 
target thamber 2 28 to 30, 5 h2, 63, two 
beam target ihamber 2 !. 48 to Sh. 5 38-
Sec .i/s,» Nova entries that follow 

NOVA I INK network iards 
5 87. SS 

Voi',j •\,tn-alil'U .in.t Pettoftui'h,-
2 i 

Nina In-queniv tomersion arr.u 
umversion ettivietnv pulse sli.ipme, 2 1 
U»> IV IS -11 .ievi^n 2 4 

Voj-d C,W»H,<IU.II1,»I-. jr.J l\l!<, | M . , ^ . - r 
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Nova Target Diagnostics Control System 
2-30 

Nova Target Systems 
2-28 

Nova Two-Beam Target Chamber 
2-48; System Performance 2-49; 
Mechanical Plan 2-52 

Nova control systems 
beam alignment 2-18, 38, 44; control 
software 2-17; data acquisition 2-18, 28, 
30; diagnostic spool 2-27, 29; integrated 
controls 2-36 to 38; oscillator 2-17; power 
conditioning 2-16; shot scheduler 2-17, 
36; software development 2-17, 18, 36 to 
38; software quality assurance plan 2-37; 
spaceframe stability 2-28, 33, 34, 42, 53, 
55; timing and trigger system 2-30; 
vacuum control system 2-28, 31, 36, 37 

Nova mechanical systems 
mechanical components, assembly and 
installation 2-32 to 34; mirrors and 
mirror support towers 2-53 to 55; 
spaceframe stability 2-28, 33, 34, 42, 
53, 55; two-beam target chamber, 
mechanical layout 2-52 to 56 

Nova power systems energy storage 
capacitor bank 2-15; channel and 
attribute selection 2-18; facility controls 
2-16; power conditioning controls 2-16; 
oscillator controls 2-17; pulsed-power 
menu 2-17; system-timing 2-16 

Nova target -systems 
2-26. 28, 36. 37; alignment and viewing 
instruments (TAVI5) 2-29; calorimeter 
supports 2-28; control 2-30, 36; diagnostics 
2 1. 30, 38. 41, 48; handling equipment 
2-28; irradiation expenments 2-41, 42. 49; 
local illuminator 2-42, -plane imager 2-22, 
47; positioner 2-22, 28, 29; timing 2-30; 
target chamber See Two-beam target 
chamber. Ten-beam target chamber 

No\a targets 
Cryogenic target support system 4-9 to 
11: fuel layering techniques 4 12 to 15; 
spin polan/ed I) I Kiel for 4-15 to 18 

Novanet communications driver 
5 9tl 

Novanet intermmpulci lommunicalinns 
netwo^k 

2 1/. 30. 32. to. .18 
Novelte 

1 1 6, 7 2 19 to 48: 4to target 
experiment' ' 2 44; experiments; 1 1 6, 7 
3 1. 2 111. 14 to 17. I'J 20, 32, 3b; 5 2 to 
5(1; loial spot T-i/e 2 46; Jucusmg op t i c 
2 3. 7, 47; multilayer polymer ini-rospoi 
targets 4 8. test bed tor Nova 2 -t4; x rav 
laser experiments I I, 7. 8; 2 t>. .IS, 41. 
47. 49 51. 5 38 to 50; x ray laser target 
tahmatkin 4 I to 8 

V ' IVHI - I \fieruni-iit\ I T A P Program 
5 2 

V e r e f r e l.il>i-> Su>t<-nt 
2 iy 

W W / e i>i>euith>n> .nni Peiformate 
2 41 

\oivtle X Pw ' ' ' -• ' ' ' ' " .V ' liibrudtion 
4 1 

\ tul i ' . t r text experiments and diagnostus 
1 I h 7 

o 
One- and two-photon absorption in oxide 
glasses 

6-48 
Opposed-port diagnostic (OPD), Nova 

2-24 to 26, 28, 32 
Optical Bremsstrahlung as an Electron-
Density Diagnostic for Laser-Produced, 
Exploding-Foii Plasmas 

5-22 
Optical Components for Nova 

2-6 
Optical coatings 

antireflective (AR) 1-9; 6-1 to 3, 50, 
52, 56, 58, 81, 85, b7, 91, 101, 102; 
highly reflective (HR) 6-38, 40, 42, 51; 
ion-assisted vacuum deposition 6-43; 
laser damage thresholds in 6-40 to 44; 
neutral-solution processing 6-41, 42; 
porous silica 6-38, 39, 41; sol-gel 1-9; 
6-3, 38 to 42,44, 50, 52 

Optical evaporation of me'al dust 
6-93 to 95 

Optical fiducial system 
5-92 

Optical lithography 
5-72, 73 

Optica! switch 
1-9; 6-3, 49. 55, 62; Koolase index-
matching fluid 6-59; See also Pockeis cell 

Optical/x-rav (OX) streak camera 
5-20, 82, 90 

ORACLE 
See Computer code 

Oscillator Controls 
See Fast-Timing Contiols 

Oscillator Controls 
2-17 

OX 
See Optical/x-ray streak camera 

P 
Patvmetru Instabilities, Summary of 

S 4, A(w wc 3-35-, S-2, U . \1, W. 22, 29. 
32, 9S 

I'Bl-A pulsed-p-nver facility 
3-24. 27 

PDS CapiiNhtv 
5-77; See it/>i> Phutodigiti/tng system 

Pcnuriil'tai huj^mg for .\Viilri>ii> 
5 h5 

Phosphates 
in laser glass E> 45 to 47 

Photocondiufivc switch. Cni/V-
5 SK <W „~. i,S 

Photodigiti/mg ostein 
5 75 to 79 87, 89 

Photoioiu/ation gaseous 
cross sections 6-104 

Phciloiesonance-chemes tor x rav lasmg 
3 14 .o 20 

Plutoiwuinliu Vumpe.tliKsiVh- X R,iu 1,IM-I 
3 14 

PIU 
.See Pulse umiMlion lamp check 

Pillbox experiments 
3-20; 5-47, 49, 50 

Pinhole camera 
5-65, 73, 84, 89, 90 

Plasma 
conductivities 3-33, 34, 50, 51, 53, 54, 66; 
density 3-32, 36, 40, 43, 47, 61, 70; 5-2, 
10,12, 17, 19, 20, 22, 29; inhomogeneous 
5-95; electron temperature 3-11, 13, 32 
to 34, 36, 37, 40 to 43, 50, 51, 68, 71; 
equations of state 3-1, 3, 55, 56; opacities 
3-50, 52, 53; simulation 2-44; 3-45; 
temperature 5-22, 28 to 30, 64 

Plasma Physics 
3-31 

Plarma instabilities 
Brillouin scattering 5-2, 8, 9, 11, 17, 22; 
filamentation 5-8, 17, 18; stimulated 
Brillouin scattering (SBS) 5-9, 10; 
stimulated Raman scattering (SRS) 5-1 to 
3, 11, 12, 15 to 19, 29 to 31, two-plasmon 
decay 5-7, 8,15, 22 

Mastic tCH) targets 
4-1, 8, 9, 18; 5-16 to 18, 30 

PLOT LIB 
See Computer codes 

Pockeis Cell, Plasma-Electrode 
6-56 

Pockeis cell 
2-43; 5-91, 92 

Polarized DT 
4-15 to 18 

Polonium in fusion reactors 
7-2, 36 to 38, 40; chemistry 7-38; 
formation 7-40; production 7-2, 38 

Polonium Issues 
7-36 

Polyatomic systems 
relativistic calculations for 6-105 

Polymers 
in fusion targets 4-8, 9, 11; formation of 
ulirathin cast films 4-18, 19 

Pomie'omottve and Tlieri-nil Filamentation of 
Laser Li-iht 

3-32 ' 
PuUs-sium Acid. pb.ttv.iUw ($.\?\ 

5-27. 47 
Potassium dideulerium phosphate (KD'P) 

6-41 til 
Potassium dihvdrogen phosphate (KDP) 

frequency conversion and focusing 2-4 
to 6; optical coatings 2-6 U 10; 
production and finishing oi crystals 2-10; 
tuning the 4<u crystal array 2-42; 5-10. 
11. 16. 6 1. 31: to 41. =<{), 54. 58, 59. 62. 66. 
67. IV-J to ?\ rapid growth 6-71 to 75 

M'.VCP uuii/ifie miy; Gwlrol* 
2 Id 

ft'ic.r fo-uLl.-r iV.siyi /lends 
7 1 

Pi'.-riv .Si/>/,-nis ( ncftu S/.'niye Nova 
2 IS 

Praxis 
Ve Lompuk-r iode 

rressuiiA-cl water r..Klor (P\\K) 
7 4 4S 

I'li'tWitl /.KINK.'* 
1 ID 
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Program Resources 

1-10 
Progress and Accomplishment, Laser Program 

1-3 
Proximity heating 

See Ions in plasma, ionization heat 
exchange 

Pulse Generation and Shaping, Nova 
2-13 

Pulse'Star Reactor 
7-36 

Pulse'Star lusion reactor 
7-1 to j , 3* lo 40, -13, 44, 64; heat 
exchanger design 7-9, 41, 43; liquid 
metal pump 7-41; lithium coolant 
for 7-4i> layout and power fiVw 7-43; 
lithium flow rate 7-41, 53; steam 
generatoi (SG) 7-10; tritium containment 
7-2, 5, 36 

Pulse'Star. A Version Using Liquid-Lithium 
Coolant 

7-40 
Pulse-ioni/ation lamj check (P1LC) 

2-17 
Pump Uniformity and Did Effects 

6-24 
Pusher pr ratios 

3-2, 4 to 6. 45. 4h 
PWR 

s -ssuri/ed water reactor 

Q 
QiK'iuhin^, low lonci-ntration, in lasiv 

6 3, 37. 45 lo -17. 71. li.3. Mil. llll 

R 
RATION 

SiY Computer code 
RadChem 

Set" Radiochemical tracer 
Radiation /MIC/ ' I ' I I 

6-17 
Radiation profiles 

6 17. IS 211.21 
Radiochemical tr.uer (R.tdihem) m-get 
debris collector 

S'Kl 
Raman s..iih'iMi< Jf /'.'Jsrtu fV»«//u Milium! 

K.IMi;'/ S.JI/f-Ntl.x' II, l l/<U/.'»iy /,-jJ-. 
5 2«» 

Return sj.iV-Miffrmie ami Ke.. i»j(|S«i.'ii 

3 4H 
K.im.in sidi-si altering 

3 12 41 44 Mi-wm Utl lums linear 
i luv; \ l..i giadu-m l hies In.] ..is 3 41 
/ O H AK simulations 3 4U 4! 54 

Kan.lom i-li-m.-m puHessoi 
5 7i. 77 

K.I / . J . / I . I / . I . : . J I I 1 ' ,.f /'I.'/.CIIII--. ,if I*IIJ-WI.I 
Alom> anJ l-«-

3 (>!• 

K.lj»jtj Ui...rf(i ." M ' / ' i 'Otitis 
b 71 

Rare gas 
xenon, argon, krypton 6-2, 27 to 34, 93, 
95, 97, 98, 100; in clear- fused-quartz 
flashlamps 6-27 to 34 

Ray tracing 
3-1, 56; 6-15, 17, 18, 25 

Rayleigh-Taylor instability 
3-2, 6, 20, 22 

RbCaF 3:Cr 
See Crystal laser c studies 
of other 

Reactive-ion etching (Rl£) 
5-72 

Reactor chamber 
1-9; 7-2, 3, 5 to 10, 17, 19 to 22, 27, 30, 
31, 41, 47, 48, 51; See also Cascade, 
Pulse'Star, Starfish, HYL1FE 

Recombination-pumped x-ray laser scheme 
5-4, 45 

Reduction of Deposition Asymmetries in 
Directly Driven Ion-Beam and Laser Targets 

3-24 
Reflectors in laser amplifiers 

Sec Hagen reflectors, Winston reflectors 
Refractive index engineering 

crystal doping, solid solutions 6-3, 70, 71; 
Also see New Harmonic Materials 6-70 

Retativistic Calculations on Polyatomic Systems 
6-105 

Relativists effective potential (REP) 
6-106 

Remapping 
See Advection of Lagrangian meshes 

Resonance (autoionizing) stales 
ft-49, 97, 102 to 105, 108; wave functions, 
coordinate systems for 6-103 

Resonaiu.es in Atom-Diatom Reactions 
6-103 

Resonant Charge-Exchange Excimer System 
6-95 

Resonant Plictocxcitalion Laser Experiments 
5-46 

Resonant photoe\citation 
3-1, 14 to 2", 69; 5-46, 47, 48. 50 fluorine 
lasai:! 4-2 to 6 

Kichlnivei Meshkov (KM) instability 
3-2. 5, 7, 1(1, 20 u. 23 

Ruhtwer-Mt'Mov Iw-Uihlitie* in ICF 
Lt1f>>lde> 

3-20 
KII-" 

Ve Rcaiinc ion etching 
RIPPll—ASpherhtil Harmouu 
i>,<-,tp><\<•••»<' tot I P M S \ 7 . \ *tmul<uti»i* 

3 2 Sir it/i-ii Computer i odes 
Rippled -shock problem in 1CI targets 

J 2. o to 10 

s 
Safety and environmental issues i d 
power i eat tors 

7 I IO 3. 5, 7 17 47 
-ills 

V<- Stimulated Unllouin si altering 
Swinnine, election mil tost ope (si M) 

5 VJ 

Scattering 
3-1, 37,40, 44, 62, 64, 65; and density 
fluctuation 3-61; angle 3-51 to 54; by 
nuclear charge 3-53; collinear, symmetric 
reactive scattering system 6-103,104; 
distinguishing frequency noise in 6-108; 
electrostatic potential 3-50, 52; random 
model of 3-56; x-ray 3-62, 71 to 73 

Scintillator 
5-14, 60, 61, 64, 65, 85 

Screened-hydrogenic model for ions in 
plasmas 

3-17, 66, 68, 72, 73 
Second-Order Monotonk Advection in 
LASNEX 

3-57 
Second-harmonic generation ( S H Q 

6-51, 53, 54, 56, 68 70; frequency 
doubling quadrature system 6-49, 50, 61; 
See also Frequency conversion 

Seismic stability, Nova spaceirame 
2-28, 34 

Selenium 
collisional excitation scheme 3-1, 2; 
coating on formvar, exploding foil target 
4-6, 7; 5-1, 4, 39 to 42, 45, 46; neon-like, 
in x-ray lasing 3-1, 2, 10, 11, 13, 14 

5elf-coiisistent field calculation, 
3-66, 67 

SEM 
See Scanning electron microscope 

SHC 
See Second-harmonic generation 

Shiva laser 
2-1, 32, 48, 52. 53, 55. 56; 5-2. IS: 5-4. 10. 
36 lo 38. 46; 6-87 

Short-Pulse Laser 
5-71; See also 5-2. 38, 51. 5«. 72, y | 

Short-pulse la^ei facilitv (SIM-") 
5-71 

SHOTBOOK electronic Shmbook 
See Computer code 

SiC 
Sir Silicon carbide 

Silico phosphates in laser glass. UP IhO 
UP-U7. Z-X5. H Mt> 

6-45 
Silicon carbide (SiC) in i!n- (. asi.uV lusion 
read or 

7 1. 2. 5. 7 to " 17 u- 22 24 2^ -„ ^7 
Single Segment •\-u;'ii,'e' I •./'ffic-t.,, 
/W.'s 

64 

I.l/.JW.JII.'.| 
h 11 

stab giMiiiem l.isfi -
b 77 

shfless mteiwhed ie.uioui i;.ited 
spi-itionu'tei (S|Rt..\-,) 

si Ii7 
sutl ^ r.n |\L \ i | . is t , 

3 I 2 4 I i > i J 4 IN I»I -|i 
N-/ tic. c.i.i/i'iv;-

6 ' l J 

^olid S,,,.V Auiflllt;,;* 
b -I 
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Solid state laser, advanced 
1-1, 8, 9; 6-1 tc 3, 37; solid-state host material 
6-75 

Spatial filters 
See Amplifiers 

Spatially discriminatinj, streak 
spectrometer (SDSS) 

5-83. 84. 90 
Spectral line coincidence measurements 

5-47 
SPFCTRE XRASP.R 

St'c Computer codes 
Spectrometers 

See Dante, l :! :l.l:\, CIS, McPIGS. SCS, 
SDSS, SIRC.'AS, SOS/SIM-\ 

Sfieitio*cof>u iiiiii J.iisi'r Stiuiic- of 
Ciulolumitn Callimii duvet-* 

6 7^ 

\ ra\ 5 27. Ill SI in ss, 71 K.l. H7; 
t\pt*.,il 5-KV M V-' .!-i' Streak optical 
spei ttonii'ter 

4 1̂  alignment ot nuJiMr spins 4-15 to 
IS i rnss -i-itiiin tor nikle.ir UiMOll 4-15. 
In dipnle muplnii; 4 l(> lomiation ot 
pun' n.nleail.ii ( i ; 4 I IS IK; spin 
l.iltue :im.- rrbx.itmn 4 1 IS 17 

Mt,.il .1 r 
s,, (. iw. i l Lis,., wiiKiiJ.itr-. studies 
otmhei 

7 4 
SM,IIS(: K, . . . . . 

7 4-) 
si,,!,-,;..., \1.•.!,•, ', • /,\ 'K ^..rie'i'i^ h, 
Hen-u- < ...:r..n..--

J u l 
Siiinnl.il.\! Hull, .inn sk .Hieing, (S^Sl 

5 " IP 
stuuuhtli i K.r-i,-. ^..if.'i'.'.v.i.-./ H<>' 
/iV.ri.'il /'-. ,/,..r . 

5 12 
S||MHll.l!.-J K.im.in - . . t ' l .ni lvU^I^I 

2 4 S V 5 I I ^ > 10 II 12 IS it. 
I" 2" i.» II i" K'n^ S..I1.-I, n g i h pl.ism.is 
1 M h..i .-li.iit.ii 1-..-H.-I.III..II 1 12 42 
suppi.-s , . , , , K ,..liisi,.n.il d.inipi.ig.l 12 
4H ttillisi.in.il lin.-sliol.K \ 1 hiwimg ni 
imd.-rd.-ns,. ,.|.,s,n.i 1 42 

Wirn.ilat.'d Iv.inun si.1,.s, ..ivi m>\ 
3 12 

SM.ltlllftt Minds 
1211 m.Ki..,;i lf,-d tlmmgh 13 21 22 

sneak i.im.-i.is 
5 l«> 21 tti 2h 5 M in SS N) (.| (iS |,'I 
"II pin.i-ssing nl .l.il.i lioin 5 S2 Iti H1* 

Sl|r,;k t lW. l l sjit.ttlOj'l.lph f"< N 
5 -l" 

*>1i.-.lk npll.-ll p\i.i|Ht |SlU') 
S '1,1 

Siu-.ik npnt.ll spttunm.-lf i (HOVSI'I V 
5 h* K-l 

sfh.i,,- >-• iV.ini i .•m/'icw.'ii injuring 
IMK Jffc.is '.>/ .i I'lu/h^eJ Heam 

3 2f 

Sub-quarter-critical stimulated Raman 
scattering (SQSR) 

5-12 to 15 
Suprathennal Electron Production at Short 
Laser Wavelengths 

5-11; See also 5-2, 3, 95 
Synchronization, laser and diagnostic 

5-68, 91, 95 

Target 
CH foil 3-44, 45; design 3-1, 2, 53 to 57; 
directly driven 3-7; energy deposition 
asymmetry 3-24, 27; energy gain 3-42; 
electron-driven 5-36; exploding-foil 3-10; 
5-2 to 5, 8, 19, 22, 23, 27, 29, 30, 38, 40, 
45; fabrication 1-8, 4-1 to 18; gas cell 5-4£ 
to 50; heavy ion 3-28, 29; high-Z 3-36; 
illumination symmetry 3-23, 24; implosion 
experiments 3-23; 5-4, 36 to 38, 60, 89; 
indirect-drive 5-36; irradiation of plastic 
(,CH1 5-16 to 18,3Q; ircadiatioa of gald 
disk 5-3. 6, 8. 11 to 13, 15 to 18, 22, 30. 
31; peak power for ignition 3-28 to 30; 
performance 3-2. 3, 17; pillbox 5-13 to 
18, 47, 49, 50; regulation of temperatures 
4-9; spherical 3-23, 24; stability 3-4 to 
10. 20 to 23; thermal effects 3-23, 24; 
wavelength-scaling shots 2-41, 42, -14; 
\-r jv driven 5-36 

Iiltflff Design 
3-1 

target Focusing Configuration for X-Rat/ 
Laser /> riinents, Novette 

2-47 
Ten-Learn target chamber, Nova 

2-28 to 30, 35, 36, 4'J, 52, 53 
IGSS-LM: A Ftme-Rewlvct Imaging 
Spectrometer for the Measurement of 
Anifihtioii Spontaneous Emission at Soft 
X Run IViivt'h'Hjfths 

5 51:S<Y.I(S,I 3-40.43, 73, 83. K7 
l'l ennal fonductiviiv 

3 33, 34, 50. 51. 53. SJ; 4 12; 6-37. 44 
Nn-rnul filimeni.-'ion 

3 12 it. 3* 
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