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Preface 
In this 1982 Laser Program Animal Report, we present a summary of the unclassified activities 
and accomplishments of the Laser Fusion Program at LLNL for the calendar year 1982. This 
Program is supported by the United States Department of Energy. 

Our purpose in publishing this report is to present our work to the inertial-confinement 
fusion community in sufficient depth to provide an understanding of the experimental and 
analytical bases of the LLNL Program. To keep the report complete in one volume, we have 
necessarily left out many details that would most certainly be interesting and useful to our 
readers. We can only suggest that readers desiring more information contact the authors of 
the various articles to obtain more in-depth information. 

We have arranged the 1982 Annual Report in basically the same foiTnat used in previous 
years. Section 1 provides the reader with an overview of the entire Program and some high
lights and accomplishments in the seven major functional areas. These functional areas-
Laser Systems and Operations, Target Design, Target Fabrication, Fusion Experiments Pro
gram, Zeus Laser Project, Laser Research and Development, and Energy Applications—are 
described in more detail in Sections 2 through 8, respectively. 

C. D. Hendricks 
Scientific Editor 
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schedule uncertainties were also resolved when Congress appropriated funds 
to complete the project. Although the full 20-beam system with the 2a; 
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The fiJtw-flgorescer diagnostic k 
rapidly becoming the standard " 
thi-ovgboat the ICF coauraffifcy far 

.. measuring the high-energy x-ray 
spectram from laaer-taradiated 
targets. The thick lead *hieMing 
shown here is ased to reduce the 
background from scattered high-
energy x rays. TUs intrumeat can 
measure x-ray energies up to 360 
keV. From the x-ray spectmm, we 
calculate die namber and energy of 
supratherm*] electros?* that couM 
preheat our laser fission capules, 
maki.*? them more difficult to 
compress. OuJ measurements show 
that, by using a shorter-wavelength 
laser, we suppress the production of 
hoi electrons. 

Section 1 
Laser Program Overview 
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Laser Program Overview 
Introduction J. F. Holzrichter 

The Inertial Confinement Fusion (ICF) Program at the Lawrence Livermore 
National Laboratory (LLNL) experienced a time of transition during 1982. At 
the end of 1981, we had turned off the old lasers, Argus and Shiva, to free re
sources needed tor construction of the new lasers, Novette and Nova. In 1982, 
we installed Novette, the 2-beam forerunner of the 10-beam Nova; we com
pleted the Nova laser building and office building; and we began installation 
of the Nova laser itself. 

The main emphasis of our Program remains: using ICF facilities and concepts 
to support military and weapons research in the near term and to conduct 
high-risk, high-payoff research for commercial applications in the long term. 
We will first use the Novette laser to conduct experiments relevant to the weap
ons program. Later, using ICF targets, we will obtain information useful for 
understanding high-gain physics. 

The commercial ICF activities are minimal at present. However, during 1982, 
we continued to emphasize the long-range, high-potential aspects of the ICF 
process when applied to electrical power production. The entire fusion commu
nity (both magnetic and inertial fusion) is becoming increasingly concerned 
with the costs of fusion systems as compared to the competing technologies. 
Consequently, the objective of our ICF research for commercial applications is to 
conceptualize fusion reactor systems that are less costly and more flexible. 

Future ICF activities received much attention during 1982. In particular, a 
new five-year plan was developed by the Department of Energy and the 
inertial fusion laboratories. This plan clearly shows both that the Novette and 
Nova lasers are the primary facilities for maintaining ICF momentum during 
the five-year time period and that a versatile large driver beyond Nova is 
needed. Addressing this need for a large new driver, we at LLNL are investigat
ing an advanced laser suitable for a 5- to 10-MJ high-gain test facility. In addi
tion, we have developed a program strategy for extending target performance 
f.om the 100-kJ Nova level to the 5- to 10-MJ high-gain level. 

Highlights of our ICF activities during 1982 are described below bv program 
element 
e Laser Systems and Operations • Zeus Laser Project 
• Target Design • Laser Research and Development 
• Target Fabrication • Energy Applications 
• Fusion Experiments Program 

Laser Systems and Operations 

The most important event of 1982 was 
the completion of both beamlines of the 
Novette laser (Fig. 1-1). This laser, designed 
as an interim system until the 10-beam 
Nova can be completed, is built up from 
borrowed Shiva parts, some special parts, 

and large-aperture Nova components. In es
sence, Novette comprises 2 of the ultimate 
10 beamlines of Nova. 

In 1982, Novette achieved a performance 
of 11 TW with lu.' (1.05 (im) light in one 
beam at a pulse width of 94 ps. In January 
1983, the full two-beam Novette system 
provided 25 TW with \w light and 13 TW 
with 2co (0.53 urn) light, both at a 94-ps 



Introduction 

- i. View (if 
" t O I.1SIT. 

pulse width. This performance verifies the 
basic design goal of the Nova laser, which 
is 8 to 12 TW of lu; light per beam. Further
more, the beam has a fill factor of 0.85, 
which is even greater than our original esti
mate of 0.70. 

At the end of 1982, diagnostics had been 
installed on Novette, and experiments were 
beginning. Preliminary expert! nents on the 

conversion of lm to 2u; light had been car
ried out with a measured conversion effi
ciency of -60%. 

The final configuration of the Nova laser 
was approved in April 1982. Nova is to pro
vide approximately 100 k] at 1.05 ixm and 
slightly less energy at 0.53 and 0.35 ftm. 
The total estimated cost for Nova is 
$176 million, with construction to be 

H<;. 1-2. \m' , t attiir 
building provides 

. space for 200 
personnel. 
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Introduction 
completed by the end of FY-84. The Nova 
office and laboratory buildings (Figs. 1-2 
and 1-3) hai<> been finished and accepted, 
and the Nova laser system is presently 
being installed. 

Target Design 

The Target Design program is concentrating 
its resources on obtaining the greatest per
formance from targets designed to be irradi
ated by Novette and No,a. Test results 
from these targets vviil allow us to project, 
with added confidence, to the design of 
high-gain targets that are expected to be 
driven by multimegajoule lasers. In particu
lar, we are preparing to test target designs 
for Nova that, hydrodynamically, will be 
very nearly equivalent to our high-gain 
multimegajoule targets. 

In our direct-drive designs for Nova, we 
are concentrating on a single-shell design, 
with a double-shell design as the principal 
backup. Of these two designs, the single-
shell design has a lower risk and may be 
more easily explored. 

For these targets, we are emphasizing a 
target made up of cryogenic deuterium-
tritium (DT) fuel and low-Z ablators, as 
shown in Fig. 1-4. In addition, we are 
directing our diagnostic and target-
fabrication programs to provide tech
niques for measuring the size of the final 

compressed-fuel region and for verifying 
that central ignition in these targets will 
occur as required. 

LASNEX, the principal target-design 
code, was significantly improved during 
1982 by the inclusion of improved energy 
transport and charged-particle deposition. 
I.ASNEX is playing a key role in the design 
of various x-ray lasers, several of which will 
be tested in Novette. Additionally, our ef
fort in plasma physics resulted in a self 
consistent kinetic theory of classical light 
absorption, in improved I.ASNFX models 
for Raman backscatter, and in the develop 
merit of improved plasma-simulation todos 

Target Fabrication 

During 1982, we completed the fusion tar 
get development facility (ITD1)/ 1'hc 
ITDF, a 47 500-ft: building, was constructed 
at a cost of $72/fr by : ing local u nsirik 
tion techniques developed for hghl 'ndustrv; 
this cost is about one-half thai which would 
have been incurred by using traditional 
lonsrrurrion methods. With completion ot 
this building, we arc row able lo coiuen 
tr.iie our target fabrication activities m 
one place. 

An important part of the el tort ot the Tar 
get Fabrication program is the development 
of special crvogenic-fuel/low•?. ahlaior 
targets required for the Nova program 

l is- 1-3. Nov.! labora
tory building provides 
11500(1 ft 2 of high-
quality space for the 
laser, targel system, 
and supporting 
functions. 
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Fig. 1-4. Typical Nova 
direct-drive target 
showing initial and 
compressed ( -• 1000 
times solid density) 
fuel conditions. 

Introduction 

Initial configuration 

Low-Z ablator 

Final configuration 

Corona 

Critical surface 

DT,400g/cm3, 
50-jjmdiam 

During 1982, we directed major efforts to 
the formation and diagnostics of cryogenic 
layers. In the past, we used simple refreeze 
techniques to form layers of cryogenic DT 
in the targets; however, these techniques 
cannot. .iiably provide the thicker DT lay
ers required by direct-drive targets designed 
for Nova (ai d larger drivers). We have also 
built a completely different series of targets 
for the special application of demonstrating 
an x-ray laser. 

Fusion Experiments Program 

During 1982, the major task of the Fusion 
Experiments program was to build the 
Novette target-diagnostic systems. This task 
required us to refurbish most of the Shiva 
target diagnostics and to bring up the Nova 
data-acquisition system to operate on 
Novette. In addition, we developed several 
specialized diagnostics, such as time-
resolved x-ray spectrometers for low-energy 
x-ray laser studies and for subsequent stud
ies of laser-plasma interactions on long-
scale- length, plasmas. 

To enhance our rate of data analysis, we 
completed the fusion experiments analysis 
facility (FEAF), shown in Fig. 1-5. This facil
ity is a data-acquisition system built around 
a dedicated VAX ll/7bu, which directly 

accesses the Novette (and eventually Nova) 
instruments through a one-way fibor-optic 
link so that data analysis can begin imme
diately after a shot. We designed this facil
ity to reduce the tiiT."1 required for data 
analysis so that experimenters can keep up 
with the laser shot rate. 

Zeus Laser Project 

We feel that attainment of an affordable 
5- to 10-MJ single-pulse test facility is the 
most important next step in the effort to de
velop the 1CF process. Consequently, we 
have concentrated our efforts on the design 
of a 10-MJ, 1000-TW laser, named Zeus, 
that we would like to construct for approxi
mately $250 million. Several new architec
tures have been invented as candidates for 
the Zeus system, including a ring architec
ture, a multipass architecture, and a 
harmonic-conversion architecture using a 
solid-state amplifier. 

The Zeus laser system would provide 
high-gain output for weapons-effects simu
lation and weapons-physics studies and 
would provide invaluable information for 
commercial ICF, specifically, curves of tar
get gain vs driver energy. A detailed under
standing of the gain-vs-energy curves shown 
in Fig. 1-6 will be decisive in determining 

1-4 



Introduction 

the future of commeicial ICF, particularly in 
regard to driver development, reactor criti
cal cost, and repetition rates. 

Laser Research and Development 

As part of our research and development 
effort in 1982, we have continued to firm 
up our data base for future laser systems. In 
particular, we have determined that the 
nonlinear index of refraction in fused silica 
is the same at 3w as at lu and is low 
enough to permit the anticipated operation 
of Nova at 3u> (0.35 fan). 

We have also made a series of damage 
measurements on materials used in the 
harmonic-conversion system. Particularly 
exciting has been the performance of the 
neutral-solution-processed optics that have 
been installed on the Novette laser system. 
Optics produced by this technology are 
wavelength insensitive and are at least 
twice as damage resistant as thin-film 
antireflection coatings. 

Energy Applications 

During 1982, we developed three new 
fusion reactor concepts, all more adventur
ous than HYLIFE, our previous baseline 
concept. In developing these new concepts, 

" •—' ' ' i ^ > " ; 
Optimistic/ 

106 

Input energy (J) 

which we call Pulse'Star, Sunburst, and 
Cascade, we attempted to test and define 
the asymptotic potential of fusion power 
plants, rather than limiting ourselves to 
using currently available technology. Al
though we are exploring new territory in 
fusion reactor concepts, our basic objectives 
remain the same: to produce fusion power 
plants that are economically and environ
mentally competitive with alternative types 
of power plants (e.g., coal-fired and fission). 

In addition to our basic conceptual stud
ies on advanced fusion power plants, we 
conducted both a trade-off study of the re
actor implications of direct-illumination 
geometry and a commercialization study 
that produced a success-oriented plan for 

Fig. 1-5. Fusion ex
periments analysis fa
cility (FEAFJ provides 
immediate target anal
ysis via one-way 
fiber-optic link from 
diagnostics. 

Kg. 1-ti. Target gain 
vs input energy curves 
relating to high-gain 
applications. Arrows 
show directions of tar
get exploration. 
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Programmatic Resources 

the development of fusion power. We also 
performed subsidiary studies on methods of 
calculating induced radioactivity in reactors 
containing many diverse materials and on 
the various interactions of liquid metals 
with reactor structures and materials. 

Programmatic 
Resources 
Resources employed in the ICT Program are 
categorized as operating funds, equipment 
funds, and work force, with the latter ex
pressed in full-time equivalents (FTE). 
Figure 1-7 shows a 10-year history of these 
resources for the IC1 ; Program. 

Operating funds for FY-82 were $52.0 
million, down from $57.5 million in J-"Y-81. 
Although these funds nominally declined 
10% in terms of dollars, they represented a 
decline of 20% in terms of purchasing 
power when inflation is taken into account. 
The FY-82 operating funds were distributed 
as shown in Table 1-1. Equipment funding 

Budget category 
Operating funds 
(thousands of $) 

Work force 
(FTE) 

l-aser development 
Fusion theory and experiments 

16119 
35 856 
51975 

70 
245 
315 

and the work-force level for FY-82 were 
also down about 10% each from the previ
ous year: equipment funding was $4.3 r " ' • 
lion, down from $4.7 million: and the work 
force was 315 FTE, down from 354 FTE. In 
spite of this reduction in resources, the flex
ibility inherent in our philosophy of main
taining a high percentage of procurement 
funds relative to work-force expenditures 
enabled us to finish construction of the 
Novette laser on schedule. 

We received an appropriation of $37.5 
million for the Nova project during FY-S2. 
bringing the total Nova funding thus 
far to $141.5 million. The project scope has 
been changed from a 20-beam, 1.05-um sys 
tern to a Ul-beam, frequency-converted sys 
tern, the total project cosl of which will be 
$176 million (rather than $185 million H 
final funding had been spread over two 
years). During 1982, we completed construi 
tion and took beneficial occupancy of both 
the Nova office building and the Nova 
laboratory building. 

We received the final $1.1 million appro 
priation for the fusion target development 
facility (FTDF), the total project cost of 
which was $7.6 million. We have substan
tially completed the FTDF and have begun 
working in this well-equipped facility. 

Even though equipment funding declined 
10% in FY-82, we were able to procure the 
necessary tools for diagnostics, target 

Table 1-1. Distribu
tion of 1 ^-82 operat
ing funds and work 
force. 

Fig. 1-7. Ten-year his
tory of ICF Program 
resources. 

E rx 

01— 
75 76 76T77 78 

Fiscal year 
81 82 
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Programmatic Facilities 

fabrication, and laser research and develop
ment. We also acquired a computer-aided 
design system, which will significantly im
prove the productivity of our design and 
drafting efforts. 

Author: L. P. Altbaum 

Programmatic Facilities 
Major construction work completed for the 
1CF Program in 1982 includes the new 
Nova office building (481) (59 000 ft2), the 
Nova laboratory addition (115 000 ft2), the 
fusion target development facility (FTDF) 
(47 500 ft2), and the fusion experiments 
analysis facility (FEAF) (2500 ft2). We in
stalled new facilities for a computer-aided 
design/drafting system (CADD) in the Laser 
Fusion office building (381), including new 
rooms for the CADD computer, for associ
ated work stations and drafting tables, and 
for a conference area. To improve internal 
communications, we installed L1DNET 
(Laser /nformation Distribution NETwork)— 
a system of 18 strategically located color TV 
monitors linked to a central computer—to 
present information of Program-wide inter
est throughout the two office buildings (381 
and 481). 

Other major facilities work that we com
pleted during 1982 includes 
• Relocation of the Inner Loop Road about 

30 ft south of its original location to ac
commodate the Nova office building. 

• Renovation of the D-7 parking lot adja
cent to the Nova office building. 

• Addition of paving and grading around 
the Program's machine shop, and comple
tion of the adjacent lunchroom/vending-
machine area. 

• Addition of a corporation yard on the 
Outer Loop Road to support the Nova 
laboratory. 

Type of facility 
Building space (fr) 

1981 1982 Change (%) 

Permanent offices 
Owned office trailers 
Rented office trailers 
Permanent laboratories 
Technician support areas 

50930 
74 007 
28365 

207806 
49949 

110305 
74 007 
23 565 

371 591 
52 949 

+ 116.6 
0 

-16.9 
+ 78.8 
+6.0 

Total 411057 632 417 +53.9 

Table 1-2. Distribu
tion of building space 
in the Laser Program. 

Landscaping 1981 1982 New total Increase (%) 

Trees (No.) 
Shrubs (No.) 
Lawn area (ft2) 
Other cover (ft2) 

4 651 
796 

50031 
98 750 

3299 
1717 

160441 
94120 

7950 
2513 

210472 
192860 

71.0 
215.0' 
320.0 
95.3 

• Design and construction of laboratory and 
technician support rooms in the basement 
of the building 381 high-bay to support 
the Novette operating groups and in the 
basement of the Nova laboratory building 
to support the Nova/Novette Power Con
ditioning Group. 

• Design and construction of facilities in the 
basement of the Nova laboratory building 
for neutral-solution processing of Novette 
and Nova optics. 
Table 1-2 summarizes the relative distri

bution of building space in 1981 and 1982. 
The current total of 632 417 ft2 represents an 
increase of 53.9% over 1981. 

In addition to completing the several ma
jor building projects and site improvements 
during 1982, we more than doubled the 
area of ground cover and landscaping. We 
installed new landscaping in the areas 
around the electrooptical facility, the FTDF, 
and building 481, and we restored the land
scaping in the area between buildings 381 
and 481. Table 1-3 summarizes the areas of 
landscaping cover in 1981 and 1982. The 
present landscaped area of 413 805 ft2 repre
sents an increase of 168.3% over 1981. 

Author: R. A. McCardle 

Table 1-3. landscaped 
area in the Laser 
Program. 

19S1 l.titrr Pro^rmti Annual Rqtort, Liwrence Liver-
more National Laboratory, Livermore, Calif., 
UCRI.-5002I-81 (1982), p ' 1-13. 
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Phase-measurement equipment, designed 
and built by LI.NL, that is compatible 

nique uses absorption, and the second uses 
scattering, of the laser beam. In the former, 
wp nlaro an ahsorbine anodizer at the input 
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Laser Systems and Operations 
Introduction R. O. Godwin 
The year 1982 was a very exciting time for construction and activation. The 
Novette laser was completely installed and Nova's project uncertainties were re
solved. The major events associated with these two laser systems are summa
rized in the following paragraphs. 
» Novette—At the beginning of the year, the Novette laser existed only as a low 

components and as a construction schedule for the bare building that for
merly held the Argus laser system. By the year's end, all of Novette's laser 
hardware had been installed (Fig. 2-1), and both beams had been operated at 
1 ium with a 100-ps pulse width. (Novette incorporates two 46-cm amplifier 
heads, rather than three, as does Nova.) One of the laser beams demonstrated 
an output power of 11.1 TW, near the upper end of the projected performance 
for Nova. This same beam was also 'requency-doubled by a 5 X 5 array of 
potassium dihydrogen phosphate (KDP) crystals in early harmonic-conversion 
tests. Novette's laser staging is identical to Nova, except for some slight physi
cal differences arising from fitting the beams into the former Argus building. 
In addition, the Novette laser is only capable of frequency-doubling ii.. tead of 
both doubling and tripling. 

• Nova—The uncertainties associated with the scope of the Nova project were 
resolved in April 1982, when the 10-beam, 1.05-jum Nova laser system (previ
ously called Phase 1) was authorized with the added capability for frequency-
doubling (2w) and tripling (3a>). Late in the year, the project's cost and 



Nova 

schedule uncertainties were also resolved when Congress appropriated funds 
to complete the project. Although the full 20-beam system with the 2a; 
and 3u> capability was not approved, Nova became a much more versatile 
experimental facility. 
The performance expected from the system is 
— Powers of from 80 to 220 TW in 100-ps pulses at 1.05 Mm. 
- - Energies of from 80 to 120 kj in 3-ns pulses at 1.05 (im. 
— Energies of from 50 to 80 kj, with frequency conversion to the second 

harmonic (2a> = 0.53 nm). 
— Energies of from 40 to 70 kj, with frequency conversion to the third 

harmonic (3ui = 0.35 fim). 
Because the project is now fully funded, Nova's completion hn-; been acceler

ated to (.he fourth quarter of FY-84, at a total cost of $176 million. Bv the end of 
1982, approximately 60% of th^ laser hardware had been procured on schedule 
and within budget. Timely and successful activation of Novette gives us further 
confidence in our ability to meet the accelerated schedule. 

Both the Nova laboratory building and the Nova office building were com
pleted in midyear. The laser fusion staff has moved into the office building and 
laser installation has started in the laboratory building. 

Following completion of the Novette construction, a Novette operations 
group was formed. Personnel not required to operate Novette will help to con
struct Nova. As a result of our demonstrated performance in the activation of 
Novette, and because the funding uncertainties associated with the Nova project 
were eliminated, we are confident that Nova will be completed on schedule, on 
budget, and will meet or exceed its projected performance specifications. 

Table 2-1. Seventy-
percent values of the 
best damage thresh
olds at la). 

Nova 
Laser Design and Performance 

As far as the amplifier chains and their 
component configurations are concerned, 
the Nova laser design remains as it has 
been described in previous Annual 
Reports.1,2 Significant advances have been 
made in 
• Evaluating laser performance at lo>. 
• Identifying and measuring the optical 

damage thresholds and temporal behavior 
of components at 1«, 2o>, and 3w for criti
cal items in the Nova chain. 

• Solidifying the baseline designs for fre
quency conversion and target focusing. 
The following paragraphs discuss these 

items, as they pertain to Nova's perfor
mance. This article concludes with a sum
mary of the construction status of Nova at 

Pulse duration (ns) 3.0 

NS-processed spatial-filter lenses 5.3 17 30 38 
High-reflectivity turning mirrors 3.1 10 15 19 
KDP(buIk) 3.1 10 17 22 
potator-polarizers \A 45 5.6 6.3 

the end of 1982; details of the Nova con
struction effort are presented in subsequent 
articles. 

In the current Nova chain design, 
the components most likely to suffer 
damage are 
• Surfaces of spatial-filter entrance lenses. 
• High-reflectivity coatings on turning 

mirrors. 
• Potassium dihydrogen phosphate (KDP) 

crystals. 
• Fused silica antireflection surfaces on the 

focusing lenses and crystal-array 
windows. 

New ways for protecting these optics were 
developed in 1982. A proprietary graded-
index treatment of silicate glass surfaces, 
known as neutral-solution (NS) processing, 
has been put into practice by the Schott 
Optical Co., at Duryea, Penn., and imple
mented for large-optic processing at LLNL. 
The NS process has been (and will continue 
to be) used as an antireflection surface 
treatment for spatial-filter lenses, since it is 
highly resistant to damage.3,4 Nova's turn
ing mirrors are coated with dielectric oxide 
films (alternating between high- and low-
refractive-index-film layers) to give a high 
reflectivity at la). A process called "laser 
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Nova 
hardening" can give the minor coatings and 
KDP crystals an improved resistance to 
fluence damage. Fused silica surfaces must 
be made anrireflective at both 2w and 3«, 
and they must also possess a relatively high 
resistance to laser-induced damage. Unfor
tunately, NS processing is not applicable to 
fused silica. However, a graded-index sur
face treatment, which is currently being de
veloped, shows great promise. 

For all of these processes, the damage 
threshold's dependence on pulse duration is 
well approximated by a square-root law, as 
long as the surfaces are kept scrupulously 
free from absorbing contaminants. Table 2-1 
lists values that are 70% of the best mea
sured damage fluence, taken with the so-
called "n-on-1" data technique (also called 
"laser hardening").3 These data are typical 
of similarly prepared surfaces for pulses 
ranging from 1 to 20 ns in duration.4"6 In 
general, the time-dependence data appear 
to fit a square-root power law; the entries 
for 0.1 ns were extrapolated using this rule. 

The MALAPROP system-simulation 
code has again been used to assess the 
lw-performance of one of Nova's chains as 
a function of pulse duration. The assump
tions made for ;he calculations were 
• A temporally Gaussian pulse starts down 

the chain. 
• There is an effective geometric amplifier 

filling factor of 0.85 (consistent with early 
Novefte data). 

• The amplifier gains ere as shown in 
Table 2-2. 

• The performance is limited by a damage 
threat to one or more of the components 
listed in Table 2-1. 

The predicted maximum allowable laser en
ergy per arm, for various pulse durations, is 
shown in Fig. 2-2. 

We also used these analytical methods to 
evaluate Nova's performance with the addi
tional 31.5- and 46-cm amplifiers, for which 
space is allowed in the baseline design. Our 
preliminar)' results indicate that, with pulses 
of 3 ns or longer, adding one 46-cm ampli
fier will give us 2 to 3 kj more per arm. 

Earlier,1" we had anticipated that the 
small-signal gain of the 46-cm amplifier 
would be about 10% higher than that 
shown in Table 2-2. We are currently con
ducting experiments to see if the perfor
mance can be improved. The most 
promising modification to be tested is NS 
processing for the clear-glass shields within 

the optical cavity, which separate the disks 
from the flashlamps. 

The design for the KDP frequency-
conversion array is optimized for a funda
mental drive intensity of 2.5 GW/cm2, span
ning Nova's pulse-width range of from 
1 to 3 ns. This operating range is consistent 
with other system constraints, such as those 
imposed by nonlinear propagation7 and by 
material fluence damage limits. A good dy
namic range for conversion8 's achieved by 
optimizing all the crystal lengths at 1.0 en 
for the input intensity range of interest. Fur
ther elaboration of the array design appears 
in the following article. 

In Fig. 2-3, the lco, 2co, and 3w perfor
mance expectations for a single Nova chain 
are shown over the full temporal range o( 
interest. It is possible to operate the system 
without component damage in regions be
low and to the left of each curve. The lu 
curve is representative of the laser drive 
levels that are available at the frequency-
conversion array. The array's performance 
at 3u> is power-limited by the nonlinear 
growth of spatial irregularities as the beam 
propagates through the fused silica window 
and focusing lens. 

The array and focusing lens are mounted 
on the target chamber, where the lens also 
serves as the vacuum banner, as previously 

Fig. 2-2. The energy 
(per arm) from the 
Nova baseline chain 
as a function of pulse 
duration. 

0 1 2 3 4 5 
Pulse duration (ns) 

TabI 
gain 

e2-2. Component 
data. 

Amplifier 
MALAPROP small-

signal gain 
Novette 

t-.^minal gain 

Rod (5 cm) 
Disk (9.2 cm) 
Disk (15 cm) 
Disk (20.8 cm) 
D.sk (31.5 cm) 
Disk (46 cm) 

25.0 
6.6 
4.2 
2.3 a 

1.83 
1.75 

25.9 
6.58 
4.2 
2.0 
1.82 
175 

aNova's disks are 3.0 cm and Novette's disks are 2 5 cm in thickness. 
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I IR. :- U . 2„-. and 
1. performance Umits 
for .1 single ch.i(TI 
trom Nov.]. (The l u 

curve is from I ij>. 2-2.) 

described. The cross hair and retroreflector 
used as alignment aids are both retracted 
from the beamline during shots. The optical 
train for frequency conversion and beam 
focusing is very simple, and is shown 
schematically in Fig. 2-4. A dichroic beam 
dump transmits only the particular wave
length that is desired for ~ach experiment. 
The return-beam filter absorbs 3u) light, pro
tecting the optics and turning mirrors from 
solarization. Dispersion in the fused silica 
focus lens causes the three wavelengths to 
focus at different dntances from the lens, as 
shown. Therefore, a target at or near the fo
cal position for the desired wavelength lif.-> 
in the shadow of the beam dump for the 

Energy per chain (kj) 

remaining wavelengths. Care must also be 
exercised in positioning the crystal array 
and the focus lens relative to one another, 
to avoid "ghost" foci (hack reflections from 
the lens surfaces) within the crystals. At 
pree°nt, the spacing between the lens and 
array is a'tout 1.0 m. In fact, the primary 
ghost focus from the target lens may be 
useful for measuring the beam energy inci-
lent on the target (using a small calorimeter 

to collect the light). A shield is also needed 
to protect tho focus lens from debris coming 
from the disintegrating target. (Otherwise, 
after onK a few shots, the debris would 
seriously degrade transmission through 
the lens.) 

Since Nova's target chamber was de
signed to accommodate 20 beams and we 
are only deploying 10 of them, we have 
seized the opportunity to mirror the east 
and west beam clusters so that the beams 
do not radiate into each other through the 
target chamber. All the beams in a cluster 
are equally spaced in angle upon the sur
face of a 100° cone, whose vertex is at the 
target. This configuration will allow us to 
use a full complement of experimental and 
diagnostic instruments. The five-beam over
lap spot in the common focus will not 
exceed 250 nm in diameter, including allow
ances for alignment, positioning, and veri
fication tolerances. This criterion applies for 
a lens with a focal length of 3.0 m. 

The Nova target chamber was built and 
tested by the Chicago Bridge and Iron 
Company, of Chicago, 111. In Fig. 2-5, it is 
shown ready for installation. This alumi
num chamber, 2.3 m in radius, has 12.5-cm-
thick walls to allow the mounting of 
components without misalignment resulting 

Pig. 2-4. Optical train 
for frequency conver
sion and beam 
focusing. 

rKDP 
\ crystal array - Focus lens 

-Optional 
debris shield 
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from deflections or strains. Aluminum was 
chosen because of its rapid recovery from 
radioactivity following a high-yield target 
shot.1' The target chamber has been fabri
cated, accepted as vacuum-right, and deliv
ered to LLNL. 

The No"a laboratory and office buildings 
were completed in June, 1982. Installation of 
the tubular steel spaceframe supports for 
the laser components, the turning mirrors, 
output-sensor packages, and the target 
chamber is Hearing completion. More than 
60% of Nova's hardware procurements is 
currently under contract and in fabrication, 
and the assembly of components is well 
under way. 

Power-circuit construction is approxi
mately at the halfway point. The alignment, 
laser diagnostics, and control subsystems for 
Nova are extensively deployed in support 
of Novette.'" This two-beam Nova proto
type employs Nova hardware wherever 
possible. Besides functioning as a test-bed 
laser system, Novette is also performing se
lected advanced target experiments. 
Novette's activation has been an extremely 
valuable learning experience for the coming 
activation phase of Nova. We confidently 
expect that Nova will meet its cost, 
schedule, and performance goals. 

Author: W, W. Simmons 

Frequency Conversion and 
Focusing System 

Nova Baseline. The Nova frequency-
conversion and focusing-optics baseline de
sign was further refined during 1982, and its 
present torm is show n in Fig. 2-4. It now 
consists simply of a 2o>/3u.- 3 x 3 KDP crys
tal array, described previously," and a sin
gle fused-silica, coma-corrected aspheric 
lens (see the following article). This sim
plification was made possible by removing 
the requirement for a full-aperture diagnos
tic splitter, which was included in the 
earlier baseline (doublet lens) design." 
Although implementing an accurate energy 
diagnostic will be more difficult, it still ap
pears possible, and several options are be
ing evaluated (see "Nova Alignment and 
Diagnostics," later in this section). 

The beam dump has also been gre.-rly 
simplified, in that a full-aperture absorber is 

not required. Dispersion in the focus lens 
causes different wavelengths to be focused 
at different distances from it. Therefore, a 
target at or near the focal plane for the de
sired wavelength lies in the shadow of the 
small beam dump. (See Fig. 2--1.) The 
beam-dump material is chosen to transmit 
the desired harmonic wavelength. 

The new baseline lens design provides a 
30% reduction in the amount of glass 
through which the harmonic beam must 
propagate, thereby allowing a 30% increase 
in the maximum harmonic intensity on the 
targets. Optimizing the performance of 
Nova's frequency-convn'sion crystal arrays 
for the igher intensities is accomplished by 
selecting a crystal thickness that matches 
the maximum obtainable 3a' intensity, with 
this intensity being determined by nonlin 
ear propagation effects and component 
damage thresholds. However, if the crystal 
thickness is much less than roughly 1 cm, 
the maximum achievable 3u; intensity oc
curs at a fundamental input intensity well 
outside the range of operational interest (1.5 
to 3.5 GW/cnv). This range corresponds to 

t-if;. 2-S. Nov.! t.irget 
ch.imt>er, re.ldv for 
mounting on the 
spaceframe when 
delivered to LLNL. 
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Fig, 2-6. Harmonic 
intensity vs funda
mental intensity for 
fiat temporal and 
spatial profiles. 
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the maximum Nova 1 to output intensity in 
the 1- to 3-ns pulse-width region. In addi
tion, as the crystals are made thinner, the 
2u) and 3w performance at low intensity 

(i c with greater than a 3-ns pulse width) 
would be significantly reduced. 

We have chosen to optimize the array's 
performance for 3w because of our present 
programmatic emphasis on the UV wave
length, and because of the higher sensitivity 
of Cascade 3w genera t ion ' 2 1 1 to crystal 
thickness, L, as shown in Fig. 2-6. To take 
full advantage of the performance improve
ment that is available with the new base
line design at 3w, we have chosen a crystal 
thickness of 1.0 cm. thereby achieving high 
performance over the anticipated 
operational range. Our analysis also 
indicates that, in this intensity range, 
the frequency-doubling and mixer crystals 
can have the same thickness with no 
performance penalty. 

The performance of quadrature 2w gen
eration (also shown in Fig. 2-6) is signifi
cantly less sensitive to crystal thickness and 
remains efficient using the optimum 3w val
ues. Although better 2w performance is pos
sible with a crystal thickness optimized for 
the quadrature design, the resulting 3w per
formance would be significantly degraded. 
The new baseline system performance at 2w 
and 3u is summarized in Fig. 2-3. 

Novette KDP Crystal Arrays. The 
development and use of KDP crystal arrays 
have been prompted by the limited size of 
suitable frequency-conversion crystals. 
These arrays are precisian optical assem
blies, consisting of a matrix of KDP crystal-
segments placed edge to edge and mounted 
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between two windows in a housing filled 
with an index-matching fluid, as shown in 
Fig. 2-7. The array must, as nearly as possi
ble, emulate the performance of an equiva
lent full-aperture single crystal. Previous 
reports' 5 1 6 have summarized the develop
ment and performance of small (15-cm ap
erture) crystal-array prototypes. We report 
here on the development and performance 
of two full-scale, 74-cm-aperture, KDP 
second-harmonic-generatinj crystal arrays, 
which were recently installed on the 
Novette laser system. These two array ir? 
identical, except for the size of t.io nv.vid-
ual crystal segments. The first array is com
posed df a 5 Y 5 matrix of 15-cm KDP 
segments, the second is a 3 X 3 matrix of 
27-cm segments (similar to the Nova 
design). The limited availability of 
crystals during the accelerated No 'ette 
schedule necessitated our using the two 
different geometries. 

The crystals for the two Novette arrays 
were selected from a group of thirty-four 
15- X 15- X 1.8-cm and twelve 27- X 27-
X 1.8-cm precision-oriented and diamond-
machined KDP blanks. These crystal seg
ments were oriented tc within + 30 f<rad of 
the optimum 2io-generating phase-match 
angle and were machined to accuracies of 
within ± 1 turn in thickness and ±0.1 mm in 
the other dimensions. 

The design for the Novette arrays uses an 
internal support structure, within which the 
individual crystal segments were nested. 
The aluminum "egg crates" were diamond 
machined at the Oak Ridge Y-12 facility, 
are parallel to within ± 1 ̂ m, and are pre
cisely 10 ium thicker than the (Novette 
1.8-cm-thick) KDP segments. 

When assembled, the egg crate/crystal 
matrix is sandwiched between two BK-7 
windows, with a thin (5 nm) layer of 
halocarbon-56 index-matching fluid in the 
crystal/window gap. This fluid interface 
was found to be especially vulnerable to 
laser damage. Special clean-room handling 
and assembly techniques were developed to 
achie\ e acceptable damage threshold levels. 
A partial vacuum in the array forces the 
windows to register against the egg crate, 
thereby resulting in a stiffened structure ca
pable of producing the required optical fig
ure. The individual crystal tilt angles are 

restricted by the proximity of the windows, 
yet the crystals are isolated from unde
sirable stresses by the egg crate. 

A unique elastomer bonding technique 
was developed to mount the high-aspect-
ratio (90-cm-diam by 4.3-cm-thick) array 
windows in a virtually stress-free condition, 
while simultaneously providing the required 
fluid and vacuum seal.1'' The completed 
Novette 3 X 3 crystal array is shown 
in Fig. 2-8. 

The two Novette arrays have been sub
jected to a series of optical and laser system 
performance tests, including full-apertun., 
transmitted wave-front interferometry and 
2a con"or«inn-effiripnrv measurements. The 
interferometer measurements confirmed 
that the egg-crate structure employed in the 
arrays resulted in an adequate optical 

Fig. 2-8. The assem
bled Novetle 3 X 3 
crystal array. 
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figure. Only one exception was noted. In 
the 5 X 5 array, a minor flaw resulted in an 
increased distortion near the window edge. 

Near-field bum photographs and 
conversion-efficiency data taken on Novette 
(see "Test and Activation Results" at the 
end of this section) have confirmed that 
each of the crystal-array segments ^nerates 
2w light at (or very near) the maximum 
predicted value. 

IIR. 2-9. A Novette : 
near-field burn 
pattern. 

Fig. 2-10. Prototype 
15-cm- jiam discrete 
support structure for 
KDP crystal arrays. 

Apodization. Apodization is required to 
reduce unwanted diffraction peaks from the 
hard-edge obscurations formed by the crys
tal interstices. A design for producing a 
high-damajr threshold scattering apodizer 
was developed.1' 

To make the apodizers for Novette, we 
designed and built a special x-y stage for 
generating narrow diffuse stripes of adjust
able width and controlled edge roll-off. The 
setup consisted of a rotary table for holding 
the 90-cm-diam apodizer substrates and a 
motor-driven track that traversed above the 
substrate. A high-pressure nozzle was 
mounted on the traversing stage and used 
to spray the surface with a fine abrasive. It 
can be adjusted in height, according to the 
roll-off pattern that is desired. By appropri
ately combining the transverse track posi
tion with table rotations, the apodizing 
pattern for either a 3 X 3 or a 5 X 5 array 
was produced on the substrate. Close 
examination of a Novette near-field 2w bum 
pattern, such as that shown in Fig. 2-9, 
shows the effectiveness of these apodizers. 
The wide vertical obscuration comes from a 
46-cm split-disk transmission-apodizer (now 
replaced by a scattering apodizer), located 
before the 46-cm amplifier. Diffraction 
peaks from the crystal interstices have 
been greatly suppressed and are no longer 
a problem. 

Nova Arrays. The Novette array design 
demonstrates that good optical quality and 
conversion efficiency can be achieved with 
large-aperture crystal arrays. However, the 
diamond-machined aluminum egg crate is 
expensive, and it must be shielded from the 
incident laser light. This latter requirement 
necessitates our using a beam mask 
and a remotely located apodizer. Other 
crystal/window support structures that ad
dress these issues are being evaluated. One 
such design uses a "discrete" support struc
ture, similar to that shown in Fig. 2-10. This 
small-aperture (15-cm) testing prototype 
produced a good reflection wave front, as 
shown in Fig. 2-11, and is in close agree
ment with the predictions from a finite-
element analysis of the structure. Our cal
culations indicate that this configuration is a 
viable candidate for the 74-cm Nova array. 
The inexpensive, discrete glass pillars pro
vide an internal support structure with a 
high damage threshold, which removes the 
beam mask requirement and allows the 
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apodizer pattern to be applied directly to 
the array input window. 

Authors: M. A. Summe - B. C. Johnson, 
and J. D. Williams 

Major Contributors: L. G. Seppala, 
D. Eimerl, R. C. Murray, G. J. Linford, 
W. W. Simmons, F. T. Marchi, W. L. 
Smith, J. M. Mihoevich, R. E. Wilder, 
J. E. Swain, J. B. Bryan, S. L. Thompson, 
K. R. Manes, J. S. Hildum, D. R. Speck, 
and R. G. Ozarski 

Optical Components for Nova 

Laser Glass. Hoya Optics, Inc., Schott 
Optical Glass, Inc., and Kigre, Inc. are sup
plying the phosphate laser-glass disks for 
Nova. By the end of 1982, of the 545 Nova 
disks, 294 (about 54%) had been melted, 
edge-clad, and pre-finished, and 144 (about 
49%) had been optically finished by East
man Kodak, Inc. and Zygo Corp. The disks 
are meeting or exceeding specifications. 

Fused Silica. Fused-silica lens and win
dow blanks will be required on Nova for 
3u.' operation. Fused silica is the only mate
rial that has a high enough transmission 

(>99% internal) for 3m light. The windows 
in the 90-cm KDT array, and for the 80-cm, 
f/4 focusing lens in the target chamber, will 
also be made of fused silica. 

Prior to 1982, the largest available fused-
silica blanks were 50 cm in diameter. Late 
in 1981, working with Corning Glass (in 
Canton, N. Y) and Heraeus Quarzschmel/e 
(in Hanau, West Germany), LI.Nil. em
barked on a program to produce 90-
cm-diam test blanks 4-cm thick, with good 
homogeneity and low inclusion densities. In 
the past, these two parameters have been 
the factors limiting the production of large 
fused-silica components. The goal of each 
vendor was to produce blanks having a 
homogeneity A» <; + 2 X 10 " and no 
bubbles and inclusions exceeding a cross 
section of 0.03 mnr per 100 cm1 of 
glass volume. 

Both manufacturers had to improve their 
respective processes to produce test blanks 
that met all aspects of our specifications. In 
June, the first of the 90-cm-diam by 4-cm-
thick blanks was inspected in Germany, 
and was found to have exceeded our speci
fications. (See Table 2-3.) By August, Cor
ning had also met our requirements. This 
g/eat progress, in a little over a year of in
tensive effort on the part of both vendors, is 

Contour values (Mm) 
A = 0.40 F = 1.93 
B = 0.717 G = 2.30 
C = 1.03 H = 2.62 
D = 1.35 1 = 2.93 
E = 1.67 J = 3.25 

mks 

I i(>. 2-11. TL'SI results 
for the discri'tek sup
ported test Jrras u i th 
tightened bolts and 
l i t - ^b index-matching 
fluid. 
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a major contribution towards achieving 
Nova's performance goals. 

In December, contracts were placed with 
Corning to supply the sixteen 81-cm-diam 
by 8.9-cm-thick focus lens blanks, and eight 
of the sixteen 90-cm-diam by 4.3-cm-thick 
array window blanks. Heraeus' contract is 
for the remaining 16 window blanks. 

Potassium Dihydrogen Phosphate. The 
KDP crystal production for Nova is well 
under way. We have ordered a total of 113 
plates, each of which is 27-cm square, and 
44 pairs of comer plates. In June, we placed 
.vntracts for 40% of the Nova KDr with 
Cleveland Crystals, Inc., Interactive Radia
tion, Inc., and Lasermetrics, Inc., all of 

Specification Actual 

AlU'nuation 
coeifiden \ 
in cm ' 

A] = 1.064 jini < 0.0015 
A2 = 1.053 Mm < 0.0015 
x"3 = 0.633 nm < 0.0015 
\ 4 = 0.527 nm < 0.0015 
\ 5 = 0.351 nm < 0.0015 

"H
i 

Homogeneity \ = 0.6328 urn 
AH rn 2 X 1 0 " 6 0.7 to 2.2 X 1 0 - 6 

Stress 
birefringence 

< 6 nm/cm <5 nm/cm 

Bubbles and 
inclusions 

<0.03 mm 2/100 cm 3 0.00038 mm 2/100 cm 3 

Table 2-3. Inspection 
data on Ihe Heraeus 
lO-cm fused-silica 
blank. 

l^BP^ft9 

Tig. 2-12. A 27-ctn-
square KDP crystal 
mounted in a vacuum 
chuck on the LLNL 
DL-1 oil-showered 
diamond-turning 
machine. 

whom initiated crystal growth at that 
time. In December, we contracted for the 
remaining 60% with the first two of these 
manufacturers. Cleveland Crystals has ap
proximately 20 crystal-growth runs started, 
with a potential yield of 20 crystal boules 
and 100 plates. In December, two of these 
boules were ready for cutting and finishing. 
Interactive Radiation has 11 runs in 
progress, with a potential yield of 35 boules 
and 80 KDP plates. Lasermetrics is growing 
12 boules in 2 growth stations, and expects 
to supplv us with 32 plates. The KDP ven
dors are on schedule for Nova. 

The finishing of KDP bv single-point 
diamond-turning, a technique developed at 
I.I.N I., has proved to be most effective from 
a cost standpoint and for optical perfor
mance. In 1982, we generated thirty-six 
15-cm-square by !.8-em-thick KDP blanks, 
and twelve 27-cm-square by 1.8-cm-thick 
blanks for Novette. The following 
tolerances were achieved 
• Surface flatness: <2 \ at 0.6328 /urn. 
• Phase matching angle: < 0 30 urad 

(6 arc-sec). 
• Thickness tolerance: <2 ^m (80 jiin.). 
• Parallelism: <7.5 urad (1.5 arc-sec). 
• Surface roughness (rms): <125 A. 

The average time needed to diamond-
turn a Novette 27-cm KDP blank was 40 
hours. This compares to an estimated time 
of from 250 to 300 hours each for finishing 
by conventional polishing methods. It is 
also extremely doubtful that conventional 
techniques would have produced the di
mensional accuracy achieved by diamond 
turning. We completed the diamond finish
ing without breaking a single KDP blank. A 
27-cm-square crystal is shown on the 
diamond-turning machine in Fig. 2-12. 
Figure 2-13 shows the crystal being mea
sured for thickness variations with an 
LLNL-designed thickness-measurement 
gauge, which uses two opposing air-bearing 
linear variable-displacement transducers 
for measuring thickness variations to a 
tolerance of 0.1 fim. 

The Nova KDP crystal plates will differ 
from the Novette plates in two ways 
• Their thickness will be reduced from 1.8 

to 1.0 cm, which will make them more 
difficult to finish. 

• They will be phase matched with new 
LLNL-designed equipment, which uses 
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the 3u wavelength rather than the 2w 
wavelength used in phase-matching 
Novette's crystal plates. 
In addition, the number of crystals 

needed will be 10 full squares and 8 comer 
pieces per array, for a total quantity of 157 
blanks (including construction spares). It 
will take approximately 10 months from the 
first crystal delivery to complet1 the Nova 
assemblies. 

Early in 1982, we decided that the Nova 
KDP finishing should be done by outside 
industrial sources, rather than at LLNL. The 
decision was in keeping with our continu
ing policy to transfer as much optical finish
ing as feasible to industry, thus spreading 
KDP finishing technology throughout the 
optical industry. Our goal was to have two 
vendors finishing crystals and to have con
tracts placed by January, 1983. This plan re
quired an intensive evaluation and survey 
of the industry. 

In March, 1982, representatives from 14 
companies doing diamond turning attended 
a pre-procurement and technology-transfer 
meeting at LLNL. In April, informal letters 
of inquiry asked these companies for cost 
estimates for completing Nova's require

ments. After reviewing the eight replies, we 
surveyed five of the vendors facilities and 
invited these companies back to LLNL for 
in-depth briefings and demonstrations. 

After these technical exchanges, three 
vendors were selected to participate in a 
qualification program and a formal fixed-
price solicitation. The qualification program 
involved machining a 15-cm-square KDP 
crystal using LLNL-supplied tooling, and 
with LLNL-qualified personnel assisting in 
the machining sequence. Specifications for 
surface flatness and finish were established 
as goals, and all three vendors qualified in 
October. We reviewed the final bids of the 
three finalists and selected Pneumo Preci
sion and Cleveland Crystals as suppliers. 

Since neither one had diamond-turning 
equipment or test fixtures that could meet 
our requirements for the 27-cm-square 
crystals, LLNL is providing the following 
equipment to each vendor as part of 
the procurement 
• A new single-point diamond-turning 

machine, produced to each vendor's 
own specifications. 

• An 18-in. (46-cm) Fizeau interferometer, 
for use in the final optical evaluation. 

Fig. 2 -n . LLNL-
designed thickness 
gauge used to measure 
variations in crvsial 
thickness. 
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Fig. 2-14. A 94-cm-
diam turning mirror 
wilh multilayer thin-
film coal ig, used to 
reflect •• " of the 
lw, 2u!. and 3u> 
wavelengths. 

• Phase-measurement equipment, designed 
and built by LLNL, that is compatible 
with the vendor's machines and tooling. 
Mirrors. Two manufacturers, Zygo 

Corp. in Middlefield, Conn., and Eastman-
Kodak in Rochester, N. Y, are finishing the 
large optical mirrors for Nova. During 1982, 
both companies have been in full produc
tion, turning out finished mirrors at the 
combined rate of six per month. This is a 
significant accomplishment, considering the 
sizes of these mirrors, which range from 
60.4 to 109 cm in diameter and weigh from 
111 to 900 lb (55 to 446 kg). All are high-
precision mirrors, with reflected wave front 
distortions <A/10 over the clear apertures, 
and with transmitted wave-front distortions 
<A/8. The transmitting mirrors also require 
a wave front gradient of ' A/.Wrm. Of 
Nova's mirrors that have been finished 
(—4(1%), we have not lost one in handling 
or because ot poor quality. 

Apodizers. Apodization is used to sup
press diffraction ripples from the split at the 
46-cm amplifier stage. We have taken two 
approaches for apodization: the first tech

nique uses absorption, and the second uses 
scattering, of the laser beam. In the former, 
we place an absorbing apodizer at the input 
to the 31.5-cm spatial filter to symmetrically 
taper the amplitude of the incoming beam 
across the split. The obscuration at the 
46-cm stage in the beam is approximately 
6 mm. The apodizer is made by fusing a cy
lindrical section of index-matched, copper-
doped BK-7 glass into a clear BK-7 
substrate. The transmission of the apodizing 
stripe ranges from 50% at the center to 
100% at the edge. The stripe's width is 
50 mm, as projected onto the 46-cm aper
ture. This component was developed by 
Schotl Optical Glass; they have achieved 
a nearlv perfect fusion in two of their 
four prototypes. These two apodizers are 
currently in use in Novette. 

In the second approach, we make an 
apodizing stripe by bead-blasting the glass 
surface so that it scatters the laser beam. 
This approach may provide adequate apodi 
zation, along with higher transmission and 
lower cost. It would be used on the output 
side of the 46-cm spatial filter. The width of 
the scattering stripe is about 15 mm. Proto
types for this alternative scheme were 
manufactured and tried late in 1982. 

Coatings. We have demonstrated the 
ability to coat the 70- by 40-cm polarizers 
required for Nova with excellent (85%) pro
duction yields. Eight (40%) of Nova's 20 po
larizers have already been produced. These 
coatings are probably the most difficult to 
produce for Nova because of the tight toler
ance (<1%) required for the film thickness. 
Both coating vendors, Optical Coating Lab
oratories, inc., and Spectra Physics, Inc., ap
pear able to produce polarizer coatings on 
large substrates, to Nova specifications, with 
excellent production yields. 

Both vendors have also produced a vari
ety of mirror coatings on substrates ranging 
from 60.4 to 94 cm in diameter. A 94-cm-
diam mirror, coated for >99% reflectivity at 
all three Nova wavelengths, is shown in 
Fig. 2-14. Five Nova coating designs have 
been produced, and three different sizes of 
mirror substrates (some of which are trans
mitting, for diagnostic purposes) have thus 
far been successfully coated. Table 2-4 out
lines the mirror diameters and the reflec
tance specifications for the various mirror 
combinations. The production yield for 25 
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of these mirrors has exceeded 90%. The first 
four mirror designs listed in Table 2-4 will 
be employed on Nova; the last two will be 
replaced by a single design that will be 
used for all 94-cm and 109-cm turning mir
rors. This design approach was necessitated 
by changes in the Nova diagnostic ap
proach; we expect, however, that the pro
duction yield for the new design will be as 
high as for the other designs. 

Our design requirements for spectral re
flectance are >99% at 1.05 and 0.53 /im, 
and 43.5 ± 6.5% at 0.35 nm. A spectral 
(reflectance) curve for a preliminary Nova 
tuniine-mirror coating is shown in Fig. 2-15. 

Antireflection Surfaces on Borosilicate 
Glass. About two years ago, Schott Glass 
Co. developed a chemical back-etch process 
tor producing low-reflectance surfaces on 
certain glasses.1" :" This neutral-solution 
(NS) process produced >-uch promising 
results, with regard to reflectance and with
standing laser damage, that LLNL pur
chased the right to use it for the Laser 
Fusion Program. 

NS processing, illustrated schematically in 
Fig. 2-16, has been scaled up from 24 cm 
and used successfully to treat components 

as large as 90 cm in diameter. These com
ponents show excellent low-reflectance 
characteristics, good damage thresholds, 
and considerable promise for improvement 
in reflectance levels. Reflectance minima 
have been produced at 0.53 and 1.05 /um, 
and the process can be controlled to vield 
minima anywhere from about 0.40 to at 
least 2.50 ^m. Figure 2-17 shows a two-
surface transmission scan obtained from a 
5-cm-diam BK-7 witness piece, processed 
with an 80-cm Novette focusing lens. This 
is a rather extreme result; more tvpical re 
suits show from 0.5 to 0.8'V reflection lossv-
through two surfaces in the peak transmis
sion regions. However, without N"-> 

Mirror diameter Reflectance 
(cm) i.o- urn 0.53 jim 0.35 jim 

60.4 >99% — — 
60.4 965 ± 1.5% — — 
82.0 >99% >99% ^-99% 
94.0 96.5 1 1.5% 50 ± 20% 50 ± 20% 
94.0 >99% >99°» >99% 
94.0 >99% 10 + 2% >99% 

Table 2-4. CnatinRS 
produced for the Nova 
and Novette laser sys
tems in 1982. 

l ig 
for 
OR 

2-15. 
i pre 
desi^ 

Reflectance 
iminarv cnat-
n for Nova's 

turning mirrors. 

0.7 0.8 
Wavelength dim) 

2-13 



Fig. 2-16. Block dia
gram of the operating 
sequence for the 
scaled-up NS process. 

Nova 

Fig. 2-17. Spectropho
tometer transmission 
scan through both NS-
processod surfaces of a 
I a n - t h i c k BK-7 
witness piece. 
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processing, these pieces would show trans
mission losses of about 8%. 

The largest apertures processed in the 
developmental phase (24 cm) and in the 
scaled-up operational phase (90 cm) are 
shown in Fig. 2-18. The diameters and 
quantities of parts scaled up during 1982 
are given in Fig. 2-19. 

In Nd-doped solid-state pulsed lasers, 
for the 1-ns regime (at both the funda
mental and frequency-doubled wave
lengths), NS processing adds an important 
class of high laser-damage threshold 
(>12.5J/cnr) to antireflection-treated BK-7 
optical surfaces. The ease with which the 
technique can be scaled up to process large 
optics is very attractive.21 

Sol-Gel Antireflection Surfaces for 
Fused Silica. For several years, we have 
earned out research with several vendors to 
obtain damage-resistant antireflection 
coatings for fused silica in the 3u> wave
length range. (For a report on the research 
done in 1982, see the preceding article.) 

We decided that the Westinghouse pro-
ct?s was the most advanced, and late in 

1982 we negotiated with them to design 
and build full-scale production equipment 
for coating the Nova 80-cm-diam array 
windows and focusing lenses. This equip
ment consists of four major subsystems 
• A solution mixer and storage facility, 

which was completed in 1982. 
e A cleaning facility. 
• An application and sintering facility. 
• An etching facility. 

The basic process consists of depositing a 
uniform layer of polymerized silicon 
alkoxyde onto the finished fused-silica sur
faces, burning off the organic material, heat 
sintering the remaining pure (but porous) 
fused silica to a much smaller (10-nm) pore 
size (at about 500°C), and etching the 
resulting surface to produce a graded-index, 
broad-band antireflection coating. 

Optical Design. During 19S2, we made 
several major changes in the Nova 
focusing-optics design. The old doublet 
baseline design, with its KDP array and 
beam dump, has been previously described 
in detail." 

The current baseline for the Nova focus
ing optics is shown in Fig. 2-4. A smaller 
axial thickness has resulted from the elimi
nation of one lens element and from reduc
ing the diameter and thickne" of the beam 
dump. The dispersion of fused silica pro
tects the target from unconverted leu and 
2u; light passing around the 27-cm-square 
central beam dump. Effectively, the target 
sits in the "shadow" created by the 
beam dump. 

These two design changes increase 
Nova's energy and power performance at 
3w, but some focusing and diagnostic 
capabilities are compromised. In particular 
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• Larger amounts of unconverted la; and 2a 

light enter the target chamber. 
• The focused spot sizes at lw, 2w, and 3w 

are larger than the diffraction-limited 
values. 

• It is not possible to provide an adjustable 
diagnostic beam splitter. 
The baseline singlet design is an aspheric 

iens, which is diffraction-limited throughout 
a 2-mrad field of view at a wavelength of 
0.41 ,um. This choice was made after trading 
off the on-axis lens correction for all har
monics vs its correction for coma, so as to 
extend the field of view. 

The focal length, F, of a thin lens is 
given by 

1 

: "H i ' ' 

1 

(1) 

where: 

R„R 

< , , ( , 

= index of refraction, 
— radii of curvature of the lens 

surfaces, 
= inverses of the radii, %vith 

We can define a shape parameter d, so 
that r, = lit, and c: = y — l)c Then, if we 
choose an aspheric surface, such that the 
lens is corrected on-axis at an index of re
fraction n<„ the focal spot diameter, DM, for 
a change in the index, Sn, is given by 

D* , ' ^ - ( " 0 -ti ll! (2) 

The additional focal-spot diameter due Lo 
coma at a distance, h, from the optical axis 
is given by 

D, = 
3/ii/-

2 / - | » i „ - 1) 

»u + 1 
li (3) 

Note that, while both spot sizes are func
tions of the lens shape, only the on-axis 
spot varies as a function of the change in 
the index of refraction. Therefore, a singlet 
lens can provide good on-axis optical per
formance at all harmonics, or (as a trade
off) coma correction at all harmonics with 

25 50 75 
Part diameter (cm) 

less well-corrected spherical aberration at 
the extreme wavelength. 

These equations are graphically inter
preted for an f/4 fused-silica lens in 
Fig. 2-20. The solid lines show the mini
mum spot sizes on-axis, as a function of 
lens shape. The curve marked W3u: is for 
a lens designed for equal spot sizes at la' 
and 3UJ. This lens is diffraction limited on-
axis, at the intermediate index of refraction. 
Since the index difference between 2u; and 
3w is less, the 2a/3u> curve shows a smaller 
spot size. The dashed lines show the off-
axis coma spot size for two fields of view. 

The focus lens is used to view targets up 
to 2 mrad in extent. Furthermore, the lens 
should be relatively insensitive to at least 
1 mrad of misalignment. Under these condi
tions, little is gained bv departing from the 

Fig. 2-18. Largest-
diameter optics (24 
and 90 cm) processed 
in the Nova develop
mental and opera
tional phases, 
respectively. 

Fig. 2-19. Did meters 
and quantities of parts 
treated in the NS-
processinp ficilitv. 
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lij;. 2-20. local-spot 
size vs lens shape for 
the Nova fused-silici 
t/4 singlet Ions. 

coma-corrected shape. A ray-trace analysis 
of the Nova f/4 singlet shows a focal-spot 
size of le.,s than 40 fim at 2u> and 3u;, and 
about 75 jim at lu>. 

80-cm Interferometer. The large-
aperture optical needs of the Nova and 
Novette laser systems present us with spe
cial requirements for detecting optical dis
tortions caused in their manufacture or 
mounting. One-tenth wavelength distor
tions in the laser components are easily 
detected in the 80-cm diameter I-'izeau inter
ferometer built by the Zygo Corporation. 
This instrument was especially designed 
a.id built to operate at 1.06 and 0.63 /im 
(l-'ig. 2-21). It also incorporates a computer
ized automatic interferogram-reduction sys
tem. The optical cavity will accommodate 
assemblies up to 4 m long and weighing 

100 

S 
a. 75 

50 

25 -

1 1 ' ! 1 ' 

(-Proposed 2W3w baseline , 
x' — 

^ 2 < 0 v ' On-axis ^ 2 < 0 y£^^~ 
/ x-* ̂ ^ \ N v xP/ly' y y 

* > ' 1 i ^ ^ ^ * " ^ i \ 
0.9 1.0 

Lens "shape" parameter, p 
1.1 

up to 1364 kg. The entire instrument is 
mounted on an air supported vibration-iso
lated table. It has already proven invaluable 
for measuring the optical quality of the as
sembled large optical turn-mirrors and the 
assembled KDP crystal arrays. 

Authors: F. T. Marchi, L. G. Seppala, 
S. E. Stokowski, E. P. Wallerstein, C. D. 
Walmer, J. B. Willis, and G. R. Wirtenson 

Nova Alignment and Diagnostics 

Introduction. We have previously de
scribed in detail2' the functions and ar
chitecture of the Nova alignment and 
diagnostic systems, which will guide the 10 
Nova beams to the target and characterize 
the laser beams. We have built and are op
erating the alignment and diagnostic sys
tems (for la' and 2u light) in Novette, the 
two-arm laser test bed for Nova. However, 
changes in the Nova target-illumination de
sign have necessitated developing a new 
design for the output diagnostics. We have 
also developed a new beam-multiplexing 
output-alignment system. This design sub
stantially reduces the cost of the 2co/3u; 
alignment, while preserving the func
tionality of the alignment system. 

Two changes have been made to the 
target-focusing geometry. First, instead of 
being a doublet, the target-focusing lens is 
now a singlet, which gives increased opera
tional performance for the s l - n s pulse 
lengths used in 3u> operation. This results 

Fig. 2-21. The 80-cm 
Fizeau interferometer 
in the Shiva building. 
The computet i/ed 
interferogram-
reduction system 
is on (he left. 
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from a decrease in glass thickness and the 
corresponding B-integral reduction, whose 
small-scale self-focusing effects limit the al
lowed average flux."4 However, the singlet 
focus lens eliminates the slowly converging 
back reflection, obtained from the doublet, 
upon which the old diagnostic design was 
based. This has required us to develop a 
new plan for diagnosing the beam without 
affecting the improved performance that 
our new lens geometry offers. 

Second, the illumination geometry has 
been changed. We no longer have two 5-
beam groups, each group placed on a 100' 
open cone, with each beam in one cone di-
rectlv opposite a beam in the other. Instead, 
we now have a nonopposed beam arrange
ment; the two cones are rotated with re
spect to each other, along their common 
axis of symmetry. In case a target is incor
rectly positioned, this new arrangement will 
now prevent the beams from firing directly 
into each other's focusing optics, thereby 
protecting them from damage. The choice 

of a nonopposing beam arrangement on the 
target chamber also affects the alignment 
procedures. It is no longer possible to view 
cither the beam or a silhouetted target^ 
from the opposing beam-alignment sensor. 
Other methods for examining the beam in 
the target plane, which were previous!)' 
thought of as being optional alternatives, 
are now required 

In the following paragraphs, we describe 
the design concepts for these new align
ment and diagnostics systems and the de
tails of those portions that have evolved to 
a detailr J design stage. 

Output-Alignment Systems. The 
output-alignment functions include intio-
ducing and viewing full-aperture harmo iic 
alignment beams, positioning the focuseu 
light (at all three wavelengths) onto the tar
get, and tuning the KDP crystal arrays for 
maximum harmonic conversion. Since the 
direction of each pulsed harmonic beam is 
determined by the direction of the cor
responding lu; driver, the alignment beams 

kDI' crystal assembly-

lnsertable centering mirror -
and harmonic detector 

Insertable cross hair 

Target positioner -
(at the north pole) 

Target -plane-
imager . 

Target viewer -

1 o> module -

11,> local illuminator 

Harmonic 
illuminatorviewer 

Fig. 2-22. Nova 
output-alignment sys
tems. Three modes of 
operation are 
illustrated. 

inse 
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(a) Sma l l -d i ame te r liu beam inser ted lor k D P a l ignment 
(b) Pulsed oi cw beam inserted for 1 CJ alignment 
(c) Injection and viewing ot a 2cu (or 3<o) alignment beam 
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I i B . 2-21. The 
multiplexed Inrmonii 
illumitmlor/viewer, 
shown nn (he sf>.ice 
r.ime. 

for all wavelengths must he realigned. 
Previously, the three wavelengths were 
separated from each other in a central 
beamsplitter box, 2""' and a separate align
ment and diagnostic module was attached 
for each wavelength. In the new alignment 
system, illustrated in Fig. 2-22, the 2a; and 
3u" modules are no longer required on the 
output sensor. The remaining 2a and 3u; di
agnostics are performed in the redesigned 
splitter box and on the focus-lens structure, 
as described later in this article. The align
ment viewing functions, previously done 
with the 2u.~ and 3u! modules, are now per
formed by two multiplexed harmonic-
illuminator/viewer modules, one for each 
group of five beams. We kept the alignment 

and viewing of the lu; light as it had been 
originally designed, because we were too 
far along in our procurement and fabrica
tion schedule to multiplex it through the 
spatial filter, as is being done with 2a; 
and 3a;. 

The illumination and viewing of a 
beamline is selected by inserting two mir
rors. The first selects the beamline to be 
multiplexed to the illuminator/viewer. The 
second is inserted near the focus of a final 
spatial filter, so that the 2o;/3u; local illumi 
nator exits from the output lens as a full-
aperture collimated beam, as shown in I'ig. 
2-22(c). Light reflected from the pointing 
reference on the centering mirror, or from a 
surrogate target, returns along the same 

MOR 

Beam V^<=*^ 
fro:vc ^ C D 

MOR 

North 
amplifier 
frame 

West 
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amplifier 
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path for viewing by the illuminator/viewer 
module. The capabilities of the illuminator/ 
viewer are 
• Operation with either 2w or 3« light. 
• Local illumination at full aperture for cui-

put alignment. 
• Three far-field imaging fields of view: 

2 mrad, 1 mrad, 300 Mrad. 
• Far-field focusing that is adjustable from 

8 mm ahead of best focus in the target 
chamber to 4 mm past best focus. 

• Two near-field imaging fields of view: 
100 cm and 45 cm. 

• Near-field focusing that is adjustable from 
the output lens of the final spatial filter to 
the target chamber focus lens. 

• Two systems, each multiplexed for up to 
five beams. 
Only two viewing systems are now 

needed with this arrangement, compared to 
the 20 separate modules (two per beam) 
that were previously needed. The relative 
location of the harmonic viewer and illumi
nator, in relation to the laser system's com
ponents, is shown in Fig. 2-23. The 
illuminator/viewer is located inside the 
spaceframe and is near the final spatial 
filter, through which beams are multi
plexed to it. 

A local 2a; or 3u; alignment beam is use
ful only if it follows the same path to the 
target as the pulsed harmonic beam The 
insertable pointing reference, consisting 
of a corner cube and a gimbaled mirror 
(Fig. 2-22), is used for this task. First, 
the lw alignment beam is viewed by the 
output sensor in the far field, with both the 
mask and pointing reference inserted 
[Fig. 2-22(b)|. With the auxiliary min :>r 
tilted slightly, the output-sensor display 
shows three spots. The brightest spot is the 
common focus of the light passing directly 
into the sensor through the mask's two 
holes. The other twu spots are the foci of 
the light reflected from the pointing refer
ence mirror and the corner cube. These are 
generally two separate spots, because the 
corner cube reflects directly back on itself 
while the mirror's reflection is vepointed by 
an amount that depends on the mirror an
gle. By adjusting this angle, the two far-
field spots can be made to coincide. When 
this is done, the mirror is normal to 
the lu.' beam. 

When a harmonic alignment beam is in
troduced, as shown in Fig. ?.-22(c), once 
again light from the comer cube and mirror 
combination is reflected back to the 

X, Y / manipulator 

Camera-; 

lig. 2-24. I hi-
target-plane imager 
positions the align
ment beams on Hie 
target's surface bv 
viewing the target-
insertion region itf the 
target chambe 
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Up,. 2-2S. (,i) Imidrnt 
•ind 111) retlivted I-
It^ht; ,1 slight curve ret 
thr KDP jrrjv's out
put window provides 
the converging .V- lor 
2 '̂) diagnostic sign.il. 

harmonic viewer. However, now the two 
far-field spots on the viewer display can be 
superimposed by adjusting the direction of 
the harmonic beam, thus making it norma! 
to the mirror. By this procedure, the har
monic alignment beams are made parallel 
to the main lie beam. A small residual error 
between the pointed harmonic alignment 
beams and the pulsed harmonic beams will 
remain because of dispersion and birefrin
gence effects in the KDP assembly. This is a 
measurable fixed offset, which can be com
pensated for by operational procedures. 

Target-Plane Imager. Focused beams 
can tiii viewed in the target plane for accu
rate focus and position adjustments by nu
merous methods, but direct imaging from 
opposing beamlines is no longer possible. 
Therefore, the new baseline design includes 
a target-plane imager. One way to imple
ment this capability is to position a frosted-
glass reticle at the desired plane. This reticle 
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can either be mechanically attached to the 
target-plane imager (a- shown in Fig. 2-24), 
or to the target inserter (as shown in 
Fig. 2-22). It is aligned with the target posi
tion using the target viewers. Images of the 
incident beams on this reticle are relayed 
out of the target chamber to a charge cou
pled device (CCD) or to other TV-format 
cameras. Beams can be viewed and aligned 
at la', 2a\ or .V. With the geometry shown 
in Fig. 2-24, the imager is inserted from the 
target chamber equator, and a mirror set at 
a 45 angle directs the lighl into the optical 
relav. A simple 180 rotation allows view
ing firs! one, and then the other, set of five 
beams. An alternate approach would be to 
insert the instrument from a chamber pole 
(Pig 2 22). In this position, the optica! axis 
(if the relay is normal to the reticle and im 
ages of all 1(1 beams can be viewed sequen
tially without moving either the reticle or 
the imager. Five beams are viewed bv 
transmission, and five are viewed bv reflec
tion from the diffuse reticle. This arrange
ment allows an accurate relative positioning 
of all 10 H a m s in a selected plane. Other 
techniques, including using fiber-optic 
bundles, are under consideration. 

The KDP crvst it angle-tuning for generat
ing 2a' light is done In a manner similar to 
that previously described. 2" A small-
diameter la' beam is introduced ahead 
t.- the final spatial filter (Pig. 2-22). P 
propagates along the main beam path 
through the crystal array. The resulting 2a-
signal is measured by a detector mounted 
on the edge of 0 e centen.tg mirror inserter, 
and t'le 2a' signal is maximized. The la-
beam is inserted into one beamline at a 
t'ine from two local illuminators: one for 
the five north beams, and one for the five 
south beams. 

Tuning the angle of the frequency-
conversion array to produce 3a light will be 
done in the same manner a= tor 2a' light. 
Depending on our ability to detect low 
levels of 3a', the la- source might require 
higher intensities than the local illuminator 
i an generate. In this event, the output 
of the MOR will be inserted into .he 
heaniline by routing it through the 
local illuminator. 

AFgr.men' dirough the laser chain, and 
centering on the target-chamber cross hair 
with la- light, is done as before 2 '"' [Fig. 

2-20 
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2-22(b)]. With the insertahle mask and cross 
hair removed, the la alignment beam from 
the chain has an unobstructed passage 
throuj h the final spatial filter directly into 
the output sensor. When the insertable 
pointing reference is also removed, the full-
aperture beam continues to the (closed) 
centering mirror and is reflected back to the 
output sensor from the auxiliary mirror 
for viewing. 

Output Diagnostics. In our former base
line plan, the diagnostic signai for 2w and 
3a was derived by a inflection from the 
final surface of the doublet focusing ele
ment (fig. 2-79 of Ref. 26). The slowly con
verging sample of the frequency-converted 
2a and 3a light, generated oy the crystals, 
was tipped 1 mrad off-axis. This ; .Mowed 
the signal am the light reflected from the 
target to be separated in the far field and 
collected by the output sensor. 

In analyzing the focusing design, it be
came apparent that the laser performance at 
3a with the doublet lens was limited in the 
< 1 n; pulse-length regime by the doublet 
thickness, which added significantly to the 
B integral"4 (see "Frequency Conversion and 
Focusing System," earlier in this section). 
Using a singlet lens can increase the 3a 
performance by approximately 30%. There
fore, the singlet has been chosen over the 
doublet design. However, a singlet focus
ing lens cannot provide the ame back-
reflection for diagnostics as the doublet. We 

are evaluating two schemes for providing 
2w and 3a diagnostics with the singlet. The 
first scheme is illustrated -1 Fig. 2-25. A 
slight curvature (r = ]20m) could be added 
to the output window of the frequency-
conversion array, so that the reflection from 
this surface will provide a conwrging-L^am 
sample for diagnostics. 

In operation, the frequency-conversion 
array is tipped (to rea^h the phase-match 
angle of the desired frequency) and rotated 
(to achieve the proper polarization and mix 
ratio). The first crystal array in the assembly 
operates at a fixed angle and always gener
ates 2a light. The second crystal array ol 
the assembly is tuned in an orthogonal 
plane to double the unconverted la from 
the first array, or it is tuned to the Jm con
version peak, where it mixes la and 2a- lo 
produce 3m." , : for the 1.05-̂ m VI.!•" oscil
lator wavelength, the 2a' and 3a' conversion 
peaks are 4.1 mrad (external angle in air) 
apart. By cutting the crystals so that the sur
face normal is between these two pea'.o, 
the array can be tuned by tilting it to 
±2.05 mn,d to obtain 2a or 3u;. These an
gles are doubled by reflection from the 
crystal-array window to yield a ±4.1 mrad 
angle with respect to the incident la beam 
The convergence of the diagnostic signal 
mus* be equ.- 'o (or greater than) this 
value, in order to stay on the mirrors and 
within the beam tubes, to reach the output 
sensor. Additional convergence is added to 
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Fig. 2-27. Separating a 
2^- (or 3u.') input sam
ple from the target re
flection is possible 
because the signals 
have different focal 
points. 

allow for changes in tuning angle as a func
tion of temperature. The design allows for 
a ±2°C temperature change. Since the 
diagnostics signal intensifies with conver
gence, the maximum amount of conver
gence allowed is determined by the damage 
limit at 2w and the solarization fluences for 
3u> experienced by the turning mirrors and 
output sensor optics. The fluences, and the 
corresponding diameters of the diagnostic 
turning mirrors and output sensors inter
cepting the diagnostic signal, are shown in 
Tig. 2-26. In the Nova design, each 
beamline has a different intercept diameter 
because their turning mirrors and beam 
sensors are at different distances from the 
target chamber. 

As just mentioned, the first crystal array 
always generates 2a> light and does not 
change its angle along the phase-match -
sensitive axis. The crystals in the first array 
are cut identically to minimize the spares 
inventory and handling problems. There
fore, the first array operates at an angle of 
+ 2.05 mrad with respect tc Jie normal. 
However, the vector sum of this angle and 
the orthogonal tuning angle of the second 
array exceeds the maximum allowed con
vergence. To compenS(''e for this effect, a 
wedge could be added to the curvature on 
the array window. 

At the output sensor, the frequency-
converted drive signal (2w or 3oi) is collected 
by the sensor's input telescope. The full-
aperture, on-a>vis reflection from the target 
is also collected. These signals can be 

separated from each other (as shown in 
Fig. 2-27) by passing the focus of the target-
reflected light through a hole in the mirror 
directing the frequency-converted drive 
sample into the calorimeter doing the 
2« (or 3UJ) incident and reflected-energy 
measurements. Signal samples are also 
split off and transported by fiber-optic 
cables to a streak camera for temporal 
pulse-shape measurement. 

A second plan was also developed for 
providing energy and temporal diagnostics 
for 2u or 3u> converted light and for light 
reflected from the tai,.,-;!. In this scheme 
(shown in Fig. 2-28), the primary ghost 
focus, derived from the reflection at the 
back surface of the singlet, provides the 
diagnostic signal. When it is about 15 cm in 
diameter, the reflection begins forming 
caustics with about 14 times the beam's in
tensity at the lens surface. Collecting it here 
would obscure too much of the beam, so 
the signal is further reflected from the 
W 2 r beam dump. With the dump sepa
rated from the array, it can be positioned to 
intercept the 2w or 3u> ghost-foci signals 
where the beam is about 27 cm in diameter 
and there are no threatening caustics. The 
reflection from the dump (approximately 
4%) decreases the intensity of the diagnostic 
reflection enough so that it can be collected 
(at about 6 cm diam) by a calorimeter. This 
6-cm block in the beam obscures less than 
0.6% of the aperture. 

The temporal shape of the beam would 
be monitored by a mirror in the same 
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6-cm-diam region that the calorimeter 
blocks from reaching the target. This sam
ple would be directed by the mirror to a 
module mounted on the side of the focus
ing system assembly. Next, filtering and 
collecting optics focus the sample into a 
fiber-optic cable, which transports it to the 
streak camera (as shown in Fig. 2-27). 

The 2w or 3w light reflected frcm the tar
get can be collected by the output sensor's 
telescope. It would be separated from spuri
ous reflections originating at the crystal ar
ray by the 4.50-mrad off-axis angle between 
the array and the on-axis target reflection 
(Pig. 2-29). In this plan, the array window is 
flat, so different fractions of the beam 
reflection will be clipped by the various 
beam tubes. 

Neither of these schemes provides an 
equivalent target-plane image for focal-
region characterization. In the first scheme, 
reflections from the array window would be 
optically poor because the window is a 
stressed and therefore distorted optical 
element. In the second case, the singlet 
lens must be optimized for focus in trans
mission, and its ghost foci have extensive 
spherical aberrations. However, the previ

ously unavailable pirts opposite each 
beamline offer a method for obtaining the 
equivalent target-plane characterization. 
We plan to design an imaging system, to be 
mounted on these opposing ports, that will 
characterize t''e equivalent plane. We will 
construct two modules, which will give us 
potentially better images of the target plane 
liian previously possible. In the original 
baseline, the 2m or 3u> diagnostic beam 
made three passes through a diagnostic 
mirror, which was not figured for transmis
sion. It would also have passed back 
through the array to reach the output 
sensor. This would have added aberrations 
that were not experienced by light directly 
reaching the target plane. However, using 
the doublet signal allowed an equivalent 
plane charf cterization to be made for 
each beam on every shot and in a totally 
noninterfering manner. The proposed 
opposite-port target-plane image module 
would only be done for two beams and can 
only obtain an equivalent-plane image 
when shots are fired specifically for target-
plane characterization. No target could be 
in place, since it would block the desired 
image plane. Images of the light reflected 

Fig. 2-28. Second ,-lan 
for 2uj/3u* diagnostics. 
The target Jens' pri
mary ghost focus sup
plies a full-aperture 
beam sample for en
ergy diagnostics, and a 
partial-aperture sam
ple for the temporal 
pulse shape. 
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Tig. 2-29. Separating 
target reflection and 
unwanted reflection 
from the array win
dow is accomplished 
by an angular separa
tion in the far field. 

by the target can still be obtained at the 
2ic/3u.' reflected diagnostic portion of the 
output sensor. As of December, 1982, we 
had not decided which of these two 
diagnostic plans to use. 

Nova KDP Orientation System. To be 
used in the Nova frequency-conversion ar
rays,1' the KDP crystal segments must be 
oriented and machined so that the angles 
between tl'.eir peak conversion points and 
their surface normals1'1 are all within 
130 urad of each other. A measurement 
system has' been designed that will provide 
the necessary orientation data to the Nova 
crystal vendors, to enable them to meet this 
requirement. This crystal orientation mea
surement system (COMS) is illustrated 
schematically in Fig. 2-30. The COMS uses 
a laser source to angle-scan a sample and a 
standard crystal, to determine the location 
of their peak harmonic-conversion angles 
with high accuracy (<5ijrad; I arc-sec). 

The standard-crystal concept, as it is used 
in this design, is a significant innovation. It 
reduces a difficult absolute-alignment mea
surement to a much simpler relative com
parison. A standard crystal, with the 
prescribed orientation, is cut under carefully 
controlled temperature and wavelength 
conditions. Its normal is located halfway be
tween the 2UJ and 3m phase-matching an

gles. This master standard is then cut into 
segments, one of which is put on each 
COMS. A COMS will then put parallel 
beams through its standard and the crystal 
sample being tested. Both crystals are 
scanned through an angular range, and the 
fraction of 3ui light generated as a function 
of angle for both crystals is simultaneously 
recorded. Since both the standard and the 
sample being tested are on the same vac
uum chuck, their input laces maintain the 
same angular orientation with respect to 
one another. Therefore, any difference in 
angular separation between their conversion 
peaks is due io the angular error in the ail 
of the sample being tested. 

Before the COMS method was devel
oped, orienting a crystal required that the 
normal to the face of each piece be located 
with a pointing detector. This method relied 
on an operator's locating the normal with 
respect to a reference. Using the COMS al
leviates problems arising from operator in
terpretation and offers other advantages. 
Variations in the phase-match angle (due to 
temperature and wavelength shifts) are can
celled out, since both crystals experience the 
same variations simultaneously. 

The procedure for matching all the KDP 
crystals to the crystal standard consists of 
placing each 27-cm-square by 1-cm-thick 
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crystal plate on the chuck, next to the stan
dard. A measurement scan is done to deter
mine what angular correction, if any, is 
required. The crystal plate is removed 
and placed in a diamond-turning machine, 
which makes a correcting cut. After this 
face is correctly oriented, the second 
is machined parallel to it (with the 
desired thickness). 

Nova Alignment and Diagnostics 
Status Summary. Most of the alignment 
and diagnostic elements designed for Nova 
are operating on Novette. The elements in
clude input sensors, mid-chain sensors, lu; 
output sensors, and 2u> sensors of the for
mer design. Diagnostic elements include a 
network of diagnostic energy processors, 
photodiode and calorimeter energy sensors, 
temporal pulse-shape-recording streak cam
eras, timing monitors, anu a ystem for 
determining the peak frequency-conversion 
angle for the KDP ap-ays. All components 
are operating reliably and have proven 
the design concepts for implementation 
in Nova. 

Software controls for these systems have 
demonstrated closed-loop alignment, multi
ple set-point function control, and the use 
of cross-coupling matrices to provide or
thogonal movement for mirror gimbal pairs. 
Diagnostic software has local control for all 
systems. The centralized control and display 
of energy, temporal pulse shape, and pulse 
timing have also been achieved. The refine

ments developed in Novette's software con
trols will be incorporated into Nova, along 
with the expansion necessary for controlling 
10 beams. 

Novette's activation has proved valuable 
for verifying the alignment and diagnos
tics procedures to be used in Nova. Our 
experience on Novette has given us confi
dence that the design changes we are mak
ing for Nova will function properly, since 
they utilize concepts similar to those em
bodied in Novette's alignment and 
diagnostics systems. 

A-jihors: R. G. Ozarski, E. S. Bliss, 
B. C Johnson, C. D. Swift, and 
S. Warshaw 

Major Contributors: R. D. Boyd, 
D. W. Myers, R. E. Hugenbeiger, and 
J. B. Richards 

Nova Front-End Subsystem 

The Nova front-end subsystem consists of 
all the components from the oscillators in 
the master oscillator room (MOR) to the in
put aperture at the start of each arm. The 
list of components includes all the pream
plifiers, isolation, relays, splitter arrays, and 
the alignment and diagnostic systems. 

In the original Nova front end, as de
signed for the 20-beam system,1^ we had to 
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Fig. 2-31. Schematic 
layout for Nova's 
front end. 

put most of the amplifiers in the MOR be
fore the east/west split, so they could be 
shared by each of the two 10-beam sys
tems. The original design also required a 
long path to both 10-beam systems, with 
many rums and beam relays. 

During 1982, Nova was defined as a 
10-beam system, with all the beams in the 
new Nova laser building. Because of this 
decision, we made major changes in the de
sign and layout of Nova's front end. With 
the 10-beam system now in one laser bay, 
we were able to optimize the design by 
shortening the path from the MOR to the 
laser, using only one turn in the path, and 
eliminating beam relays. We .ilso were able 
to move all the 50-mm amplifiers and the 
other 50-mm components out of the MOR 
and place them on the laser spaceframe. 
The MOR now contains only the oscillator 
systems, 10-tnm amplifiers, Pockels cell iso
lation, and the 10 to 50 mm beam expander 
(for relaying the beam into the laser bay). 

Our redesign has several advantages 
• With the 50-mm components out of the 

MOR, all the 20-kV electrical components 
are gone. Since the 10-mm amplifiers use 
5 kV circuits, the MOR is now completely 
separated from the 20-kV capacitor banks 
for the laser amplifiers. The separation re
duces electrical noise in the MOR and 
improves safety. 

• There is now more space in the MOR, 
allowing flexibility for future oscillator 
systems. Future systems will probably in
clude a pulse-shaping system and a sys
tem to provide 20-ps pulses for various 
diagnostics and target irradiation. 

• Nova's redesigned layout is now almost 
identical to the Novette design, which 
worked well. Our experience on 
Novette can now be used to improve 
Nova's front end. 
in redesigning the front end, we used a 

very conservative approach to obtain the 
best possible beam profile at the start of 
each arm, with minimum pre-pulse energy 
and amplified spontaneous emission (ASE) 
from the oscillator and preamplifier stages. 
The following sections describe the general 
staging considerations and the layout of the 
MOR, the preamplifier, and the splitter 
array. We also discuss some provisions for 
x-ray backlighting and for aligning the har
monic crystals by using the MOR output. 

Basic Staging of the Nova wont End. 
The basic staging of the Nova fro it end is 
shown in Fig. 2-31. The beam system is 
completely relayed, from the flat oscillator-
output mirror to the aperture at the start of 
each arm. In the figure, the various relays 
are numbered from 1 to 5 and will be re
ferred to as such in the text that follows. 
The oscillator is followed by one 10-mm 
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and two 50-mm amplifier sections, before 
the north/south (N/S) split. Up to this 
point, the system is almost identical to 
Novette, which has been described in de
tail.36 Note that the function of spatial filter 
2, at the end of the Gaussian beam section, 
is to clean up the beam and reduce ASE as 
much as possible (on Novette we have suc
cessfully used a 2X diffraction-limited pin
hole in this spatial filter). 

After the N/S spi>, each beam goes 
through another 50-mm amplifier, and then 
through another spatial filter to relay each 
beam to a five-way splitter array. These 
50-mm amplifiers are placed aftei the N/S 
split to provide the maximum drive into 
each arm, parln ularly for long-pulse opera
tion of several nanoseconds. Under these 
conditions, the 50-mm amplifiers will satu
rate and the maximum drive will be limited 
by damage. Therefore, it is extremely im
portant that the beam profile through the 
50-mm amplifiers be as smooth as possible. 

We analyzed the beam profiles in the 
Nova front end (Fig. 2-31) using the 
MALAPROP code, particularly in the sec
tion from the hard aperture before spatial 
filter 3, to the apertures at the start of each 
arm. We found that the beam profiles in 
this section are almost completely con
trolled by the size of the pinhole in spatial 
filter 3. With no pinhole here, the 6.36-mm 
hard aperture can be relayed almost per
fectly to the next relay plane (after the 
five-way beam splits). However, severe 
modulation will occur on the beam between 
spatial filter 3 and the same relay plane; the 
most severe modulation will occur close to 
spatial filter 3. With a pinhole in this spatial 
filter, we can control modulation. We could 
also reduce it near the spatial filter; how
ever, modulation would then be introduced 
onto the beam in the next relay plane. We 
have selected a pinhole size that will give 
about the same beam modulation in the 
components as in the relay plane. 

On Nova, front-end relaying is compli
cated by the different lengths of the arms, 
as measured from the hard aperture at the 
start of the arm to the target. In the 
nonopposing target-illumination configura
tion chosen for Nova, the maximum differ
ence in length beween two arms is 17.14 m. 
The difference gives various propagation 
distance- from the 6.36-mm hard aperture 

to the aperture at the start of each arm and 
yields different beam modulations at the 
start of each arm. The latter modulation is 
controlled for each arm by the size of the 
pinhole in spatial filter 3 We found that 
with a 10X diffraction-limited pinhole, we 
obtain beam profiles with a peak-to-average 
value of 1.31 at the aperture farthest from 
the relay plane (8.57 m) and a value of 1.17 
at the relay plane itself. When we looked at 
the beam profiles at the start of each arm, 
as a function of pinhole size in spatial filter 
3, the 10X diffraction-limited pinhole was 
about the best design possible. We also 
found that with this pinhole the beam pro
file 3.8! m from the relay plane was very 
smooth, with a peak-to-average value of 
1.10. The beam profiles can be further im
proved only by using separate relays of dif
ferent length at the start of each arm. cuch 
an addition is expensive and complicated, 
and does not justify the small improvement 
that would be obtained. 

We also studied several relaying systems 
that covered the entire distance from the 
6.36-mm hard aperture to the start of each 
arm. Spatial filter 3 can be made long 
enough tc relay the beam all the wav to the 
arm inputs, without using spatial filters 4 
and 5. For the some 10X diffraction-limited 
pinhole in spatial filter 3. we obtain identi
cal profiles at each arm, with or without the 
splitter relays 4 and 5. The major differ
ences, for a typical layout without thi'se re
lays, are that the final 50-mm amplifiers 
after the N'S split are abou; 18.3 to 21.3 m 
from the relay plane, and wr lin a beam 
profile in these amplifiers w, jieak-to-
average value of 1.47. By usii. c litter re
lays 4 and 5, and by placing the amplifier 
3.81 m from the relay plane, the peak-to-
average value is reduced to 1.10. The result 
is a major improvement, particularly since 
we will be driving these amplifiers very 
hard. Note that although these relays are 
about 18.3 m long, they can easily be placed 
on the laser spaceframe. 

Layout of the Nova MOR. In the base
line layout (Fig. 2-32) for the MOR, we use 
two oscillators: one to cover the range from 
100 ps to 1 ns, and the other to cover the 
range from 1 ns to 10 ns (or longer). These 
oscillators have previously been described 
in detail.37-38 The rest of the MOR layout is 
almost identical to that used in Novette.16 
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Fig. 2-32. Layout for 
Nova's master oscil
lator room. 

There is now sufficient space in the MOR 
for pulse-shaping equipment and a 20-ps 
pulse system for diagnostics or target ir
radiation. The beam out of the MOR is now 
in line with the beamline on the space-
frame. The layout makes the beam path 
from the MOR to the laser bay very short 
and simple. 

The MOR layout has been drawn up in 
detail,''' and by thr end of 1982, we were 
designing and orderi,,6 components to 
bring the MOR up in early 1983. 

Layout of the Preamplifier Section and 
Splitter Array. As just mentioned, all of 
the 50-mm components were moved from 
the MOR to the spaceframe and were 
placed between the beamlines for the laser 
arms, at the system's input section. In the 
previous design,1^ this space was used by 
the trombone lines in the splitter section. 
We redesigned the splitter section to make 
space for the preamplifier section, as shown 
in Fig. 2-33. For all the target illumination 
schemes that we considered (including the 
final nonopposing beam design for Nova), 

the longest arms were always 3 and 7 
north, and 4 and 8 south. For these arms, as 
shown in Fig. 2-33, we placed the trombone 
delay lines in line with each arm, rather 
than folded back, as in beams 9 and 10. 
Thus, two slots were left open on each 
spaceframe for preamplifier components. In 
our new splitter array design, we still use 
the variable splitter, which is composed of 
adjustable half-wave plates and polarizers. 
However, all the beams arc now in the 
same plane. The layout simplifies the split
ter array and reduces the number of turning 
mirrors; however, we must add 90° quartz 
rotators to obtain the correct beam polariza
tion for each arm. We have also placed an 
alignment sensor in front of the splitter ar
ray to ensure accurate beam alignment into 
the splitter array. 

The layout of the preamplifier section, 
which follows the general staging just de
scribed, is shown in Fig. 2-34. The first sec
tion, where the beam is Gaussian, contains 
the first two 50-mm amplifiers (each with a 
gain of approximately 20). These are 
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followed by two more 50-mm amplifiers in 
the second section, where the beam has a 
square spatial profile. Finally, after the N/S 
split, there is another 50-mm amplifier. 
With the 10-mm amplifiers in the MOR, we 
have much more gain than is needed, even 
for long-pulse operations. This gives us 
considerable flexibility in setting up the 
front end for the various pulse widths that 
will be used in the system. We generally 
want to have as much gain in the Gaussian 
beam section as possible, to reduce ASE 
with the spatial filter (M = 1) at the end of 
the section. Fjr long-pulse operation, the 
gain in this section will be limited by pin
hole closure in this spatial filter. For short-
pulse operation, we can set the gain in 
various sections to minimize AB. 

For preamplifier-section isolation, we use 
a mixture of Faraday rotators and Pockels 
cells, as shown in Fig. 2-34. This is a change 
from the previous design, which used the 
latter onlv. The Pockels cells are used 

mainly for ASE control and are placed after 
every second 50-mm amplifier in each 
beamline. In each 50-mm Pockels cell, the 
contrast ratio of about 103 (as measured on 
Novette) exceeds the gain of the two ampli
fiers, so ASE cannot grow in the system. 
The remaining isolation between the ampli
fiers is obtained with Faraday rotators. The 
simplicity and reliability of their power con
ditioning makes them an attractive alterna
tive to Pockels cells. The Faraday rotators 
also require less propagation distance be
tween amplifiers for proper isolation. 
By the end of 1982 we had drawn up the 
final layout of the preamplifier and 
splitter array4" and were designing the 
remaining components. 

Component Development for the Nova 
Front End. We also made considerable 
progress during 1982 in the development of 
various front-end subsystems. The elec
tronic controls for the oscillators and the as
sociated fast-timing circuits were completed 
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H£. 2-34. Layout for 
Nova's pieamplifiers. 

for Novette and worked very well. We 
made progress towards developing Pockels-
cell drivers, using both planar triodes and 
hydrogen thyratrons, with new devices be
ing installed and tested on Novette. The 
power conditioning for the 10-mm amplifi
ers is also being redesigned. Details of all 
these developments are given in "Nova 
Power Conditioning," later in this section. 

X-Ray Backlighting and Crystal Align
ment. We designed x-ray backlighting and 
frequency-conversion crystal alignment ca
pabilities into the front end. In general, two 
types of x-ray backlighting experiments are 
planned. We use short-pulse backlighting 
(to freeze the target's motion), or a long 
pulse (to study its temporal evolution). 
Great flexibility is aiso required in selecting 
which (and how many) beams are to be 
used for x-ray backlighting. The possibilities 
include using one beam, two opposing 
beams, five beams from one side, or five 
beams from each side, chosen as symmetri
cally as possible. We cannot assign some 
beams to the task of x-ray backlight'ng, 
a pnori, and then design a beamline from 
the MOR to these arms. On Nova, we will 
use the same scheme that has been demon
strated on Shiva and is planned for 
Novette.16 Two pulses are tii le-multiplexed 

into a single beamline in the MOR. The tar
get-irradiation pulse is transmitted first, fol
lowed about 20 ns later by the backlighting 
pulse. In this scheme, we either take 20 ns 
out of the backlighting arm or add 
20 ns to the target arms and use the 
Pockels cell at the entrance to each arm to 
select the appropriate pulse. On Nova, the 
trombone-line assemblies will be moved to 
obtain the appropriate propagation-time 
changes for the various beams. In the new 
splitter-array design, as shown in Fig. 2-33, 
a total of four of the trombone lines have 
been mounted in-line with the beams (two 
on the north and two on the south sides), 
and cannot be moved. However, after the 
N/S split, we have a trombone line in each 
beamline so that we can delay the five 
arms on each spaceframe ±20 ns, relative 
to each other. In addition, the remaining 
three beams without the folded trombone 
lines can also be moved ± 20 ns on each 
side. Thus, we can satisfy all of our x-ray 
backlighting needs. 

The Pockels cell at the start of each arm 
has a contrast ratio of about 10' so that the 
relative input energies for the pulses (and 
the gain in each arm) will have to be care
fully selected, to keep the pre- and post-
pulses on the target within acceptable 
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limits. This constraint has not yet been ana
lyzed in detail. It may even be necessary to 
add another Pockels cell to some beams. 

For aligning the frequency-conversion 
crystal arrays, we are able to produce a 
100-ps-long, 100-mJ pulse with a repetition 
rate of 10 s. As shown in Fig. 2-32, this 
pulse is diverted oui of the main beam just 
before Pockels cell 1-2, to reduce the risk of 
damaging it. The pulse is then recombined 
with the main beam before the MOR out
put spatial filter. It remains orthogonally 
polarized and is taken out of the main 
beam at the start of the preamplifier section 

Control System 

Introduction. The Nova control system 
must provide an efficient and economical 
method of controlling the large number of 
diverse, controllable components in a laser 
of Nova's scale. Figure 2-35 is a block dia
gram of the control system concept, starting 
with the operators' consoles and proceeding 
through the organizational subsystems to 
the laser hardware itself. Nova has over 
5000 separate control and data-acquisition 
points, most of which are either physically 
remote or difficult to operate without some 
form of computer control. The Nova control 
system, as previously reported/'"" consists 
of four major application-related subsys
tems (power conditioning, alignment, laser 
diagnostics, and target diagnostics) and a 
fifth, unifying, central control system. 

Our major accomplishment in 1982 was 
the successful implementation on Novette 
of a similar, but smaller, version of the 
Nova control system. The long-range deci
sion, made early in the planning of 

Novette, to commit to the use of Nova con
trols is advantageous to both developers 
and users. Even a preliminary version of 
the Nova control system provides Novette 
with a substantial improvement in opera
tional functionality and flexibility over pre
vious control-system technologies (such as 
that on Shiva). The parallel development of 
Novette and Nova controls has meant bet
ter results for less effort. Moreover, Novette 
provides a test bed for Nova's controls, 
driving issues to their appropriate conclu
sions through practical implementation, 
testing, and use. In this article we describe 
this effort, which was almost entirely de
voted to the implementation and activation 
of the four major control subsystems. 

Alignment Control System. The align
ment control system must steer each of 10 
laser beams accurately over a path of 
250 m, from the master oscillator to the 
fusion target.4^ The system does this by 
moving the optical components with over 
1000 stepping motors controlled by 29 dis
tributed LS1-U computers. A centra) control 
system,* using three VAX-11/780 comput
ers, provides an integrated central control 
for the alignment system. A fiber-optic 
local-area network, Novanet,4' connects 
the distributed processors to the central sys
tem. Interactive color-gTaphics consoles, 
with a touch input system, interface menu-
driven remote controls and status informa
tion. The digital processing of sensor images 
closes the feedback loop for automatic 
alignment. Strategically located multi
function sensors along the laser view both 
the be.'m and reference cross hairs. These 
sensors generate video information for 
pointing, centering, and focusing, which is 
transmitted to an image digitizer and array 
processor attached to one of the VAX com
puters. The alignment program is synchro
nized with manual controls, but runs 
without the operator's supervision. 

The LSI-11 stepping-motor controllers 
(SMC)4B serve as the primary alignment-
control building blocks. The SMC units are 
customized (with patch panels and software 
tables) to match them to the layout and iso
lation requirements of each laser installa
tion. Up to four motors are grouped 
together into generic "devices," such as for 
cross hairs, spatial-filter pinholes, and 

on the spaceframe, as shown in Fig. 2-33. 
The pulse is finally injected back into 
the system beamline at the output spatial 
filter for aligning the 3w frequency-
conversion crystals. 
Author: D. J. Kuizenga 

Major Contributors: E. S. Bliss, 
G. S. Bradley, G. R. Dreifuerst, A. Martos, 
J. E. Murray, J. A. Oicles, R. G. Ozarski, 
and W. E. Warren 
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Fig. 2-35. Block dia
gram for the Nova 
control system. 

gimbaled mirror pairs. The SMC units sup
ply substantial local control and status in
formation, near the alignment components, 
through a programmable alphanumeric con
trol panel. Switch-function labels, displayed 
above the panel controls for the currently 
selected device, allow users to visualize the 
operation being performed. 

Alignment Control Software. Figure 
2-36 is a block diagram of the interrelated 
components of the alignment control soft
ware. Three major software programs, 
unique to the alignment system, are shown 
in the box labelled "VAX Application Pro
grams." The first of these, the console align
ment program (CAP) implements system 
configuration and manual controls. One 
copy of the CAP runs for each active con
sole being used. The graphics system, a 
product common to the entire control sys
tem, interfaces the CAP programs to the 
operator through the console hardware. An 
extensive frame library contains definitions 
for particular graphic controls and status 
displays. Independent graphic status dis
plays are maintained by the second pro
gram, the status display program (SDP). 
The automatic alignment of mirror gimbals 
and spatial-filter pinholes is accomplished 
by the third program, the automatic align
ment program (AAP). These three programs 
communicate through a shared memory, 
implemented with global sections in disk-

based files; signaling for synchronizing 
memory access is done with event flags. 
Both these functions are supported by 
the manufacturer. 

The user interface at the central ontrol 
console brings these distributed components 
together in a manageable manner. Access to 
operator controls is layered (from general to 
specific functions) by traversing a tree of 
graphic touch-input menus. The four-level 
hierarchy is illustrated in Fig. 2-37. Level 1 
selects the room or major area to be con
trolled. Level 2 controls the automatic con
figuration and device setup for various 
tasks. Level 3 allows operators to select de
vices from a schematic illustration (Fig. 2-38) 
for detailed control at level 4. 

Two-sided CRT screens in each console 
are reserved for independent status reports 
about the alignment control system. Sche
matic representations of selected portions of 
the laser system are enhanced with color-
coded symbols reflecting the current status 
of each alignment device. 

Automatic Alignment. The AAP is a 
control process that is independent of the 
other alignment programs. The gimbal 
alignment loop is illustrated in Fig. 2-39. 
The CAP communicates with the AAP by 
placing a list of commands to be executed 
in a shared data area. The AAP determines 
from this list which sensor and field of 
view to use, and then performs image 
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analysis to determine if alignment errors ex
ist. To correct any detected errors, the nec
essary stepping-motor commands are 
calculated from the sensor information. The 
system is flexible with regard to changes, 
because only the methods are coded in soft
ware. The hardware-specific information is 
maintained in separate data tables. This al
lows the system to work on several laser 
configurations by changing only the data 
tables. The data tables contain information 
for the five phases of AAP operation (as il
lustrated here for a gimbal alignment): 

Data Indexed 
table by Provides 

1 Command Devices needed for the 
given command 

~> Co mm and Set points (stored positions) 
for de\ ices 

.1 Sensor Intensitv control information 
4 Gimbal Specific information for 

5 Gimbal 
point ing 
Specific information for cen
tering 

The first phase ensures that all the 
devices needed for performing the com

mands in the command list are available. 
The second phase sets the laser to the 
proper starting configuration for performing 
a command. In the third phase, an image is 
acquired, its intensity level is checked, and 
the sensor adjusted (if necessary). In this 
phase, the background noise from each sen
sor is also subtracted from the images, to 
give a more consistent image quality across 
sensors. In the fourth and fifth phases, the 
gimbals are actually moved to correct the 
measured pointing and centering errors. 
Alignment references are automatically in
serted in the beam, or retracted, as needed. 

The alignment controls described here 
were implemented on Novette during 1982. 
Work on Novvtle covered the MOR ami 
preamplifier areas, as well as the main 
beamline. Reusable software tools were de
veloped for the control of classes of devices, 
such as gimbals and sensor packages. Meth
ods were designed to accomplish routine 
configuration setups and status information 
displays. The image analysis program has 
been demonstrated with an automatic align
ment of the front-end gimbals. 

Novn/Novette alignment control system 
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Image Analysis. Image analysis tech 
niques extract information from video im
ages acquired at the sensor packages along 
the laser chain, so that the automatic align
ment program can correct pointing and cen
tering errors. Several technique- are used to 
anal;. ?e the d'fferont kinds of images. 

The first type of information consists of 
an image taken from a sensor set for vieu 
ing the errors in pointing. These images are 
characterized by a small, bright, well-
defined spot. This lets us use a simp!'..' tech
nique to determine its center: the image is 
thresholded and exponentiated, the back
ground is removed, and the centroid 
is calculated. 

To provide a reference point for centering 
corrections, the location o r ''.<? beam's cen
tral point must be calculated with a second 
type of analysis. These images differ greatly 
fiom the pointing images just discussed. 
Typically, the beam has a large area with a 
somewhat circular shape and a bright cen
ter; the brightness tapers off towards the 
edge. Correlating a user-specified "binary 
disk template" with the image will deter
mine the center of the brightest portion 
within the circle. 

The third type of analysis is used to 
determine the center of a cross-hair 
shadow. A stored template of an idealized 
cross hair (noting its center point) is corre-
lated with the cuiTent image acquired from 
the laser. The point of maximum overlap, 

along with the template center, gives the 
center of the cross-hair shadow in the ac
quired image. The correlations are done by 
using frequency-domain techniques, which 
provide significant improvements in speed 
over similar spatial-domain techniques. To 
generate the stored template, the cross-hair 
shadow is enhanced (by subtracting an im
age that includes the cross hair from one 
without it). This method has been demon
strated to work, even with severely 
diffracted :• - .ges. 

Laser Diagnostic Control and Data-
Acquisition Software. We demonstrated a 
subset of our Nova system in 1982, by 
bringing the laser-diagnostics sytem on
line in Novette. This system contains 
• Transient digitizers. 
• Charge-coupled device \CCD) streak 

cameras. 
• Remote front-end processors (FEPs). 
• VAX control software. 

The first two devices measure the tempo
ral characteristics of the laser pulses. The 
FEPs measure laser energies with phot'idi-
odes and calorimeters located at various 
points on the laser chain. By December, the 
F .ovetre liiser-diagnostics system included 
two streak cameras, five FEPs, and two 
transient digitizers. Provisions have been 
made for including up to five streak cam
eras and ten transient digitizers. The system 
can display the measured beam energies 
and plot calorimeter and transient-digitizer 
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data on the console CRT screens, as well as 
plot streak-camera pulse contours for 
off-line analysis. 

The transient-digitizer control software 
regulates the digitizers from the central op
erator consoles. Menus that mimic the local 
controls of the transient digitizer and its 
oscilloscope-type plug-ins make the system 
easy to use. A main menu provides for 
high-level functions, such as arming for a 
shot, storing data, and displaying data as a 
one-dimensional plot on the consoles. An 
independent program exists for providing 
hard copies of these plots. The latter 
feature will be added to the high-level 
control menu. 

The software for controlling the transient 
digitizers translates the operator's touches at 
the console to control messages to the 
digitizers. These messages pass through 
Novanet to the interfaces, and finally over 
the [EEE-488 bus to the digitizers. Status in
formation, indicating whether the requested 
operation was performed, is returned to 
the operator. 

VAX programs control the streak cam
eras, which are connected to a Novanet 
multiple-device interface. These programs 
allow the operator to manually control the 
camera mode ana to record data. The oper

ator can also use the console to subtract t>- ? 
background, to display the data as a color-
enhanced imag.\ or to plot pulse contours 
from the data. These functions were de
signed to be consistent with Nova's more 
automated operations. 

The Novette diode and energy processors 
(DEPs) can control either 20 diodes or 20 
calorimeters (60 on Nova) from a console 
graphics frame, or from a membrane switch 
panel at the DEP. The DEPs report data 
and status information (upon rommand 
from the VAX programs) as was done in 
Shiva. On Novette, however, the error mes
sages are presented in English text on the 
front panel and repeated at the VAX control 
console The time need a for doing the 
sampling has been reduct.i, ,.nd the sensors 
report their identity to the DEP when they 
are polled. VAX console programs allow 
operators to load and configure the DEPs, 
to control operating modes, to retrieve 
data, and to display the energy data and 
DEP configuration. 

Target-Data Acquisition and Control 
System. We finished installing the target-
data acquisition and control system, as out
lined previously.49'1" This system consists 
of three FEPs attached to the VAX (via 
Novanet) and connected to seven CAMAC 

Fig. 2-38. MOR selec
tion frame. 
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Fig. 2-39. Gimbal 
alignment loop. 

crates in the diagnostic room. A fourth FEP 
was installed in the target room to control 
the vacuum system.51 The trigger system 
was installed essentially as described.52 It 
includes a direct optical connection (via fi
ber optic;.) to the MOR, and a connection to 
the power-conditioning FEP tor synchroni
zation with the target FEP software. 

The digitizing equipment, which consists 
mainly of CAMAC modules and transient 
digitizers, is controlled by the FEPs in the 
diagnostic -oom. A single-display Ramtek 
console s.,ith a touch panel) was installed 
in tne diagnostics room to allow convenient 
setup and control. This remote console is 
isolated from the VAX with fiber optics, but 
otherwise it performs the same functions as 
the main control room consoles. 

The basic software architecture is shown 
in Fig. 2-40. Functionally, the system is 
segmented into two components: data ac-
quisitic n and control, and quick-look pro
cessing. Both segments of the system have 
been implemented on Novette. It is a table 
driven system, with the network-shared 
memory (NSM) used for process-to-process 
communication and synchronization. The 
NSM stores the configuration definition, 

setup parameters, diagnostic-to-hardware 
maps, command definition tables, and oper
ational status information. It is also used to 
buffer the acquired data and any messages 
issued to the operator. 

We completed the target-diagnostics FEP 
software in 1982. Each FEP can have up to 
four CAMAC crates attached to it, and can 
control 15 different types of CAMAC 
modules. For most of the preshot setup se
quence, the FEP acts as a slave to the VAX. 
However, for the last 15 s before the target 
shot, the FEP independently handles the 
final interrupt triggers and shutter se
quences. After the shot, it again becomes a 
slave to the VAX for collecting the shot 
data. This technique requires no diagnostic 
data-base information in the FEP. 

We also implemented the operator-to-
machine interface using color enhanced 
menus, with touch-selectable categories 
supported by the console graphics system. 
The menu set, currently consisting of 21 
frames, permits the complete operation of 
the system's hardware. 

Using the system at its uppermost level is 
quite straightforward. The execution of a 
single command causes the system to 
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perform a comprehensive check to detect 
abnormal conditions, make the necessary 
setups, and put the system on line. All data 
acquisition and control commands are exe
cuted via the command processor. Only the 
lower-level commands are "hard coded." 
Most of the upper-level commands are 
defined (by table entries) in terms of 
other commands. 

Once prepared for a shot, the operation 
of the data acquisition and control system \? 
interlocked with the power conditioning 
system, and no further operator interaction 
is required. The system may still be 
accessed (via the menus) during a shot se
quence, but only those commands that will 
not affect the operation of the system (other 
than an abort request) are permitted. 

The operator is advised of the target sys
tems activity (and its current state) by the 
displayed status information and by one-
line text messages that are issued by the 
system and logged in data files. The opera
tional state of each piece of hardware and a 
record of errors that might have occurred 
are also kept as an integral part of the 
shot data. 

Keyed ASCII files are used to tailor and 
configure the system and to save the ac
quired data. The command definition, menu 
command page tables, and hardware con
figuration are loaded from such files, either 
at the system's start-up, or on demand. By 
editing the appropriate file, a command 
may be created, redefined, or deleted, the 

command presentation changed, or a hard
ware configuration defined for a shot. 

One other VAX process allows the oper
ator to do a quick-look evaluation of tran
sient and calorimeter digitizer equipment 
setups and post-shot data. The quick-look 
process is controlled by a pair of menus on 
the console (for touch response). It uses the 
commercial graphics package DISSPLA to 
plot the analog data directly on the Ramtek 
display and to generate files for use with a 
hard-copy Versatec printer/plotter. 

The performance record of the target-
diagnostics system on Novette is very im 
pressive. The problems encountered have 
been few and relatively minor, and the sys
tem has been operational virtually 100% of 
the time. The system is extremely fast, with 
a typical data-acquisition time of less than 
1 min. On the Shiva system, the data-
acquisition time for a similar configuration 
would have been 10 to 15 min. The real ad
vantage of this speed is that it gives us the 
ability to monitor the system's performance 
during a shot. The comprehensive error 
checking designed into the system has been 
of tremendous value. In conjunction with 
the status information displayed on the 
menus, this system enables the operators to 
quickly isolate and correct hardware prob
lems that probably would not have been 
recognized on the Shiva system, or, if rec
ognized, would have taken weeks to isolate. 

Vacuum Controls. The integrated vac
uum control system, which was installed on 
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H)-. 2-41. Power-
conditioninR control 
system. 

Novette in ly82, controls all the chamber 
pumps and vaives. It also implements all 
safety interlocks, ensuring that all vacuum 
requirements are fulfilled prior tc valve 
openings. It continually monitors pressure 
and vacuum sensors and puts all valves in 
a safe condition if any leaks are detected. 

The vacuum system is controlled with a 
system of individual panels, each one cus
tomized for a particular diagnostic. With our 
Novette experience, we noticed a trend of 
constantly changing the mechanical vacuum 
connections to track the diagnostic require
ments. We designed easily changeable vac
uum panels f<*r Nova to handle these 
continual modifications. We simply used re
movable plastic overlays on standard pan
els. Each new panel that is required can be 
generated with an artwork change, without 
redp^igping the basic panel. 

Power-Conditioning Control. The ma 
jor accomplishment for 1982 in power-
conditioning control was completing and 
activating the software for operating this 
major subsystem from the operator's con
sole on Novette. The overall power-
conditioning control system architecture is 
shown in Fig. 2-41. The VAX resident con
sole software accepts operator control re
quests through a touch panel mounted on 
the Ramtek displays and writes the perti

nent status information on the same dis
plays. Control and status information is 
corr...>unicated to the FEPs through a 
Unibus multiport memory. A backup auxii-
iarv FEP and hard-wired control panels are 
provided for off-line diagnostics. 

We designed and implemented the se
quencer, a software tool that schedules the 
time-ordered ccntrol system events during a 
shot sequence. Software has been written 
thai will summarize the power-conditioning 
system's performance far display or archiv
ing. An interlock program was written to 
monitor and log all the entrances into the 
facility. Programs were also written to 
display and archive the lamp-circuit 
diagnostic waveforms. 

As reported previously,S5 predefined con
figurations can be used to repeat common 
shot operations. Severai enhancements to 
this configuration loader were completed. 
The loading time was reduced and the 
number of device types that can be 
supported was expanded. 

The design and implementation of the 
power-conditioning event logger was com
pleted. The log can now be examined at a 
terminal, or it can be archived for future 
examination at either a VAX or an FEP. 

The final design and implementation 
of the power-conditioning front-end 

Ramteks VAX 

r 
Auxiliary 
processor * * # 

Control 
panels 

Multiport-memory Logger VT100 

FEP 

Fanout 

Novabus 
devices 

Disk 

Fanout 
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system was also completed during 1982. 
Two FEPs are used to control and monitor 
the power-conditioning components. An 
auxiliary processor was added to allow 
operating the power-conditioning system 
without the VAX and to do other 
maintenance functions. 

Central Controls. Installation of the en
tire central control system for Novette was 
completed during 1982, including a VAX-
11/780 with an array processor, four 
Ramtek operator consoles, the Novanet 
Nodestar, and a terminal development area. 
We also moved from our prototype devel
opment area and began installing the Nova 
Control Center in the Nova laboratory 
uuilding. This work included activating a 
large VAX-11/780 facility, which supports 
64 development terminals in several areas 
(including the Nova office building). 

The development of central hardware 
and software tools, as previously de
scribed,541'5 evolved (as planned) into the 
application efforts just reported. Integrating 
these tools into the four major control sub
systems of Novette, and clarifying many 
specific laser control requirements, were es
sential elements of the feedback needed for 
producing a successful Nova control system. 

We learned where our common tools 
were successful in actual use, and where 
little or no further effort was required. 
We also learned which enhancements could 
be postponed. Most importantly for Nova, 
we learned where changes in scope and 
implementation were required. The follow
ing paragraphs discuss one tool in 
each category. 

Praxis, the high-level, block-structured 
computer language, designed and imple
mented for Nova, reached maturity in 1982. 
It supports separate module compilation, 
user-defined types, exact machine-
accessing specifications, and extensive type 
checking—all of which are useful fea\ires 
for programming real-time control systems. 
Praxis generates code for both the VAX and 
LS1-11 computers. An important milestone 
was reached in the development of Praxis; 
it was considered good enough to be used 
as the language for all of Novette's control 
system software. A substantial amount of 
software has been written for the Nova 
control system and applied to Novette. Dur
ing 1982, 22 authors developed over 250000 

lines of code (organized into approximately 
2800 modules) for the Nova and Novette 
control systems. 

The design of the operator-console 
graphics system remained as described in 
previous Annual Reports.56-57 During 1982, 
its implementation reached the point where 
the base-level operations were considered 
good enough for Novette. The implementa
tion of some designed features and higher-
speed operations (by internal buffering) 
were postponed so that we could concen
trate on Novette control problems and 
graphics software reliability. 

The system's capacity for manipulating 
graphics control pictures and their compo
nents was quadrupled. Up to 400 sub-
pictures and 200 control frames can now be 
used. The system was further upgraded by 
adding interlocking mechanisms that allow 
other plotting packages to share the color 
displays. The consoles now display data 
and waveform plots, color-enhanced bea^ 
profiles, and streak-camera images. Control 
input from the operator and feedback from 
the computer are automatically suspended 
while these packages are using the displays. 

When more than two Ramtek interfaces 
were plugged into the same Unibus, this 
particular implementation of the DEC 
Unibus specification suffered from bus tim
ing failures. With Ramtek Corpoiation's as
sistance, we located and solved this 
complex bus-interface problem, which had 
plagued many other users of Ramtek dis
plays (and certain other products) since the 
VAXs were first produced. 

One tool that required a change of scope 
was the network shared memory (NSM), a 
distributed data base, containing command 
and status information tables called regions. 
As originally designed, the NSM was sup
posed to support communication between 
programs in the same computer, or between 
programs in different computers (connected 
by a multiported memory or by Novanet). 
During 1982, the Novanet feature was com
pleted, the NSM feature having been com
pleted earlier. However, the data rate was 
too low for use in these applications, 
so we changed to a direct connection 
with Novanet. 

During 1982, the console graphics system 
was also modified. We are now using an
other interprocess communication scheme 
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(VMS mailboxes) instead of the NSM pack
age. The changes made in both of these 
message-oriented applications point out the 
awkwardness of using shared tables for this 
type of task. The need to support message-
oriented applications was overlooked in the 
initial design criteria for the NSM. 

However, for table-driven commands and 
global status-information applications, 
shared regions are still appropriate. There
fore, we are currently using the NSM 
within the target-diagnostics subsystem on 
the VAX, for the power-conditioning sub
system (on the VAX and LS1-11), and for all 
cross-subsystem communication. 

Authors: G. M. Aune (Digital Equipment 
Corporation), H. R. Burris, A. J. DeGioot, 
R. D. Demaret, J. M. Duffy, R. A. Fertig, 
F. W. Holloway, J. R. Hill, C. A. 
Humphreys, J. E. Krammen, D. J. 
Kroepfl, H. Lane, D. L. McGuigan, 
M. K. Rash, R. K. Reed, S. M. Ruddock, 
J. J. Sanchez, M. Schlicht, J. R. Severyn, 
T. A. Sherman, J. A. Smart, J. Taylor, P. ). 
Van Arsdall, J. L. Wilkerson (Bendix), 
). D. Wintemute, and G. ] . Zaragoza 

Nova Power Conditioning 

Introduction. A significant amount of 
physical construction was done on the 
Nova power-conditioning system during 
1982. the Shiva capacitor bank was com
pletely removed, and the racks were set up 
in the Nova basement. New Nova equip
ment was used to supply the full comple
ment of racks, as needed. We set up the 
capacitor test stand and began assembling 
and testing Nova's capacitor modules. At 
year's end, 350 modules were mounted on 
the racks. A separate rod bank was con
structed and outfitted with new circuits. All 
the MVA power supplies were tested and 
placed in the Nova substation. We also be
gan installing conduit from the substation 
to bring power into the Nova building. The 
100-kVA power supplies were installed in 
the building; the fanout racks were in
stalled, and assembly was begun on them. 
Switcn racks were placed in the bank, and 
their assembly was also begun. The 
flashlamp test and fast-pulse laboratories 

were constructed. Many of the power-
conditioning controls chassis were fabri
cated, and cable tray runs were installed. 
A switcher power supply was designed for 
the master oscillator room. The MOR's 
electronics were updated, based on our 
Novette experience. The Pockels-cell 
drivers were improved, both in performance 
and reliability, and procurement orders 
were placed for the Nova system. The 
plasma shutter effo-t concentrated on 
mechanical design, and system problems 
were addressed. In 1982, the Nova power-
conditioning area changed dramatically. In 
the following sections, we discuss these 
accomplishments in more detail. 

Component Testing. In 1982, we per
formed a substantial amount of component 
testing for quality control. As procuremei s 
arrived, all crucial and high-cost parts were 
subjected to an incoming inspection and 
lest. A prime example of this process was 
the infant-mortality testing done on all 
high-density capacitors. The details of the 
testing are given elsewhere.58 Capacitors re
jected for leaking, or for failing the hipot 
test, were easily repaired at the factory; 
only capacitors failing the discharge test are 
worthless. Of the 2025 capacitors delivered, 
64 were returned to the vendors for replace
ment or repair at no cost to LLNL. 

Thirteen capacitors failed our discharge 
testing, a much lower number than v e 
had anticipated. Part of the reason for 
this improvement over previous levels 
may have been due to our including the 
infant-mortality testing as part of the 
specifications; manufacturers knew in ad
vance that any failures would be replaced 
at their expense. 

Bank Staging and Layout. The 10-beam 
Nova laser system was authorized in 1982; 
the first two beams were built in Bldg. 381 
and called Novette. The corresponding 
power-conditioning staging for Nova is 
given in Table 2-5. 

Since the physical layout of the Novette 
bank was under severe space constraints, 
most of the circuits were built with 12.5-kJ 
capacitors. This accounts for the mixing of 
capacitor types on Nova's 20.8- and 31.5-cm 
amplifiers; two arms of circuit modules 
were built with 12.5-kJ capacitors for use 
in Novette. Because the Faraday rotators 
contain a large coil, no inductors are 
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included in their circuits. The pulse 
ionization lamp check (PILC) has been 
described elsewhere.59 

Power Supplies. Our power supply work 
was divided into two areas: installing the 
MVA units, and upgrading and installing 
the kVA units. The final two MVA units 
were delivered early in 1982 and passed 
their acceptance tests by February. In the 
fall, all seven units were installed in the 
Nova substation, as shown in Fig. 2-42. 

The kVA units were upgraded. The sili
con controlled rectifier (SCR) driver cards 
were replaced by more reliable ones. To 
eliminate a drift problem, the operational 
amplifiers in the reference and comparator 
modules were replaced with new, improved 
units. A new computer interface, designed 
to be compatible with Nova's con rols, was 
also checked out and installed. In addition, 
the doubling capacitors were replaced with 
non-PCB-containing units. The nine power 
supplies were installed in the Nova 
basement. Two spare power supplies will 
be built into the Nova system, one of 
each type. 

Capacitor Bank Design and Assembly, 
The Nova capacitor bank is installed on 16 
rows of racks 19.25 m long, stacked seven 
doub'e shelves high, for a total of 224 
sh"'- js, as shown in Fig 2-43. The total 

bank energy required for Nova's IU arms 
will be 50.4 MJ. 

The assembly process for each capacitor 
module consists of 
• Installation of a capacitor and its 

associated bus work in a fabricated 
phenolic tray. 

o A hipot test. 
• A five-station assembly line for installing 

the pulse-forming network (n-'N). 
• A test consisting of 25 shots at 22 kV. 
• Placement of a module in the capac

itor bank for intercabling after a suc
cessful test. 

The assembly line averaged 32 modules per 
day, including testing. 

The high-voltage switches (jt the end ol 
each row in the bank) consist of two size-D 
ignitrons (connected in series) with the ap
propriate voltage dividers, circuit monitors, 
and heater and trigger transformers. All of 
the high-voltage cabling is installed in 
A.B.S. phenolic trays to ensure adequate 
isolation from ground. 

Nova's high-voltage distribution system 
includes nine 100-kVA power supplies, with 
up to four channels of diode isolation in the 
high-voltage fanout racks. Each diode chan-
rel can be selected or rejected by computer 
control. The high voltage for all the disk 
amplifiers comes from the NlVA power 

Table 2-5. Nova 
power-conditioning 
staging. 

Total Capacitance 
Inductor 

size 
Ignition 

switches used 
Circuit Stored number per circuit per circuit Power by each 

Component No components energy of lamps <MF) (MH) supplies component 

Faraday rotator (9.4 cm) 11 11 231 — 3 k j a — 101 — 1 — 100 kVA 1 
Faraday rotator (15.0 cm) 10 40 1500 —12.5 kj — 156 — 1 - 100 kVA 2 
Faraday rotator (20.8 cm) 10 50 2000 — 5 k] — 20U — 2 — 100 kVA 4 
Faraday rotator (315 cm) 10 50 2000 — 5kJ — 200 — 2—100 kVA 4 
Amplifier (9.4 cm) 20 160 2880 — 3 kj 320 — 44 in. 6 87 450 

1 —MVA 10 
Amplifier (15.0 cm) 10 120 2160 — 3 k) 240 — 44 •- 87 450 1 —MVA 10 
Amplifier* (20.8 cm) 6 48 1200 — 12.5 kj % — 44 in. 104 450 

1 —MVA 
2 

24 192 4032 — 3 k) 384 — 44 in. 101 450 1 —MVA 8 
Amplifier0 (31.5 cm) 8 80 3000 —12.5 kj 160 — 44 in. 156 650 

2 —MVA 4 
32 320 10560 — 3 k) 640 — 44 in. 160 650 2 —MVA 

16 
Amplifier (46 cm) 30 480 18000—12.5 k) 2400 — 19 in. 156 450 2 — MVA 30 
Rod amplifier (3.8 cm) 14 14 7C0 —12.5 kj 84—19 in. 208 450 1 — 100 kVA 3 
Pulse ionization 7 42 — 3 kj — 29 — 1 — 100 kVA 7 

lamp check (PILC) 

Total 1572 19905 — 3 k) 
4000 — 5 kj 

23700 — 125 k) 

1840 — 44 in. 
2484 — 19 in. 

6—MVA 
8 — 100 kVA 
1 — spare MVA 
1 — spare 100 kVA 

101 

aSize of each capacitor. 
^Length of flashlamp. 
"•"Being used on Novette. 

•ml 
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Fig. 2-42. M VA power 
supplies, as installed 
in the Nova substation. 

supplies with 20 channels of diode isolation. 
There are seven 4-channel fanouts and six 
20-channel fanouts for the MVA supplies in 
the Nova system. 

The Nova safety-dump relay system, for 
dischaiging the capacitor bank, consists of 
229 seven-circuit air-operated switches. 
When the switches are closed, energy ab
sorbing resistors are placed across each 
capacitor circuit. 
' Nova Pu.'sed-Power Control System. 
The design of the Nova pulsed-power con
trol system has been previously de-
scribed.''<,'", During 1982, our baseline 
design guided the fabrication of the hard
ware and software elements for the control 
system. The hardware devices and com
puter programs were integrated into an op
erating system and were used to control the 
Novette pulsed-power system. The Novette 
control system (described in the previous 
article) is a subset of the Nova system. The 
operational experience that we gained dur
ing 1982 with the Novette control system 
has proven that our hardware designs and 
fabrication methods will effectively support 
the Nova project. 

Table 2-6 identifies the major elements of 
the control system being worked on, delin
eates our progress on each one during 1982, 
and gives their status as of the year's end. 

The complex nature of our control system 
warrants using computerized tests for sev

eral of the interfaces listed in Table 2-6. We 
constructed two test sets capable of testing 
both the bank interfaces and the lamp-
circuit-diagnosric (LCD) data-acquisition in
terfaces. We also wrote interactive software 
for the test sets, to help technicians activate 
and repair these interfaces. 

The devices shown in Table 2-6 are con
nected to the control computer via a com
munication network called Novabus.62 

This network operates at 10 Mb/s, and uses 
fiber-optic technology to minimize electro
magnetic interference problems and provide 
voltage isolation. Control and status in
formation is exchanged between the control 
computer and the device being controlled in 
both a polling and a demand fashion. De
vices are repetitively polled i >r status in
formation at subsecond inter ^ls. During 
timed operations, such as t r w occurring 
before a laser firing, commands are sent to 
specific devices at specific times. Precise 
timings (with an accuracy greater than 
10 (is) are not directly computer-controlled. 
Devices requiring such accuracies contain 
internal timers, which are synchronized by 
a universal trigger in the Novabus network. 
Devices that require timings more accurate 
than 1 IUS obtain their timing signals by 
a direct connection to the master-
oscillator electronics. 

During 1982, a set of computer programs 
was developed and proven on the Noverte 
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system; these programs will also be used 
for Nova. They allow the operator to con
trol pulsed-power devices via touch panels 
and also display the status information for 
the equipment on colored gTaphic displays. 
This is done for Novette's 
• Oscillator electronics. 
• Fast-timing electronics. 
• Personnel-safety system. 
• Plasma-shutter electronics. 

Master-Oscillator-Room Pulsed Power. 
A new power supply .vas designed for the 
lll-mm rod amplifiers in the MOR. Each 
amplifier requires two power supplies; one 
to simmer the amplifier's lamps (maintain
ing voltage on them at all times), and one 
to flash them. On Nova, we will use a pair 
of switching power supplies. The supplies 
will use compact, lightweight, and efficient 
ferrite-core step-up transformers operating 
at a frequ ncy of 20 kHz. 

One of the power supplies must charge a 
large capacitance from zero to a high volt
age, on a 10-s cycle. With conventional con
trol methods, a trade-off must be made in 
the average power output, to keep the tran
sistors from failing due to the high current 
flow at the start of the charging cycle. To 

solve this problem, we developed a pulse-
width control circuit that lets thr power 
supply operate at a safe maximum current 
during the entire charging cycle. 

Nova's Oscillator Controls. We de
signed an oscillator control system (see 
Novette "Electronic Systems" later in this 
section) and began assembling a small-scale 
prototype of the system in the fast pulse 
development laboratory. This prototype will 
test the functions of all the oscillator control 
printed-circuit boards, modules, and chassis 
prior to their being used on Nova. It will 
also be used as the diagnostic and repair 
center for malfunctioning controls compo
nents. A local LSI-11/23 executes the status 
and control functions for the prototype 
that would nonnally be performed by the 
Nova FEP. 

Packets Cell Driver. Development work 
was done on several Pockels cell driver de
signs during 1982. We have categorized the 
designs as 
• Type 1: less than 2-ns rise time (1 ns pre

ferred) to 5 kV into 50 Si: for pulse carving 
of the long-pulse oscillator. 

• Type 2: Less than 4-ns rise time to 5 kV 
into 50 S2 (or into dual 93-12 cables): for 

rVLrw 
Fig. 2-43. Nova 
capacitor-bank layout. 
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Fig. 2-44. Output 
waveform of an 
Auston switch. 

MOR switchout and preamplifier 
ASE suppression. 
• Type 3: Less than 10-ns rise time to 10 

kV into 10 S2 (or less): fanned out to 
laser bay ASE suppression Pockels cells. 

The Type-1 requirements were met by a 
bulk silicon photoconductive (Auston) 
switch system. (Shiva had used a planar tri-
ode driver, which was too slow to carve 
pulses less than 3 ns in length. Since the 
short-pulse oscillator can only generate 
pulses out to 1 ns. a temporal performance 
gap existed.) Using 150 n\ from the short-
pulse oscillator to activate the Auston 
switch, electrical rise -.inies of 250 ps have 
been demonstrated (Fig. 2-44). The switch 
consists of two silicon ciiips (in series) in a 
transmission line structure. When simulta
neously illuminated, they discharge a 
charge line with a round trip time equal to 
the pulse width. (A pulse generator charges 
the line by applying up to 10 kV for 1 pis. A 
fast delay channel from the oscillator con
trol triggers this generator, synchronizing it 
with the optical pulse.) 

The Type-2 requirements had been met 
previously by planar triode drivers that 
were built in-house. These triodes are high-
bandwidth vacuum tubes that were devel
oped for microwave modulator applications. 
Based on the performance of three of these 

16 _ ' 1 ' 1 1 1 ' 1 ' _ 
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units on Shiva, we carried out a fairly ex
tensive redesign, breadboarded it, and com
pleted the circuit development work. The 
goals of this effort are to increase the reli
ability, manufacturability, and flexibility of 
these triodes. 

Three versions of the Type-3 drivers were 
tested during the year. An in-house design 
capable of simultaneously driving 20 paral
lel 50-12 cables was assembled and tested. In 
this unit, 20 charge lines are switched out 
by a single hydrogen thyratron. 

A similar, six-way driver was obtained 
from the Argus laser, and by using a mag
netic sharpener, we were able to obtain the 
desired 9-ns rise time from its thyratron. 

Late in the year, we replaced this six-way 
driver with a prototype five-way driver 
from Cardon Instrument Co. in England. 
This unit was built to LLNL specifications 
and uses a new, ultra-fast thyratron. Based 
on the success of this prototype, a produc
tion order has been issued, and Nova will 
use these drivers in the laser bay. We 
also ordered two similar prototype units, 
which will be capable of meeting the 
Type-2 requirements. 

Plasma Shutter. Development work con
tinued on the Nova plasma shutter, an opti
cal switch based on the rapid generation of 
a dense plasma in the beam path. As re
ported previously,61 the plasma is created 
by discharging approximately 3kJ of energy 
into a small aluminum filament, vaporizing 
it in less than 300 ns. 

We concentrated on the detailed mechan
ical design of various components in the 
system, including the high-current pulse 
generator, the spatial-filter vacuum housing, 
the chip-changer mechanism, and the align
ment mechanism (Fig. 2-45). By the end of 
1982, these designs were nearly completed. 

The pulser design is an evolutionary ex
tension of the previous two prototypes, it 
has eight energy-storage capacitors arranged 

Table 2-6. Status of 
(he Nova power- Device Quantity Progress Status 
conditioning control 
system. 

LSI-11/23 front-end processor 
Capacitor-bank interface 

4 
22 

Fabrication bid awarded 
Fabrication bid awarded 

In fabrication 
In fabrication 

Lamp-circuit-diagnostics interface 22 Fabrication bid awarded In fabrication 
100-kW power-supply interface 12 Fabrication completed Being tested 
MVA power-supply interface 6 Design drawings completed In procurement 
MOR power-supply interface 7 Prototype testing In final design 
Computer-system interface 18 Fabrication bid awarded In fabrication 
Control panels 13 Fabrication bid awarded In fabrication 
Safety-interlocks interface 2 Fabrication bid awarded In fabrication 
Master-oscillator interface 1 Prototype testing In final design 
Plasma-shutter interface 10 Prototype testing In design 
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Spatial-filter 
support cradles 

Output spatial filter 

, / 

Input spatial filter 

Fig. 2-45. Nova 
pljsma-shutter 
installation. 

Plasma shutter (shown 
without pulser housing) 

Pulser housing (with 
swing-away cover) 

Extendable support cradles 

Harmonic viewing 
module/local illuminator 

Fig. 2-46. Chip design 
of the Nova plasma-
shutter source. 

in a hollow rectangle, feeding a central co
axial feed to the chip via a rectangular, 
four-section rail-gap switch. A silicone di
electric sheet is the primary high-voltage in
sulator. Some examples of changes that 
were made include 
• Redesign of the switch to allow aligning 

the trigger blade with the cover off. 
• Addition of a UV preilluminator and 

trigger-blade bias networks in molded 
switch covers. 

• Design of a coaxial high-voltage intercon
nection system. 

• Redesign of the chip/high-current 
interface. 

• Design of a swing-away pulser housing 
door to allow in situ maintenance. 

• Movement (where possible) towards eas
ily replaceable, modular components. 
The vacuum-spool assembly, which 

mates the plasma shutter to the optical 
beamJine, is a complex unit with significant 
design challenges. A cryogenic vacuum 
pump with three gate valves is mounted on 
the spool, allowing for rapid vacuum isola
tion when the shutter chips need changing. 
The spatial-filter pinhole, with its associated 
manipulator, ij. mounted a few centimeters 
from the phsma-shutter aperture. An 
insertable lens, used for alignment pur
poses, is also in the vicinity. 

The plasma-shutter alignment must be 
done in two axes. Manual alignment will be 
carried out on a support cradle, a^ adapta
tion of those used for the large u w amplifi

ers. The pulser housing can also be opened 
out into the aisle area for crane access. 

The chip design6" has been cleaned 
up further and is shown schematically in 
Fig. 2-46. The chip bodv is made of polycar
bonate, with a ceramic insert to provide a 
substrate for the vapor-deposited aluminum 
foil. Filament current enters the pulser 
through tapered, silver-plated copper pads. 
To minimize arcing, these pads are held in 
place with very high contact pressure at the 
time of firing. 
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l ip. 2-17. Plasma-
shutter chip interface, 
with the combination 
pinhole/cross hair in 
position. 

The chip-changer mechanism is shown in 
Fig. 2-47. One chip magazine will hold ap
proximately 16 chips. An air-driven ram 
picks a chip up, inserts it into the pulser's 
jaws, and holds it in place during firing. An 
extraction mechanism removes and discards 
the used chip before the next cycle starts. 

The electronics control package for each 
plasma shutter will be distributed in rack 
mounts near that shutter. This concept was 
proven during the 1982 Shiva testing, when 
the electromagnetic compatibility of the 
plasma shutter with low-voltage digital 
electronics (near the pulser) was demon
strated. The Nova design will incorporate 
the upgrades a"d modifications thai are 
necessary for handling the pneumatic chip 
changer. Each plasma shutter will commu
nicate with the power-conditioning front-
end processors via the standard Novabus 
fiber-optic link."' Triggering for the system 

will be done with redundant fast, laser-
diode fiber links from the MOR. Finally, a 
plasma-shutter prefire will initiate the trans
mission of a fiber-optu ibort" signal back 
to the MOR, to inhibit switchout of the 
laser pulse. 

Authors: K. Whitham, B. T. Merritt, R. W. 
Holloway, A. M. Mihalka, J. A. Oicles, 
D. G. Gritton, D. J. Christie, G. R. 
Dreifuerst, R. E. Burch, R. B. Wilcox, and 
C. R. McKee 

Nova Mechanical Systems 

During 1982, we began fabricating most 
of the mechanical engineering designs for 
Nova. It was also a year of intense manu
facturing to meet the tight Novette 
schedule. Laser hardware was fabricated. 

Silicone 
antitracking 

barrier 

Pinhole in 
position 

Baffle 

Spring-loaded 
chip magazine 

Chip shown in ready 
position for insertion 

Chip changer in 
retracted position 

Spring-loaded chip 
lock/extractor 

Pinhole holder 
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assembled in a rebuilt clean room, and then 
installed and operated on the Novette test 
bed. The construction of Nova's spaceframe, 
with its associated hardware, proceeded 
concurrently with this effort. In this article, 
we discuss our progress with regard to the 
spaceframe, amplifiers, clean room, gas sys
tem, mirrors, spatial filters, Faraday rotators, 
cradles, and the interstage hardware. 

Spaceframe. As previously described,"4 

there are four rooms requiring spaceframes 
to support and stabilize the Nova laser: 
the MOR, laser bay, switchyard, and the 
target room. 

The MOR frame was completed by the 
end of 1982, and the others were in various 
stages of construction, as shown in Fig. 2-48. 
Our shop at LLNL has constructed each 
frame in modules that are easily transport
able, will fit through building doorways, 
and do not exceed the building's crane ca
pacity. The las?r-bay spaceframe is being 
fabricated in 12.2- X 3- X 3-m sections. 
Vv'hen finished, the two separate space-
frames will each weigh 220 tons and will 
support five laser beamlines apiece. The 
switchyard frames consist of six separate 
towers (four for supporting taming mirrors 

an^ 'wo for supporting diagnostics equip
ment) with a combined weight of 50 tons. 

The modules are stress-relieved and 
painted before delivery. In some cases, to 
ensure dimensional control, the entire struc
ture was assembled in the shop and then 
cut apart for shipment. The modules were 
assembled in each room, precisely aligned, 
and welded together with nondistorting 
procedures. The required installation toler 
ance of ±1.6 mm has been met. As each 
frame is completed, it is tested to ensure 
that its modal frequencies match the 
calculated values. 

We have completely fabricated the three 
different types of cradles used to hang and 
align components on the frames. The cra
dles include units already used on Shiva to 
support components on a 30.5-cm offset 
centerline, cradles with a 45.7-cm offset 
centerline, and telescoping cradles for the 
31.5- and 46-cm box amplifiers. Each cradle 
has been used successfully on the Novette 
test bed. 

Amplifiers. Five different sizes of ampli
fiers have been built: rod amplifiers with 1-
and 5-cm apertures, and disk box amplifiers 
with 20.8-, 31.5-, and 46-cm apertures. Each 

lig. 2-48. Laser-
bav spaceframe during 
installation. 
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Fig. 2-41. A 46-cm 
disk amplifier being 
assembled in the clean 
room. 

type has been clean-room assembled, and 
operated. By the end of 1982, approximately 
one-fifth (32) of the amplifiers necessary for 
Nova had been processed. 

At that time, all of Nova's parts had 
not been delivered. Some of the reflective 
surfaces64 were still being manufactured 
by elecrrodeposition—a slow, time-
consuming process. 

The largest amplifiers (46 cm) have two 
split-elliptical disks. Assembling them re
vealed slight disk distortions caused by the 
mount. Fortunately, the mount design con
tained sufficient latitude to accommodate 
the simple modifications necessary for 
bringing it up to our performance specifica
tions. No assembly problems were encoun
tered with i:ic refurbished 10- and 15-cm 
Shiva amplifiers. 

The few assembly problems that we did 
have were associated with new hardware 
and were mainly due to substandard manu
facturing quality. In Fig. 2-49, a 46-cm am
plifier is shown being assembled in the 
clean room, and Fig. 2-50 shows how 
the 46-cm amplifier is installed on 
a spaceframe. 

Clean Room. Shiva's class-100 clean 
room was refurbished for Nova and was 
activated in March, 1982. The clean-room 
facility was previously described in detail."" 
By the end of 1982, only amplifiers had 
been assembled in this facility. 

Components that required less stringent 
clean-room control were assembled in the 
Shiva laser hay, which is a class-10 000 
clean room. Units that have been processed 
in these facilities have a higher quality 
than previously seen. The quality results 
from well designed tooling, processing 

Fig. 2-50. Three 
46-cm amplif ier are 
mounted close to
gether and act as a 
single six-disk 
amplifier. 
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Fig. 2-51. The process
ing of 20.8-cn ampli
fiers. One is shown 
entering the high-
pressure spray box for 
cleaning. The second 
(foreground) is ready 
for flashlamp installa
tion on its assembly 
cart. 

Fig. 2-52. A 31.5- to 
46-cm spatial filter in
stalled on Novette. 
The pinhole and vac
uum pump are at the 
waist; the lens posi
tioners are at the ends. 

procedures, and validation techniques. 
Figure 2-51 shows 20.8-cm amplifiers being 
processed in the class-100 clean room. 
Spatial filters, mirrors, and Faraday-
rotators were assembled in the class-10 000 
clean room. 

Spatial Filters. The hardware for 70 spa
tial filters, in seven different sizes, has been 
completely fabricated. The spatial-filter 
units—vacuum tubes with lenses at e^ch 
end and pinholes in the center—control 
beam propagation. Their unique features 
have been described previously.66 Two 
units of each size have been assembled and 
operated on the Novette spzcerrame. A 
31.5- to 46-cm spatial filter is shown 
mounted on the Novette spaceframe in 
Fig. 2-52. These tapered vacuum tubes were 
processed in a specially constructed facility 
for electrcpolishing the inner surfaces. This 
process provides a clean (<50 particles/cm" 
with > 5 Mm size), low-outgassing surface 
(<3 X 10"" Torr l.-cirrVs). 7hc?» 
characteristics are quite important; 
micrometer-sized particles can cause laser-
induced damage to optics when th^y are 
struck by the laser beam, and low outgas-
sinj; rates reduce the size of the vacuum 
pumps needed for evacuating the filters. No 

industrial electropolishing facility existed 
that could process these tubes with lengths 
of up to 7.9 m and with end openings rang
ing from 20 to 74 cm in diameter. In our 
electropolishing facility, a tube is mounted 
on a carriage. With a cathode and the 
electropolishing fluid inside, the tube is free 
to rotate slowly. With this arrangement, it 
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Fig. 2-53. Tne assem
bled linear actuators 
are attached to the 
mirror gimbal by a 
spherical bearing and 
supported at the mir
ror base by a I inge. 

Fig. 2-54. An interfer-
ogram for a 94-cm-
diam, 100% reflecting 
mirror in its bezel and 
mount, which shows 
only 1/4 wave of 
distortion. 

takes about 30 min to remove 0.01 mm of 
the interior surface. 

Mirrors. By the year's end, the fabrica
tion of Nova's turning mirrors had neared 
completion. The hardware for 72 of Nova's 
98 mirrors, in four sizes, had been deliv
ered. Three of the four sizes had been as
sembled and operated. (A total of 13 
mirrors had been assembled.) The accurate 
linear actuators for the mirrors were still in 
production. The only mirror type not 
assembled was the one with a 109-cm aper
ture. The detailed mechanics of these mirror 

assemblies have been described previ
ously."7 The mirror gimbal's adjustable de
sign, as shown in Fig. 2-53, allows the glass 
disks to be supported without distortion. A 
typical interferogram (Fig. 2-54) for a 
mou. 'ed mirror (Fig. 2-55) shows about 
1/4 wave of distortion. 

Interstage Hardware. Coupling hard
ware between each component in a chain 
seals the beamline from the atmosphere. 
Double-lead jack screws allow the quick re
moval of the bellows for maintenance. 
Sometimes the flanges accommodate 
nitrogen-gas inlet and outlet connections. 
There are over 40 different types of 
interstage hardware in each laser chain. Ail 
such hardware for Nova has been fabri
cated, and two full beams have been as
sembled and tested on Novette. 

Nitrogen Gas System. Nova will be 
equipped with a cooling system that will 
circulate nitrogen gas, drawn as required 
from a 28 000-gal liquid nitrogen tank. Ni
trogen gas will be recirculated, in quantities 
of up to 5000 scfm, with roots-type rotary 
blowers. It will be compressed by the blow
ers, recooled by a set of refrigerators, and 
trim heated to the operating temperature 
±1°C. In contrast, Shiva used a single-pass 
flow-through system and exhausted its 
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nitrogen to the atmosphere. It is expected 
that recirculation could save up to $10 mil
lion in five years of Nova operations. 

Authors: C. A. Hurley, E A. Frick, 
H. G. Patton, A. Martos, C. R. McKee, 
and G. S. Bradley 

Nova Target Systems 

During 1982, the Nova target chamber 
(Fig. 2-5) was built by Chicago Bridge and 
Iron, Inc. (CBI) and delivered to LI.NL in 
November. The chamber is made of 5083 
aluminum alloy, and has an inside diameter 
of 4.6 m; it is 12.7 cm thick and weighs 
about 20 tons (see Fig. 2-5).68 All openings 
were machined so that their axes intersect 
within 250 nm of the center of the chamber, 
to aid in the installation and alignment of 
the lens positioners, the target positioner, 
and the plasma diagnostic packages. During 
a test at the CBI Memphis olant, the vac
uum tightness exceeded our specification of 
1 X 10 ~ 7 atm-cm~Vs, assuring us that we 
will achieve our design goal of a 1 <̂ 10~7 

Torr base pressure. 
Two Nova lens positioners were com

pleted and installed on Novette, as shown 
in Fig. 2-56 (Ref. 68). All of the design, fab
rication, assembly, and installation of these 
units was done during 1982. Our Novette 
experience indicates to us that only the 
mounting details need changing to make 
the concept completely applicable to Nova's 
requirements (as currently defined).68 Two 
sets of mounts for the KDP array, the lw 
beam dumps, centering mirrors, and final 
alignment reticles were completed and in
stalled on Novette. Some minor modifica
tions made during the installation will be 
incorporated into the Nova design. The lens 
positioner and KDP mount aTe shown in 
Fig. 2-56, as installed on Novette. Extension 
spools are ussd on the target chamber to 
provide a mounting surface that is the same 
distance from the target as it would be in 
the Nova chamber. 

We have done a finite-element stress and 
deflectior analysis for the central ring of the 
target chamber, using the GEMINI code. 
The model is shown in Fig. 2-57, and 
Fig. 2-58 is a computer-generated printout 
of the deflections around various ports due 
to atmospheric loading when the chamber 

Fig. 2-55. A turning mirror, shown • 
mounted in its enclosure and gimballed 
mount, on Novette. The two linear actu
ators are located 120° apart at the bottom. 

Fig. 2-56. Nova lens 
positioner, as installed 
on Novette. • 

is under vacuum. The maximum stress pre
dicted is about 2500 psi (1.7 X 10fj Pa), a 
small fraction of the yield strength of the 
chamber material. The port deflection is 
nominal, and is nearly symmetrical, ensur
ing that the pointing accuracy of target di
agnostics sensors and alignment optics 
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Fig. 2-57. Model used 
(or the finite-element 
study of the stresses 
in, and the deflections 
of, the central ring of 
Nova's target chamber. 

Fig. 2-58. Predicted 
deflections for two 
ports En the central 
ring of Nova's target 
chamber. 

0.0085' 

0.0109 

0.0056 

0.0109 

Radical deflections 
of center ring, in inches 

packages will not be seriously affected 
during the pumpdown cycle. 

Author: E Rienecker 

Major Contributors: D. C. Kumpf, 
R. C. Murray, S. B. Rodriguez, and 
J. D. Williams 

Nova Project Management 

During 1982, major uncertainties regarding 
the Nova project were resolved by Con
gress and the Department of Energy (DOE). 
Frequency conversion was approved, 
Phase II wis indefinitely deferred, and the 
project was fully funded. These decisions 
clearly established the remaining technical 
criteria and schedule for the project. Autho
rized as a 10-beam system, with frequency 
conversion to the second (2w) and third (3co) 
harmonics, Nova is scheduled for comple
tion in the fourth quarter of FY-84 at a total 
estimated cost of $176 million. 

Nova Financial System. The Nova 
financial system, based on peilormance-
measurement techniques, is operated to 
conform to the basic requirements for DOE 
project management systems. The financial 
system tracks the budgeted cost of work 
performed (BCWP) against the budgeted 
cost of work scheduled (BCWS), for both 
commitments and costs. The fundamental 
soundness of the financial system designed 
for Nova was reaffirmed in 1982. A revised 
baseline was established on March 1, based 
on a projected project cost of $185 million 
and completion in the second quarter of 
FY-85. This baseline was structured to allow 
an easy transition to a $176 million plan 
with completion in the fourth quarter of 
l'Y-84, pending the full project funding that 
occurred in early FY-83. 

The scheduling system for Nova6'' be
came fully operational in 1982. This system 
identifies and tracks progress towards key 
assembly milestones. Status, as measured 
against the milestones at the end of June, 
September, and December, showed that the 
Nova project was on schedule, 

Master Assurance Program. The Nova 
master assurance program, which integrates 
the quality and safety assurance programs, 
continued to be an integral part of our ac
tivities throughout 1982. Its effectiveness 
was conclusively demonstrated by the safe 
and successful completion of Nov»tte. 
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Conventional construction was completed 
in 1982, and a corresponding final audit re
port was issued. This report ensured veri
fication of the completion of contractual 
requirements, and defined the status and 
review criteria for the final as-built 
documentation. 

Design and procurement activity in the 
Nova special-facilities areas continued in 
1982. Corresponding assurance-program 
activities included the design and procure
ment reviews shown in Table 2-7. These re
views were highly effective for assuring 
design quality and procurement-strategy 
viability, and for identifying safety issues 
through preliminary hazards analyses. 
Interface-related designs were controlled 
through the design change request (DCR) 
procedure, which was used nine times in 
1982 to control and effect changes to 
special-facility components. 

The updated Master Assurance Program 
Plan was released in the latter portion of 
1982. At that time, noting that Nova was 
leaving the procurement phase and entering 
the activation phase, the Project Manager 
requested an internal audit of Nova's 
assurance program for special facilities. 
Representatives from the LLNL Quality 
Assurance and Hazards Control offices, 
and from the Laser Program's Activation 
Personnel, were assigned as a team to 
perform this audit. The audit committee 
was chartered to examine three areiis 
• Implementation and compliance with the 

requirements oi the master and subordi
nate assurance plans. 

«> Status of assurance program activity for 
optics and alignment, diagnostics, and 
controls. 

• Effectiveness of the assurance program in 
achieving project objectives. 
In addition, the committee was asked to 

report on the impact of the Novette test bed 
for Nova, and to be particularly thorough in 
its investigation of the safety aspects of the 
master assurance program. 

By the end of 1982, the audit committee 
had completed its project-personnel inter
views, as well as its documentary research 
and on-site inspections. The completed re
port, including findings and recommenda
tions, was scheduled for release in 
early 1983. 

Authors: F. J. Holcomb and G. J. Suski 

Milestones Description 
1 Order laser glass 
2 Shiva laser hardware becomes available 
3 Begin spaceframe fabrication 
4 Begin laser glass delivery 
5 Begin power conditioning/capacitor bank installation 
6 Begin spaceframe installation 
7 Begin control room installation 
8 Order array windows, focus lenses, and KDP crystals 
9 Complete installation of two laser chains in Novette 

10 Complete installation of master oscillator room 
11 Begin laser bay alignment systems installation 
12 Bi-gin delivery of array windows, focus lenses, and KDP crystab 
13 Complete laser spaceframe installation 
14 Begin laser installation on Nova spaceframe 
15 Begin target chamber installation 
16 Complete target chamber installation 
1 7 Begin final turning mirror installation 
IB Complete capacitor bank installation 
19 Begin focus lens/KDP crystal array installation 
20 Complete final turning mirror installation 
21 Complete power conditioning installation 
22 Complete laser installation 
23 Complete delivery of array windows, focus lenses, and KDP crystals 
24 Complete Focus lens/KDP crystal array installation 
25 Complete alignment systems installation 
26 Nova operable: project completed 

Novette 
Table 2-7. Major mile
stones in Nova's 
activation schedule. 

System Description 

Construction of glass laser systems at LLNL 
over the past decade has been an evolution
ary process. 7 0 The work in this area is well 
documented in the Annual Reports from 
1973 to the present. Our system design has 
been gradually improved using successive 
generations of progressively more reliab'.e, 
efficient, and cost-effective components. 

Novette utilizes a master oscillator to 
drive a single-pass power amplifier; the 
master oscillator powet amplifier design is 
known as a MOPA system. Our experience 
with high-power laser-pulse propagation in 
the dielectric media of Nd:glass amplifier 
chains has led to the use of spatial filters in 
optically relayed designs to control local 
spatial-intensity fluctuations in laser beams. 
By maximizing the efnt.,^, 1 use of each am
plifier's aperture, while minimizing the rip
ple of the laser field, the peak laser flux 
that each optic must tolerate to produce a 
given output power is minimized. Ulti
mately, it is always the damage threshold 
of the optical components that limits the 
single-shot performance for MOPA lasers. 
We have designed our system components 
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so that they can be easily serviced and will 
maintain their alignment during laser opera
tions. Our design concept has led to the use 
of sealed modular components through 
which the oscillator pulse is progressively 
amplified and the beam expanded such 
that its flux remains below optical 
damage thresholds. 

The conversion of laser light to its har
monics in nonlinear birefringent media is a 
well known process that was first demon
strated over 20 years ago.'1 Because shorter 
wavelengths more effectively couple to 
fusion targets, considerable interest arose 
in using conversion to generate short-
wavelength beams to irradiate fusion tar
gets. In the last three years, efficient conver
sion of 1.05-nm (lw) light to its second (2u;), 
third (3w), and founh (4u>) harmonics in 
KDP crystals has been accomplished in sev
eral laboratories.'2 ' 4 Material- and optical-
coating limitations currently restrict the 
harmonic fluxes tolerable in large, high-
power, fusion systems. Handling and focus
ing of 2w (0.53-^m) light is possible with 
the same materials and coating technologies 
used for lu> light. We must be concerned 
with solarization of most optical glasses, 
low damage thresholds, and high nonlinear 
index of refraction with 3u; (0.35-/um) light. 
While solutions exist to the problems asso
ciated with 3u! light, we have not been able 
to apply them in sufficient time to build 
and meet Novette's early experimental 
schedule. Novette was therefore assembled 
with 2io-conversion capability only. 

In designing the Nova system (see No» a 
"Laser Design and Performance," earlier in 
this section), we used a proven architecture 
from past systems, including repeatable 
high-quality master oscillators. Our master 
oscillators typically produce a 10 4 | output; 
thus, the remainder of the syslen. must 
have have a gain of 10'' to produce a 100-kJ 
output To achieve this required output 
from Nova, the master-oscillator pulse will 
be amplified by a glass rod preamplifier 
with be?m-splitting elements to provide 10 
parallel beams of ~1 ] each. The preampli
fier in this system will be followed by 10 
single-pass parallel chains of rod and disk 
amplifiers, with each succeeding stage hav
ing an aperture larger than the previous 
stage. Our assemblies are designed so that 
the output flux of each stage approaches 

the operating limit of the component. 
Spatial filters, capable of handling high-
power beams, are insertea between stages 
to provide beam expansion and 
propagation control, 

The Novette laser system is comprised of 
salvaged components from earlier lasers 
(such as Shiva), special frames, and two 
borrowed output-amplifier chains from 
Nova. The laser subsystems, including the 
master oscillators, preamplifiers, controls, 
and laser diagnostics are all of the current 
Nova baseline design. The target chamber 
and all parts through the 20.8-cm stage 
wore removed from Shiva, with the cham
ber modified to accept two large-aperture 
horizontal beams. The target-diagnostics in
struments in Novette include many modi
fied components from Shiva and Argus. 
We are also utilizing several entirely new 
diagnostic systems. 

The Novette power amplifier, optically 
very similar to two Nova arms, was com
pletely assembled and activated in 1982, 
with the first target experiments completed 
late in the year.'"' Initial target experiments 
were conducted at 2u>, the monolithic 
KDP crystal arrays were located between 
the final turning mirrors and the 
target chamber. 

Novette's oscillator and switch-out sys
tem has a shot-to-shot reproducibility of 
i 2% energy and *• 1% pulse duration. The 
laser pulse generated in the MOR'h emerges 
from an actively mode-locked Q-switched 
Nd:YLF oscillator among a burst of approxi
mately 20 pulses spaced 8 ns apart. Each 
pulse in the burst exits the oscillator with 
subnanosecond accuracy relative to the 
Q-switch time; puise riming is controlled 
through precise shaping of the oscillator 
flashlamp pulse. Timed by the Q-switch 
trigger, the same pulse in the burst is con
sistently selected by a Pockels-cell gate. 

The oscillator output-mirror plane is opti
cally imaged or relayed through the laser 
system and, since the oscillator is adjusted 
to lase only in its lowest-order transverse 
mode, the resulting output beam is spatially 
Gaussian with a 1.4 mm-FW at e 2 waist. 
Table 2-8 traces the temporal Gaussian 
pulse through the MOR components and 
preamplifier stage in the laser bay. The con
figuration chosen in the table is designed to 
deliver spatially uniform and temporally 
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Gaussian ~7-mJ, 100 -ps pulses to the in- extremely versatile, since it provides outputs 
puts of Novette's two amplifier chains The ranging from 20-ps-long, 1 -mj pulses to 40- Table 2-8. Novette 
master oscillator and preamplifier sys? ?m is ns rectangular p u l s e s c o n t a i n i n g jou le s of MOR and preampli

fier components. 

Glass Nonlinear 
No. of Beam diam thickness Refraction index of Bank Net B-incident 

No. Component components (cm) (cm) index refraction kV gain total 

l Oscillator 1 0.1 0.0 1.000 0.00 0 1.00 0.00 
2 Mirror 2 0.1 0.0 1.507 1.24 0 0.98 0.00 
3 Lens 0.1 0.5 1.507 1.24 0 0.99 0.00 
4 Polarizer 0.1 1.5 1.507 1.24 0 0.98 0.01 
5 Pockets isolator 0.1 11.0 1.500 1.00 10 0.92 0.03 
6 Polarizer 0.1 1.5 1.507 1.24 (l 0.98 0.03 
7 Pockels isolator 0.1 11.0 1.500 1.00 10 0.92 0.05 
8 Polarizer 0.1 1.5 1.507 1.24 0 0.98 0.06 
9 Mirror 0.1 0.0 1.507 1.24 0 0.99 0.06 

10 Rod amplifier 0.1 15.0 1.523 1.05 5 0.92 0.08 
11 Mirror 0.1 0.0 1.507 1.24 0 099 0.08 
12 Polarizer 0.5 1.5 1.507 1.24 0 (1.98 0.08 
13 Pockels isolator 0,5 11.0 1.500 1.00 10 0.92 0.08 
14 Polarizer 0.5 1.5 1.507 1.24 0 0.98 nnn 
15 Lens 0.5 0.5 1.507 1.24 0 0.99 0 08 
16 Rod amplifier 0.5 15.0 1.523 1.05 5 19.41 0.10 
17 Polarizer 0.5 1.5 1.500 1.00 0 0.98 0.10 
18 Pockels isolator 0.5 11.0 1.500 1.00 10 0.92 012 
19 Polarizer 0.5 1.5 1.507 1.24 0 0.98 0.13 
20 Mirror 0.5 0.0 1.507 1.24 0 0.98 0.13 
21 Spatial filter 'ens 0.5 0.5 1.507 1.24 0 0.99 0.13 
22 Pinhole 0.15 -0.13 
23 Spatial filter lens 2.2 1.0 1.507 1.24 0 0.98 0.13 
24 Mirror 2.2 0.0 1.507 1.24 0 0.98 iM3 
25 Rod amplifier 2.2 48.0 1.523 1.05 20 18.48 0.16 
26 Polarizer 2.2 0.3 1.507 1.24 0 0.98 0.16 
27 Faraday rotator 2.2 \:J 1.670 2.10 20 0.94 0.16 
28 Polarizer 2.2 0.3 1.507 1.24 0 0.96 0.17 
29 Wave plate 2.2 1.0 1.500 1.00 0 0.05 0.17 
30 Rod amplifier 2.2 48.0 1.523 1.05 20 18.48 n. 19 
31 Spatial filter lens 2.2 1.0 1.507 1.24 0 0.98 0.19 
32 Pinhole 0.15 -0.06 
33 Spatial filter lens 2.2 1.5 1.507 1.24 0 0.99 0.19 
34 Hard aperture 0.6 0.0 1.000 0.00 0 0.08 0.19 
35 Spatial filter lens 0.6 0.5 1.507 1.24 0 0.98 0.19 
36 Pinhole 0.15 0.00 
37 Spatial filter lens 3.4 1.0 1.507 1.24 0 0.99 0.19 
38 Mirror 3.4 0.0 1.507 1.24 0 0.98 0.19 
39 Rod amplifier 3.4 48.0 1.523 1.05 20 092 0.20 
40 Polarizer 3.4 1.5 1.507 1.24 0 (198 0.20 
41 Pockels isolator 3.4 11.0 1.500 LOO 17 0.87 0.20 
42 Polarizer 3.4 1.5 1.507 1.24 0 0.98 0.20 
43 Rod amplifier 3.4 48.0 1.423 1.05 20 18.49 0.21 
44 Polarizer 3.4 1.5 1.507 1.24 0 0.9R 0.21 
45 Faraday rotator 3.4 1.0 1.670 2.10 20 0.94 0.21 
46 Polarizer 3.4 1.5 1.507 1.24 0 0.98 0.21 
47 Pockels isolator 3.4 11.0 1.500 1.00 17 0.87 0.22 
48 Minor 3.4 0.0 1.000 0 00 0 0.99 0.22 
49 Hard aperture 26 0.0 1.000 0.00 0 0.58 0.22 

Nunophmized chain total 70.65 0.22 
Output energy = 7.07 mj 

Input energy: 0.10 mj 
Pulse duration: 0.10 ns 
Absorption loss per err: 0.15% 
Scatter loss per surface: 0.30% 
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Table 2-9. Novefte 
south laser chain 
componer.ts. 

energy; the system accomplishes such out
puts by means of three synchi nized oscil
lators and a regenerative amplifier. 

Once triggered by Novette's computer 
control system, the master oscillator system 
provides the subnanosecond timing and 
trigger pulses required by the laser and tar
get systems. The complexity of the master 
oscillator is evidenced by the beam 
diagnostics, automatic alignment features, 
and pulse shaping capability of the system. 
Figure 2-59 is a measured beam profile ob
tained at the output of the preamplifier. As 
shown in Table 2-8, this beam is apertured 
to remove all of the beam except the center 
at component 34 in the preamplifier and at 
the input to power-amplification component 
49. Spatial filtering smooths the beam pro
file until it has less than 10% intensity rip
ple from the ring structure when presented 
to the two Novette power-amplifier chains. 

At the output of the preamplifier, the 
beam is split in two. Relative pulse timing 
is adjusted by variable-path-length sections, 
and the beam amplitude is regulated by 
wave plate and polarizer pairs. The wings 
of the beams are truncated so that only the 
central 2.7-cm diameter of the beam is al
lowed to pass into the amplifier chain. Each 
beam passes through the components listed 
in Table 2-9. The energies and fluences 
shown are appropriate for the propagation 
of 100-ps-duration Gaussian pulses typically 
used during activation. Data are recorded at 
several sensor packages, including interme
diate locations such as the input to the 
46-cm amplifiers. Amplifiers, isolators, and 
spatial-filter beam-expanders comprise 'he 
three generic, modular compontnts for each 
sttige in th.. power-amplifier chain. 

Figure 2-60 is an optical schematic of a 
Novette power-amplifier chain. The 

Glass 
No. of Beam diam thickness Refraction Nonlinear Bank Net inergy B-inciden Flux Experiment 

No. Component components (cm) (cm) index index kV gain (J) B-incident total (l/cm 2) (J) 

1 Mirror 2 3.4 0.0 1.000 0.00 0.0 0.98 0.02 0.00 0.00 0.00 
2 Polarizer 1 3.4 0.0 1.000 0.00 0.0 0.49 0.01 0.00 0.00 0.00 
3 Mirror 1 3.4 0.0 1.000 0.00 0.0 0.99 0.01 0.00 i.OO 0.00 
4 Wave plate 1 3.4 1.0 1.450 1.00 0.0 0.99 0.01 0.00 o.-v 0.00 
5 Mirror 2 3.4 0.0 1.000 0.00 0.0 0.98 0.01 0.00 0.00 0.00 
6 Polarizer 1 2.6 0.3 1.507 1.24 0.0 0.98 0.01 0.00 0.00 0.00 0.0083 
7 Hard aperture 1 2.6 0.0 1.000 0.00 0.0 0.58 0.01 0.00 0.00 0.00 
8 Spatial filter lens 1 2.6 0.5 1.507 1.24 0.0 0.92 0.00 0.00 0.00 0.00 
9 Pinhole 0.15 0.00 0.00 

10 Spatial filter lens 1 3.6 0.5 1.507 1.24 0.0 0.99 0.00 0.00 0.00 0.00 
11 Polarizer 2 3.6 0.3 1.507 1.1*4 20.0 0.96 0.00 0.00 0.00 0.00 
12 Rod amplifier 1 3.6 40.0 1.523 1.05 20.0 19.18 0.09 0.04 0.04 0.01 
13 Pockels isolator 1 3.6 11.0 1.500 1.00 17.0 0.87 0.08 0.02 0.06 0.01 
14 Beam splitter 2 3.6 0.5 1.507 1.24 0.0 0.97 0.07 0.00 0.06 0.01 0.0715 
15 Spatial filter lens 1 3.6 0.5 1.507 1.24 0.0 0.92 0.07 0.00 0.06 0.01 
16 Pinhole 0.15 0.07 -0 .06 
17 Spatial filter lens 1 8.8 1.0 1.507 1.24 0.0 0.99 0.07 0.00 0.06 0.00 
18 Disk amplifier 6 8.8 2.4 1.523 1.05 20.0 6.24 0.42 0.01 0.07 0.01 
19 Polarizer 2 8.8 1.0 1.507 1,24 0.0 0.96 0.40 0.00 0.08 0.01 
20 Faraday rotator 1 8.8 1.5 1.670 2.10 20.0 0.94 0.38 0.00 0.08 0.01 
21 Polarizer 2 8.8 1.0 1.507 1.24 20.0 0.96 0.36 0.00 0.08 0.01 
22 Disk amplifier 6 8.8 2.4 1.523 1.05 20.0 6.32 2.28 0.06 0.14 0.04 
23 Spatial filter lens 1 8.8 1.2 1.507 1.24 0.0 0.92 2.10 0.01 0.16 0.05 
24 Pinhole 0.05 2.08 -0.10 
25 Spatial filter lens 1 14.4 1.2 1.507 1.24 0.0 0.99 2.06 0.00 0.16 0.02 
26 Mirror 2 14.4 0.0 1.000 0.00 0.0 0.98 2.02 0.00 0.16 0.02 
27 Faraday mtator 1 14.4 1.0 1.670 2.10 20.0 0.94 1.89 0.01 0.17 0.02 
28 Polarizer 2 14.4 1.0 1.507 1.24 20.0 0.% 1.82 0.01 0.17 0.01 
29 Disk amplifier 4 14.4 3.0 1.523 1.05 20.0 4.19 7.63 0.07 0.25 0.04 
30 Spatial filter lens 1 14.4 1.4 1.507 1.24 0.0 0.92 7.02 0.02 0.27 0.06 
31 Pinhole 0.075 6.95 -0.11 

Spatial filter lens 1 20.0 1.9 1.J07 1.24 0.0 0.99 6.88 0.01 0.28 0.03 
33 Beam splitter 1 20.0 2.0 1.507 1.24 0.0 0.97 6.67 0.01 0.29 0.02 6.61 
34 Polarizer 1 20.0 1.0 1.507 1.24 0.0 0.98 6.54 0.01 0.30 0.02 
35 Faraday rotator 1 20.0 1.0 1.670 2.10 20.0 0.94 6.15 0.01 0.31 0.03 
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schematic also shows the evolutionary tran
sition in beam size from the old Janus sys
tem, to Argus and Shiva, and finally to 
Nova and Novette. The beam exits the 
master oscillator and is transmitted to the 
2.7-cm input aperture, where it passes 
through a spatial filter and is expanded to 
3.75 cm before being amplified by a single 
48-cm glass rod amplifier. After the rod am
plifier, the beam passes through a series of 
beam-expanding spatial filters, Faraday iso
lators, and glass disk amplifiers. The 9.4-cm 
and 14.5-cm-clear-aperture amplifiers, as 
mentioned earlier, were removed from 
Shiva and fitted with phosphate glass disks. 
The 20.8-cm-aperture amplifiers use the 
more efficient Nova box design. 

All Novette components through the first 
20.8-cm amplifier are equivalent to those 
previously contained ir. a single Shiva sys
tem chain. By substituting Nova-style 20.8-

cm-diam amplifiers with spatial-filter optic 
surfaces coated with a high-damage-
threshola neutral solution, the 20.8-cm-diam 
beam energy at the 20.8-cm diameter can 
be increased to more than 3.5 times the en
ergy of a Shiva beam" (refer to "Optical 
Components for Nov«," earlier ir. this sec
tion). Following the 20.8-cm stages, the 
beam is expanded to 31.5 cm before passing 
through the final Faraday-rolitor isolator in 
the chain. The beam is then turned by two 
mirrors to direct it through the final leg in 
the chain, where it is further amplified by 
four 31.5-cm-aperture amplifiers and throe 
46-cm-aperture output amplifiers. Each of 
these amplifiers contains two disks. We 
have made provisions to add a 3! .5- and 
46.0-cm amplifier to both chains (dashed 
lines in Fig. 2-60) il we can obtain output 
optics capable of withstanding the addi
tional flux generated by the increased 

Table 2-9. Continued. 

Glass 
1 No. of Beam diam thickness Refraction Nonlinear Hank Net Energy B-incident Flux Experiment 

No. Component components (cm) (en) index index kV gain (J) B-incident total U/cnr) a) 

36 Polarizer 1 20.0 1.0 1.507 1.24 0.0 0.98 6.02 0.00 0.31 0.02 
37 Disk amplifier 3 20.0 2.5 1.523 1.05 20.0 2.05 12.34 0.05 0.36 0.04 
38 Disk amplifier 3 20.0 2.5 1.523 1.05 20.0 2.04 25.23 0.11 0.47 0.08 
39 Disk amplifier 3 20.0 2.5 1.523 1.05 20.0 2.03 51.28 0.21 0.68 0.15 
40 Spatial filter lens 1 20.0 1.8 1.507 1.24 0.0 0.92 47.17 0.09 0.77 0.21 
41 Pinhole 0.10 46.70 - 0 . 5 0 
42 Spatial filter lens 1 30.3 2.8 1.507 1.24 0.0 0.99 46.23 0.06 0.82 0.09 
43 Polarizer 1 30.3 2.0 1.507 1.24 0.0 0.98 45.31 0.03 0.86 0.06 
44 Faraday rotator 1 30.3 2.0 1.670 2.10 20.0 0.94 42.59 0.06 0.91 0.08 
45 Polarizer 1 30.3 2.0 1.507 1.24 0.0 0.98 41.74 0.03 0.94 0.05 
46 Mirror 2 30.3 0.0 1.000 0.00 0.0 0.97 40.49 0.00 0.94 0.08 43.7 
47 Disk amplifier 2 30.3 4.3 1.523 1.05 20.0 1.84 74.39 0.16 1.10 0.10 
48 Disk amplifier 2 30.3 4.3 1.523 i.o; 20.0 1.83 136.02 0.30 1.40 0.18 
49 Disk amplifier 2 30.3 4.3 1.523 1.05 20.0 1.81 246.54 0.54 1.95 0.32 
50 Disk amplifier 2 30.3 4.3 1.523 1.05 20.0 1.79 440.29 0.97 2.91 0.57 
51 Spatial filter lens 1 30.3 2.6 1.507 1.24 0.0 0.92 405.06 0.47 3.38 0.80 
52 Pinhole 0.15 401.01 - 2 . 6 1 
53 Spatial filter lens 1 44.2 3.7 1.507 1.24 0.(1 0.99 397.00 0.30 3.68 0.37 406.0 
54 Disk amplifier 2 44.2 4.3 1.523 1.05 20.0 1.62 643.12 0.69 4.37 0.39 
55 Disk amplifier 2 44.2 4.3 1.523 1.05 20.0 1.60 1029.50 1.11 5.48 0.63 
56 Spatial filter lens 1 44.2 3.7 1.507 1.24 0.0 0.92 947.14 0.74 6.22 0.88 
57 Pinhole 0.23 937.66 - 2 . 8 3 
58 Spatial filter lens 1 71.2 5.7 1.507 1.24 0.0 0.99 928.29 0.41 6.63 0.33 
59 Mirror 3 71.2 0.0 1.000 0.00 0.0 0.96 891.16 0.00 6.63 0.32 
60 Window 1 71.2 4.0 1.507 1.24 0.0 0.92 819.86 0.27 6.90 0.29 
61 Second harmonic 

generator 1 71.2 1.8 1.500 1.0C 0.0 0.88 724.70 0.09 6.98 0.26 
62 Window 1 71.2 4.0 1.507 1.24 0.0 0.98 710.21 0.22 7.21 0.25 
63 Focus optics 1 71.2 12.7 1.550 2.48 0.0 0.91 646.29 1.30 8.51 0.23 

Nonoprimized cliaii i totals 32 314.38 646.29 8.51 

Input energy: 20.00 mj 
Puise duration: 0.09 ns 
Absorption loss per cm: 0.15% 
Scatter lost, per surface: 0.30% 
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amplification. The final spatial filter in the 
chain expands the output beam to 74 cm to 
lower the flux on the turning mirrors, 
frequency-doubling array, and focusing op
tics. The frequency-doubling array, located 
between the final turning mirror and the 
target-focusing optics, is followed by a 
1.05-urn beam dump to remove residual 
fundamental light. 

Some changes from the baseline design 
were required in the Novette chains to fit 
the system into the existing building. Our 
modification- included adding two 14.5-cm 

l ig. 2-5') Beam 
profile --.J one of 
Novette's chain input 
sensors. 

Fig. 2-60. Optical 
schematic of Novette 
power-amplifier 
chain. 

1 0 1 
Beam diameter (cm) 

folding mirrors, changing the location of the 
31.5-cm rotator, and configuring the final 
turning mirror in each chain; otherwise, the 
chains are identical to the Nova chains. 

The MALAPROP laser-design code has 
been used to predict the ultimate perfor
mance of Novette.'8 Figure 2-61 summarizes 
the calculated capabilities of a single 
Novette beam. The upper curve illustrates 
the maximum 1.05-/jm energy projected by 
MALAPROP, while the lower band repre
sents our best estimate of the 0.53-Mm 
output energy vs pulse duration. 

Figures 2-62(a) through (f) show the ma
jor components and their locations in the 
Novette laser chains. A typical spatial filter 
is shown in Fig. 2-62(a). Locations of all 
spatial filters in both chains are color-
highlighted in the illustration accompanying 
the photograph. All other components in 
the remaining figures are similarly identi
fied. A cutaway of a Novette Faraday-
rotator isolator is shown in Fig. 2-62(b). The 
calibrated flange on the end of the isolator 
permits accurate adjustment of the unit 
when the system is initially aligned or 
when the isolator is replaced. Figure 2-62(c) 
is a cutaway of a typical Shiva-style cylin
drical disk amplifier fitted with phosphate 

["A"j Optional N-cm-
!' v! aperture amplifier 
fc^ Spatial filters 
\5* Faraday isolators 
^^ Mirrors 

(All dimensions in cm) 

KDP frequency-doubling array 
Iw beam dump-̂  
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O T A ytf*'-

Fig. 2-62. (a) Novette 
spatial filters-'W 
Novette Faraday-
rotator isolators; (c) 
Novette cylindrical 
disk amplifiers; (d> 
Novette 20.8-cm am
plifiers; (e) Novette 
31.5-cm amplifiers; 
<,c> Novette 46.0-cm 
amplifiers. 
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Fig. 2-bl. Novettc sys
tem performance at 
1.05 and 0.53 nm pro
jected by computer 
simulation. 

Fig. 2-63. Beam 
profiles in the Novette 
20.8-cm-amplifier 
stage. 

glass for Novette. High-power beam re
quirements in Novette are accommodated 
by the 20.8-, 31.5-, and 46.0-crr aperture 
amplifiers shown in Figs. 2-62(d) through 
(f). The amplifiers store approximately 2% 
of the electrical energy in the capacitor 
bank as disk inversion at pulse-propagation 
time. Trip beams' single pass extracts up to 
40% o- this energy in the form of light 
energy from the phosphate glass disks. 
Aver.ge output flux during high-energy op
eration is typically from 3 to 3.5 times the 
saturation fluence of 4.3 J/cm:. Depumping 
from ASE within the disk imposes a size 
limitation on the glass disks in the amplifi
ers. With a good match of the index for the 
absorbing cladding on the disk edges, the 
ASE depumping limits the gain-length 
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product, «P O between 3.0 and 4.0 along 
the major axis of the disk. To preserve high 
energy storage and efficiency, we ..ive split 
the disks along their minor axis in the 
46-cm amplifiers. At maximum gain, these 
disks operate with aD = 3.2. We have de
signed the Nova 46-cm output amplifiers so 
that thev are equipped with lashlai.ips 
oniy on the sides facing the disks. Each am
plifier is pumped with a nominal stored en 
ergy of 500 k| in the capacitor bank at 
20 kV, to produce nominal stored inver
sion energy of 8.2 kj with a small-signal 
gain of 1.7. 

figure 2-63 illustrates the measured and 
\ilculated beam profile ,-t the 20.8-im 
mplifier diagnostic station in the laser 
hain. The measured and calculated profiles 

are similar in shape and amplitude. 
Noveites characteristic four concentric rings 
are formed by filtering the hard-aperfured 
input beam at the first spatial filter in each 
chain. Tassive phase errors, not included in 
the beam-profile calculation, begin to wash 
out much of the diffractive structure, leav
ing onlv the prominent outer ring by the 
time this beam exits the power amplifier. In 
practice, minute thermal changes in compo
nents, small misalignments, aid minor den
sity fluctuations in the nitrogen gas filling 
the beamline all modifv the diffractive 
structure of the beam. When viewed as a 
statistical i; tity, the mis intensity fluctua
tion imposed upon the beam bccorr>"s a 
natural quantity to measure. Risk of local 
optical damage to the laser optics is pre
sumed to depend only on the local fields 
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experienced. Comparison of measured 
beams with simulations using "realistic" 
component imperfections has meaning only 
in a statistical sense. 

Figure 2-64 compares calculated and mea
sured fluences on a typical experimental 
trial. While the simulations may fail to ex
actly match actual measurements, they are 
adequate predictors that aliovv apparently 
safe system design and operation. It re
mains to be seen whether gain saturation, 
spatial-filter pinhole closure, and other 
laser system engineering issues are correctly 
modeled. The Novette test bed will be used 
in the coming months to study these ques
tions. In Test and fi rivation Res-ilts," later 
in this section, we describe high-power 
propagation tests performed on Novette 
during activation. 

In Fig. 2-65, we show the spools that join 
the two laser chains to the target chamber 
and some of the diagnostic equipment in
terfacing the chamber. The spools are the 
large, circular assemblies connected on the 
left and right of the target chamber. Each 
contains an apodizer, frequency-doubling 
array, beam dump, and doublet focusing 
lens. The beams are reflected to the target 
chamber just beyond the output of the sen
sor packages. Approaching the target cham
ber from the east and west, the beams pass 
through the apodizers near the entrance to 
the spools. Bead-blasted bands softly 

shadow the interstices between crystals in 
the frequency-doubling arrays. These low-
damage-threshold regions of the array as
sembly are protected from the incident laser 
flux, and, by preventing diffraction from 
uncontrolled phase discontinuities between 
crystals, the focusing lenses are shielded 
from potentially damaging intensity ripples. 

To produce 2w light, Novette requires 
doubler optics with a diameter greater than 
74 cm. To meet this require - ;nt, we de
signed frequency-conversion arrays consist
ing of smaller crystals, which could be 
constructed in time for the initial activation 
of Novette. We built one 5 X 5-element ar
ray with 15- X 15-cm crystals and one 
3-X 3-element array with 27- X 27-cm 
crystals (see "Frequency Conversion and 
Focusing System," earlier in this section). 
The crystals and egg-crate support structure 
are sandwiched between BK-7 windows 
that have neutral-solution, antireflection 
coatings on the outer surfaces. The window 
design ensures that all KDP array elements 
are oriented within ±30 ^rad. Losses at the 
KDP and window interface are reduced by 
an index-matching fluid. The faces of KDP 
plates for each array have been precisely 
oriented to the phase-matching angle, and 
the surfaces were diamond-machined. 
Figure 2-66 shows the 5- X 5-KDP crystal 
array used in Novette. The 3- X 3-array has 
similar construction to that of the array 
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Fig. 2-64. Novette 
south-chain laser 
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Fig. 2-65. Novelte's 
final optica] train and 
target area. 

shown in Fig. 2-66. Early harmonic-
conversion data taken from the first 
Novette experiments are described in "Test 
and Activation Results," later in this section. 

Beyond the frequency-conversion array, 
approximately 99% of the residual IOJ light 
is removed by a full-aperture filter (beam 
dump). The 2a. light is transmitted, almost 
unattenuated, and concentrated on the tar
get by the f/4 doublet focusing lens. Mea
surements to survey the focal region will be 
carried out at high power in later experi
ments; in anticipation of future measure
ments, we have used MALAPROP to 
calculate instantaneous beam profiles near 
the center of the target chamber. The accu
mulated active and passive phase errors in 
the laser system and the crystal array are 
expected to result in the highly structured 
beam profiles shown in Fig. 2-67. Neverthe
less, the first measurements (described in 
"Test and Activation Results" at the end of 

this section) shov. an acceptable focal-
energy distribution. 

Summary. The rapid evolution of laser-
system design has led to the construction of 
Novette. in only 13 months, we have con-
structtd a relatively compact two-chain 
laser, with each chain output exceeding the 
output of the 20 chains in the old Shiva 
system. Novette has been built in Jess than 
one-third the time required to construct 
Shiva, and will require less than half the 
personnel to operate. The evolutionary 
progression that led to Novette has 
produced what coiili-1 be characterized 
as a revolutionary step in glass-laser-
system development. 

The Novette laser system now provides a 
high-power target-experimental capability at 
the second harmonic of Nd:glass while 
delivering more than 10 TW to targets. The 
system has tested much of the Nova laser 
design and has provided the first test of 
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harmonic generation in large-aperture, 
multiple-element arrays of KDP. Kovette 
now allows early tests of Nova target phys
ics, 3u.> generation, and focusing systems. 

Author: K. R. Manes 

Major Contributors: D. P. Speck, G. J. 
Suski, O. C. Barr, D. G. Gritton, J. S. 
Hildum, B. C. Johnson, D. J. Kuizenga, 
II. G. Patton, and C. E. Thompson 

Construction 

At the beginning of 1982, the laser bay had 
been painted and the building facilities ren
ovated in preparation for the Novette instal
lation. The new target-chamber spaceframe 
had been delivered and assembled at one 
end of the laser bay. In the MOR, the opti
cal tables salvaged from the Argus system 
had been sited and aligned before the com
puter flooring, air filters, and electronic-
equipment racks were installed. Various 
optical compc teuts had been aligned on 
their tables, while other optical equipment 
awaited assembly. In the basement, flash-
lamp circuits, capacitors, pulse forming net

works, fuses, and other component assem
bly and testing had started. The VAX 11-
780 computer system was delivered for 
installation, and equipment racks for the 
programmable, touch-sensitive control pan
els were sited in the control rooms. 

During January and February, the laser 
spaceframe was set up and we started in
stalling high-energy electrical cables, nitro
gen plumbing, and the electrical cables and 

5 x 10 1 5 — 

Fig. 2-66. Novette 
5- X 5-array of KDP 
crystals. 
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Fig. 2-68. Modified 
Shiva target chamber 
installed in its new 
home in Novette. 

optical fibers for the computer control sys
tem. !n the MOR, some of the small optical 
components were assembled while power 
supplies, timing circuits, and control-system 
interfaces were installed in the equipment 
racks. Larger laser-bay optical components 
were prepared in the clean room before in
stallation in the laser bay. The YAG crystal 
from a commercial cw laser was replaced 
by a YLF crystal and tested. We installed 
the capacitor-bank-charging pc ve: supplies 
salvaged from the Shiva system and con
nected them to minicomputers in the main 
control room. Control racks for laser and 
target-chamber equipment were installed 
beneath the north and south sides of the 
target spaceframe and at the east and west 
ends of the laser spa^eframe. 

In March, the spaceframes were painted 
and surveyed and the laser bay cleaned. We 
determined the location of the laser 
beamline with respect to the spaceframe 
rails and installed laser component mount
ing hardware. Part of the MOR beamline 
was laid out and optical components were 
installed to direct the beam from the cw 
YLF alignment laser into the laser bay. The 
first aligiment-sensor package was installed 
and made operational. Later in March, we 

began f;nal testing of the rod-amplifier 
flashlamp banks and exercised the power-
conditioning control system. The touch-
sensitive panels were installed in the 
control room, and software development 
proceeded on the computer programs that 
link the panels to the laser system. 

By the second week in April, the laser 
bay was ready to receive laser optical com
ponents and the rebuilt Shiva target cham
ber. Figuve 2-68 shows the unovaled target 
chamber shortly after it was installed in the 
support cradle on the target spaceframe. 

During the same period, we installed the 
first of the laser-ba- ;'vmient sensors, mir
rors, rod amplifiers, and Faraday rotators on 
the beamline. This fi-st alignment sensor 
was then used to nu.ntain the beam align
ment through the south side of the pream
plifier. A week later, we started the first 
operational testing of the rod amplifiers and 
Faraday rotators. We measured amplifier 
small-signal gains and trigger timing, and 
determined the operating voltage required 
for 45° rotation of the optical polarization in 
the Faraday rotators. At the same time, we 
installed the second cw YLF alignment iaser 
at the west end of the laser center 
spaceframe and steered the preamplifier 
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output to the insertion points in the two 
laser chains. This step allowed work on the 
amplifier sections to proceed in parallel 
with the preamplifier alignment. By the end 
of the month, wc had installed all active 
components through the second 9.4-cm disk 
amplifier in the south chain and had started 
to align the spatial filters. Meanwhile, in
stallation of the nitrogen plumbing was 
nearly complete in this section of the south 
chain, and preparations were completed in 
the power-conditioning system to fire a full 
shot to the .ll.'S-cm mid-chain sensor as 
soon as the 20.8-cm-aperture units were in
stalled and made rcadv for testing. 

Early m May, we began integrating the 
control system with the laser system. Ini
tially, this affected only the laser-diagno tic 
and power-conditioning activities; however, 
much of the controls-group effort was still 
directed toward perfecting the system's ba
sic structural features rather than direct con
trol of the laser. By m. '-Mjv, the MOR 
installation had reached a point where pre
amplifier pulse-propagation tests could be 
interspersed with the small-signal gain mea-
si .ements. In late May, the pace of activity 
increased when we started installing the 
target-chamber vacuum system. 

In !une. we demonstrated that the vac
uum chamber and its pumping system were 
leak-tight. Off-line, the NS processing facil
ity was activated and some of the processed 
output-spatial-filter lerses were delivered. 
Meanwhile, we started a full-production ef
fort on the crystals for the frequency-
jotibling arravs. 

One of our testing objectives was to 
propagate 100 ps pulses through a complete 
laser chain in preparation for the x-ray laser 
target experiments. To meet this objective 
as early as possible, we focused our atten
tion on completing the south laser chain, 
thereby allowing us to propagate pulses to 
the south mid-chain sensor by the end of 
June. At the same time, the clean-room 
crew improved its component delivery 
schedule by assembling all of one type of 
component before proceeding to the next 
type. This approach allowed us to complete 
some phases of the nortn chain installation 
earlier than anticipated. By the end of June, 
we had installed most of the north-chain 
components through the 20.8-cm-aperture 

disk amplifiers, tested some of the smaller 
disk amplifiers for small-signal gain, and 
prepared for later pulse-propagation tests. 

On July 9th, we reached our first defin
itive operational milestone when we fired a 
lu; laser shot at 1 TW (96 J); pulse duration 
was 93 ps. The shot was measured at the 
south mid-chain sensor and had approxi
mately three times the power required at 
the 313-011 aperture for operation at 100 ps 
with a 10-TVV laser chain output. With this 
successful test, Novette became one of the 
most powerful lasers in the world. 

Through the rest of July, we worked on 
installation of the large output amplifiers in 
the south-chain and completion of the 
north driver chain. We assembled several of 
the south-chain 31.5-cm disk amplifiers be-
foie installing all of the 31.5-cm-aperture 
turning mirrors, in anticipation of possible 
problems associated with the new design. 
This alteration to the schedule proved hene-
ficia'. when we experienced problems with 
the laser-glass mounting techniques. To 
overcome these problems wc developed 
new procedures for moi 'ting the ;lass, to 
reduce stress and propag. *ed w ave-front 
distortion. During July, v.v installed the tar
get local illuminator on the east end of the 
center laser spaceframe. We ?lsi started 
testing the software that controls the touch-
sensitive panels in the main control room 
(shown in l-'ig. 2-69). 

In August, the four target-alignment 
viewers were mounted on the target cham
ber. This operation required careful align
ment of the viewers on target-chamber 
center, since proper location of the target at 
chamber center is critical to performance of 
target diagnostics. The rails supporting the 
final laser optical components, i.e., the 
frequency-doubling crystals, target-
illumination lenses, and beam dumps, were 
installed east and west of the target cham
ber. The alignment of the rails along the in
tended beamline was another critical factor, 
since their misalignment could cause focus 
motion of the target-illumination lenses to 
generate a transvei ̂ e offset of the laser-
beam focus. 

The electronic devices required to control 
the target-chamber equipment and output-
alignment sensor were installed in the 
equipment racks under the target 
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Fig. 2-ot. Main control 
room; control consoles 
are shown in left and 
r'ghi foreground. 

spaceframe in August. To protect the optical 
surfaces from dust, we enclosed the beam 
path in beam rubes. During the month, we 
completed alignment of the 74-cm-diam 
output in the final spatial filter in the south 
chain. The alignment v\as completed with
out installation of the 46-cm- aperture disk 
amplifiers, since these units had not yet 
been delivered. At this point, we shifted o'ir 
efforts toward completing the north-chain 
installation up to the mid-chain sensor. 

By mid-September, the two laser chains 
were at the same stage of completion. Our 
final test consisted of propagating pulses to 
the output of the spatial tilter between the 
31.5- and 46-cm disk amplifiers in both 
chains. Calorimeters were installed at the 
spatial-filter output in both chains to mea
sure Ihe pulse power, recorded at 300 to 
400 J (3 to 4 TW). During September, we 
performed a short series of tests, including 
pulse-energy measurements, with 825-ps 
pulses to check the performance of the 
completed portion of the system. Our mea
surements in these tests were made with 
calorimeters again mounted at the output of 
each 46-cm spatial filter. The north-chain 
shots produced 1.76 kj, while the south 
chain yielded 2.07 kj. In the meantime, sev
eral output turning mirrors were installed in 
the south chain, allowing us to start cali
brating the south output sensor. 

September and October were marked by 
rapid progress on the central control system 
as the touch-sensitive panels were inte
grated with laser-system opeiations. During 
this time, the laser and target-diagnosric 
software was successfully linked with the 
power-conditioning controls for the laser 
system, in , :ig. 2-70, we show the extent 
of equipment installation in the target-
diagnostics control room at the end of \982. 
The target-diagnostic console, with its 
touch-sensitive control panel, is in the cen
ter of the figure, with the other diagnostic 
equipment installed in the racks shown in 
the background. 

In October, we successfully fired the 
46-cm disk amplifiers. We considered this a 
significant event, since these amplifiers rep 
resented our largest step beyond the laser 
technology with which we were familiar. At 
the end of October, all optical components 
intended for use in the first series of experi
ments had been installed in the south chain 
of the laser system. The laser configuration 
for this short-pulse series contained two 
46-em-aperture disk amplifiers in each 
chain. We tested the south chain capabilities 
during calibration of the output sensors bv 
propagating a pulse to the target chamber 
entrance where we measured 1.097 kj 
(11.1 TW). We then concentrated on com
pleting installation of the north chain. In 
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late November, we successfully tested the 
north chain with a 612-J (6 TW) shot. 

During the last two months of 1982, we 
achieved significant progress toward com
pleting installation of the target chamber 
and target-diagnostic equipment, laser-beam 
ionising optics, frequency-doubling crystal 
arrays, md beam-path diagnostic hardware. 
We also installed a set of x-ray spectro
graphs for use with the target-diagnostic 
electronics as the primary diagnostics for 
early experiments. Secondary diagnostics, 
such as \ rav microscopes and pinhole cam
eras, were functionally tested for integration 
with the system. The filier-fluorescer spec
trometer (ITI.HX) and Dante, major di
agnostics required ior the later experiments, 
were also insta'ied. 

The target lens positioners and the f/4 
lens pairs were the final major mechanical 
additions to be mounted on the target 
chamber in November. We then tested the 
vacuum integrity of the complete assembly. 
The lenses were aligned to the established 
target-chamber beamline prior to final ad
justment of the output-alignment sensors, 
which required the reflection from the un-
coated output surface of the second lens of 
the doublet. Later, we fired the laser oscil

lator and preamplifier sections to perform a 
series of low-energy south-chain shots. 
Metallic-foil targets were used in the tests to 
time the triggers for the time-resolved x-ray 
and laser-beam diagnostics. Comparison of 
these timing data with similar off-target 
north-chain shots enabled us to make a 
preliminary adjustment to enualize the 
optical path lengths lor the two ciialij. 

In early December, the 5 X 5 crystal ar
ray shown in Fig. 2-71 was installed in the 
south laser chain, east of the target cham
ber. After several days of developing the 
crystal alignment procedure, we fired sev 
eral 2w test shots through the array; all 
shots were fired at less than half the opera 
tional energy level (100 to 250)). During 
these tests, two shots were made directly 
into a calorimeter to test conversion effi 
ciency. The results of these two shots are 
described in "Test and Activation Results." 
at the end of this section. On the other 
shots, we used the burn-paper technique to 
obtain profiles of the Iw and 2w beams. 

Figure 2-72 shows the Novette installa
tion at the end of 1982. The system, as 
shown, is operational with nearly all of the 
installation complete. The connections be
tween the main and target-diagnostic 

Fig. 2-70. Targel-
diagnostics control 
room during 
installation. 
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Fig. 2-71. Installation 
of the 5 X 5 
frequency-conversion 
crystal array. 

control rooms and the time-resolved x-ray 
diagnostics are cnmplete, and all scheduled 
laser components are in use. The control 
software allows us to align, charge, fire, and 
measure the results of firing the laser, via 
the touch-sensitive panels in the main con

trol room. We have satisfactorily propagated 
short pulses through the system. I.ong-
pulse propagation has been checked at 
approximately half energy up to the input 
of the 46-cm disk amplifier'; The laser 
alignment devices have performed satistac 
lorily and reliably indicated the adjustments 
needed for setting the laser mirror angles 
and pinhole sizes. 1 he photodiodes ami 
calorimeters for measuimg laser N am enei -
gies have been calibrate.! ['he frequent \ 
doubling-array alignmet" v , hmqms have 
beer, tesled ^iu\ appeal M ae.ree with the 
theorclu al conversion < I ien<\ >.'. :iations 
for the ri x 5 orM,, ' I 'MI p iogi r ' - on 

completing the No\.-i 
ua . cxcmplihed h\ " 
that established '' 
pouvrlul pulsed L w i ' 

Author: ). S. l i i idum 

I ' l e c t r o n i c S y s t e m s 

M a i n 

The e le . l loe 
and target ta 

• loi both 'h. las 
••• ' installed and 

Fig. 2-72. Novette 
laser bay at the end of 
December 1982. 
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integrated with the Novette operating sys
tem during 19X2. At the beginning of the 
vear, installation of the control-room equip
ment bad | List started while the other areas 
in tht facility were emptv. Bv the end of 
the vear. a'l electronic systems had been in 
-talleit and we were nearly ready lo start 
both laser and target operations. In the fol-
1'iung sections, we highlight the hardware, 

software, ami operational progress made on 
the Novette electronic subsystems. 

Central Controls. N..volte's control svs 
lent is a smaller version of the system f o be 
usid in Nova (see Nova Control o s t e i n . ' 
• •arlier m this sectionl Bv llie star! "i l''H2 
' Iv • i*i11r.11 control electionics dc\ isod !o 
•."I'piu: suhs ' ' ' em development in b'til 
were installed Puling l'W2 w e n ' t n e n 
traled tin a; tn almt; < • 'ntto! support torti le 
tour ni,i|or suhsvste-"-• shown in 1 n; 2 "V 

B\ early -princ. ilv VA\ 11 "Ml icntial 
control lomputcr had been installed in Ihe 
Novette 'opipuiei room onci wa^ hindion 
mg with a standard \'2 s VMS operating 
svs'om The compulei facilities used tor 
coivrol. development iveie dupliiaiod so 
thai problems would be minimi/ed with the 
t'anstei lo Novettt operations. '1 wo Nova 
style operator consoles were delivered and 
installed in the conlro! room. During Ibis 
lime wo established a work area with 
cditir.c, terminaK and printers in the control 
room Throughout the remainder ol the 
\ear. we sieadilv increased use til llns area 
for software installation twn.] activation. 

!'or Ihe Hist time Ihe oentral-conirol took 
that iiad been developed were put lo use in 
.\n operational environment, " The Novette 
n'litri'i system was activated with the most 
t'p to de Nova central-control software, 
including Ihe Novanel support package, 
console graphics, network shared memory 
iN'SM), the TTATIO input/output package 
tor Travis and the Oracle data-base man
agement system (see ' Oracle Data-Base 
Management System al I-'EA*-'" in Section 
ii I he most current conventions were used 
'o control modification and release (if these 
software packages. 

Master Oscillator. The master-oscillalor 
coi,..o! system provides the drive signals to 
the A O modulator, the Q-switch, fast-
liming system and oscillator lamps. The 
A O modulator and the Q -.witch are part 
of Ihe rl processing subsystem. N'ovette has 
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two A-O modulators, two Q-switch drivers, 
and four lamp drivers installed; one set is 
presently in use. Both the lamp driver and 
the rf output-amplifier packages are de 
signed to improve operation, serviceability, 
and system safety. Monitor outputs and a 
distortion filter have been added to the rf 
amplifier. The lamp driver was rebuilt to 
improve component mounting. A capacitor-
bank dump relay and an interlock isolation 
relay were added to the lamp driver 

The master-oscillator fast-timing system 
is the source of timing signals distributed 
over optical fibers throughout the laser sys
tem. Timing resolution for these signals is 
1 ns with less than 150-ps jitter. Delay 
times are entered from a control and status 
panel. A multicolor CRT format disp'nys 
th.' current status of all timing channels. 
Currently, there are 28 channels installed in 
Novette, with 21 channels in use. 

Alignment. The lw and 2ui portions of 
the alignment systems described in the 1981 
Annual Report"" have been installed on 
ooth iNiovette beams. Operation of these 
systems has been satisfactory, and only mi
nor < hanges have been required. The video 
format for all alignment data was a signifi
cant improvement over previous centroid 
detection systems. This format allows 
operators to use the alignment sensors as 

A =383 mrad 
FWHM = 1.80 ±0.05 r̂ad 
FWBM = 4.0 ±0.1 /xrad 

Crystal 
normal 

versatile viewers for positioning other com
ponents during installation and for identifi
cation of beamline irregularities. 

During installation of the system, we 
identified a polarization problem that 
caused distortion of the KDP angle-tuning 
curve. To trace the source of the problem, 
we started with the 2w tuning signal gener
ated by the small-diametei lw local illumi
nator beam passing through the eerier KDP 
crystal. Ir our original system configuration, 
this signal was returned to the local illumi
nator by a corner cube inserted after the 
crystal array. The signal passed back 
through the array and was reflected from 
the main beam-turning mirrors to the loc.il-
illuminatov detector. Because the comer 
cube considerably changed the polarization 
state of the beam, and because KDP is bi-
refringent, the signal returning to the local 
illuminator had polarization properties that 
changed when the KDP angle was changed. 
This caused the polarization-sensitive turn
ing mirrors to return a varying fraction of 
the signal to the local-illuminator detector 
and distort the tuning curve. To eliminate 
these adverse polarization effects and in
crease the signal level, we moved the 2u> 
tuning-signal detector and fastened it to the 
centering-mirror inserter immediately fol
lowing the KDP array. The detector is now 
attached so that the 2w detector is inserted 
when the split centering mirror is partially 
removed from the beam. In Fig. 2-74 we 
show an example of the quality of tuning 
curve we can now obtain for 2u> shots (see 
"Nova Alignment and Diagnostics," earlier 
in this section). 

lassr Diagnostics. The laser diagnostics 
implemented on Novette have performed 
well within their design specifications. The 
operation of the laser diagnostics on 
Novette has verified our diagnostic configu
ration designs and given us confidence in 
the ability of the hardware and software in 
the acquisition network to provide real-time 
diagnostics data on a larger (Nova) scale. 
The software for the laser-diagnostic data-
acquisition system allows the operator to 
configure the system for a shot and choose 
the data-readout display via the menus on 
the touch-sensitive panels in the control 
room. As we continue to develop the soft
ware, higher-level data processing and con
trol functions continue to he added to ;he 
diagnostic system. 
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The fundamental electronic elements of 

the Novette laser diagnostics are shown 
in Fig. 2-75. All energy diagnostics have 
been activated and are operational. The 
stability of the chain-diagnostics calibra
tion has remained within 2.5% during the 
three-month period following the start of 
laser operations. 

The temporal diagnostics for switchout 
and Pockels-cell riming have been operat
ing routinely for setup of the laser and per
formance monitoring. We have also found 
this system to be valuable in diagnosing 
: ccasional malfunctions of the oscillator 
switchont and Pockels-cell drivers. The 
streak cameras for recording lu and 2UJ di
agnostic information have been installed 
and used to accumulate data. 

Determination of the optimum linear an
gle of the frequency-doubling arrays repre

sents a new measurement requirement for 
laser diagnostics. In the new arrangement, 
the output sensor aligns a local oscillator 
output with the main beam axis. The signal 
frequency is then converted by the center 
element of the array and synchronously de
tected by a photodiode and amplifier. The 
detected signal is compared with a fraction 
of the local oscillator frequency that has 
been split and converted by a stationary 
crystal in the local illuminator package. The 
comparison removes fluctuations caused bv 
output-power variations of the local oscil
lator. The crystal array is then scanned 
through an angle around the expected peak 
conversion angle to produce a tuning curve 
like that .shown in Fig. 2-74. In this position, 
the array is oriented at the peak conversion 
angle prior to propagation of the main laser 
pulse. We have used this technique in a 

Fifi. 2-75. Basic cle
ment!! of the laser 
diagnostic system, 
showing interconnec
tion with the control 
system. 

Current 
supplies 

Fiber
optic * 

triggers 

Synchronous 
amplifier Photodiode 

Synchronous 
amplifier Pholuciiode 

Laser diagnostics KDP alignment system 
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series of Novefte shots; we achieved close 
agreement with the calculated frequency-
conversion efficiencies. 

We developed a system for detecting the 
modulation that a flat-plate target with a 
pinhole puts on a probe beam passing 
through the pinhole when the surrounding 
cryogenic target shroud is ejected. The mea
surement system determines the ratio of the 
transmitted signal with respect to a refer
ence split from the 1,05-jim cw laser source 
and, when the shroud is ejected, produces 
negligible target movement in relation to 
the alignment tolerance. 

Target Diagnostics. In Table 2-10 we 
show the diagnostics on-line at the end of 

1982. The following data-acquisition compo
nents were on-line and operational at the 
end of the year 
• Three front-t.id processors (FEPs). 
• Seven CAM AC crates. 
• Seven R7912 transient digitizers. 
• Three 7903 oscilloscopes. 
• 80 integrator channels. 

We have the capability to quickly add 
Dante, photodiode, calorimeter, neutron 
scintillator, and neutron counting channels 
to the system; we can also easily add other 
instrumentation for fast and slow diagnos
tics. The data-acquisition system has proved 
very reliable. Operators control the system 
via touch-sensitive panels that allow them 
to display menus for system or diagnostic 
operation. The target-diagnostics trigger sys
tem uses fiber-optic signal transmission 
from the MOK. This system has proved 
very stable, while producing signal levels 
that have been more than adequate for 
normal operations. 

Power Systems. The high-voltage power 
supplies and the energy-storage capacitor 
bank were installed and made fully opera
tional. Construction on the capacitor bank 
started early in the year when high-voltage 
and control-signal cable trays were in
stalled. This was followed by installation of 
the capacitor racks and, early in March, 
placement of capacitor modules on the rack 
shelves. To speed installation, we adopted 
production-line methods for assembly of 
the capacitor modules. By May, all the 
modules were installed and cabled to the 
ignitron switches and junction boxes in the 
laser bay. 

During May, we installed and initially 
tested the power supplies. Our tests were 
followed bv more comprehensive lesri.ig as 
the capacitor banks were integrated with 

Fig. 2-'. -' A action of 
the cf ' fo lded Novette 
energy-storage capac
itor bank. 

X-ray 
diagnostic 

Light 
diagnostic 

Detectors 

Table 2-10. On-line 
Novette target di
agnostics, December 
1982. 

Dante H 

Filter fiuorescer 
(3 m) 
8X microscopes (2) 

X-ray crystal streaked 
spectrograph 
Spatially discriminating 
streaked spectrograph 

Energv 
balano- (2w) 

Type No. Type measurement 

XRD-31 diode 7 Spectral and time 
resolution 

fluor/PM IS Spectral resolution, 
time integration 

film 8 Spatial resolution, time 
integration 

film 1 Spectral and time 
resolution 

film 1 Spectral, spatial, 
and time resolution 

PIN diode 20 Time integration 
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the remainder of the system. The separate 
rod-amplifier bank was the first operational 
segment in the power system. Checkout be
gan with 25-kV testing of all high-voltage 
cable shields and center conductors to 
ground. Each bank module was charged to 
its rated voltage and fired into dummy 
loads on the PFN boards.81 The rod bank 
was operational by the middle of June and 
the entire capacitor bank was operational 
by the end of August. Figure 2-76 shows 
a completed section of the capacitor 
bank with capacitor modules installed in 
the racks. 

Between September and the end of the 
year, the pulse-ionization lamp check 
(PILC) diagnostic system was activated. 
This system provides a method that ensures 
flashlamp circuits are operational prior to 
high-energy operations. The PILC system 
proved itself when it prevented the loss of 
at least two amplifiers by detecting broken 
flashlamps in advance of a laser firing. 

Facility Systems. The personnel-safety 
interlock, security-door monitor, audio, 
video, nitrogen-gas, and vacuum systems 
were installed and activated during the 

year. These support systems provide many 
functions essential to the operation of the 
laser and target facility. 

We completed installation and activation 
of the personnel-interlock system control
ling access to the facility during hazardous 
operations. Safety procedures are activated 
either automatically or by an operator in 
the event a hazardous area is penetrated. 
Taped messages are automatically played to 
warn personnel of s?.rety hazards. The in
terlock system has continued to operate re
liably with all inputs and outputs moriitored 
by the control computers. 

The security-door monitoring system al
lows security officers to monitor access to 
the facility from a central point using a 
computer-generated display. Switches have 
been installed on all access doors that were 
not previously monitored by the safety in
terlock system. The outputs from these 
switches are connected to a display in the 
central computer room, where an operator 
can quickly locate an open interlock. 

The Novette work areas are divided into 
four audio zones. The audio system pro
vides paging functions for the laser facility. 

Fig. 2-77. Power-
supply status display 
on the touch-sensilive 
operator pane] in the 
control room. 
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Fig. 2-78. Sequencer 
status display on the 
touch-sensitive panel 
in the control room. 

Taped announcements are activated by the 
safety interlock system. Computer control 
of this system allows specific safety mes
sages to be announced in any number of 
the Novette work areas. It can also simulta
neously play separate messages in the vari
ous work areas. 

The video system connects 40 remotely 
placed cameras with 20 video monitors. 
Monitors are located in the control room, 
diagnostic rooms, and laser bay. A channel 
selector is connected to each monitor to al
low the operator to select any video camera 
in the system. One output of the video 
switcher is routed to a digitk°r connected to 
the control computer. For automate align
ment functions, the image of the iasei k 'am 
is digitized and processed by the computer 
to determine the adiusn:.:-its necessary for 
alignment. When the computer determines 
the required adjustments, the information is 
sent to the appropriate motor controller 
where the correction is made. 

The nitrogen-gas system is used to purge 
and cool the numerous components in the 

laser chain. By the end of the year, this sys
tem was installed and working under man
ual control. The design of an electronic 
system for controlling the nitrogen-gas 
svstem is nearly completed. 

The vacuum system associated with the 
target chamber and target diagnostics is lo
cally controlled by a dedicated computer 
and control panels. As new diagnostics are 
installed, new control panels will be added 
to the vacuum system. To ensure proper 
operation of the vacuum system, on-line di
agnostics have been placed under computer 
control. At the end of 1982, the three 
roughing and high-vacuum systems for the 
target chamber and auxilhry pumping sys
tems and their safety interlocks were op
erating under control of the computer. In 
addition, we had started operational use of 
four of the :,'.* cryogenic compressor sys
tems plant *ed for the installation. 

System Operation. The system configu
ration allows operators to control the laser 
with either the touch-sensitive panels on 
the consoles or to manually operate the 
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system with the controls on the equipment 
racks. When operating the system with the 
touch-sensitive panels, t..e operator selects 
options from a menu displayed on the cen
ter screen of either of the two consoles in 
the control room. Options are selected by 
touching specified areas of the video dis
play. System status is shown in color, by 
position, or with text displayed on the con
trol console monitors. Control of the new 
system from a central console has increased 
operator efficiency, since operators are no 
longer required to attend several control 
stations in the control room. Another con
trol feature in the system allows the oper
ator to align laser components by issuing 
instructions from the control console. 

To prepare to fire a target shot, a number 
of tasks must be performed, starting with 
laser alignment. After the laser is aligned, 
the power-conditioning, target-diagnostics 
and laser-diagnostics components must be 
preset for the shot. To perform this task, 
the console can be used to load a previ
ously defined configuration. If the configu
ration is different from configurations 
previously committed to the computer 
memory, the operator can perform align
ment from the control console. When pre
setting the system, the operator must check 
the status of the laser high-voltage power 
supplies. This step can be performed from 
the control console using the display shown 
in Fig. 2-77. To fire the laser, the operator 
starts the sequencer. The sequencer is a 
software entity that schedules time events. 
When sequencer time equals zero, the laser 
is fired. Figure 2-78 is ? display of" the se
quencer slatus display or, the control con
sole. In this display the status frame shows 
the sequencer event being performed, the 
countdown time, and other information as
sociated with the shot. Following a target 
shot, the data acquired from the control 
system is stored on disk and later for
warded to the fusion experiments analysis 
facility (FEAF) for additional processing. 
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Test a n d A c t i v a t i o n R e s u l t s 

We designed and built Novette to provide a 
high-power target-irradiation facility with 
[he second harmonic of Ndglass. To pro
vide this capability, the fundamental lu; 
laser beam must be sufficiently uniform in 
intensity and low in dive: 0 ence to be effi
ciently frequency-doubled (to 0.53 um) with 
KDP crystal a m y s and focused to a diame
ter of than 200 ;um at the target. 

During the activation of Novette. we per
formed a detailed characterization of the 
laser-amplifier-chain performance to ensure 
that the beam met our requirements. Our 
tests included use of a cw probe beam to 
perform gain measurements for individual 
amplifier stages, use of pulsed beams from 
the MOR to perform gain measurements 
and determine beam quality of the laser 
chains, and measurement of focusability of 
cw alignment and pulsed beams in diagnos
tics sensors, ivlost of the pulse data was ob
tained with nominal 100-ps FWHM pulses. 
A limited data set was established with 800-
ps p'llses. Short-pulse data included the 
laser characteristics at lw, the conversion ef
ficiency cf the frequency-doubling arrays, 
and the 2a.' beam characteristics at the target 
chamber. The test results indicate that 
Novette meets its performance goals of 2a.' 
power, energy, and focusability. 

As each set of amplifiers was activated, 
we measured their gain for a full-aperture 
lu; cw probe beam for the duration of the 

Table2-ll. Measured 
and calculated gain for 
a full-aperture 1^ laser 
beam. 

Amplifier 
(size and type) 

20-kV bank 
energy (kj) Measured gain 

Design 

3.75-cm rod 

9.4-cm disk 
15.0-cm disk 
20.8-cm disk 
31.5-cm disk 
46.0-cm disk 

41.5 

145.0 
215.0 
165.0 
310.0 
500 f 

19.4 ± 6% (unclad) 
25.9 ± 5% (clad) 
66 ± 6% 
4.15 ± 10% 
2.0 + 10% 
1.S2 ± 4% 
1.75 + 4% 

25.0 

6.6 
4.2 
2.1 
1.9 
2.0 



Fig. 2-79. <a> Novette 
cw gain measurement 
for full aperture beam. 
(b> Background signal 
correction for full-
aperture beam. 

Novette 

Fig. 2-80. (a) Best 
focus of cw align
ment beam from the 
Novette south arm. (bl 
Silhouette of a 500-nm 
bdll at the center of 
the target chamber. 

Fig. 2-81. Scan of hori
zontal diameter of a 
cw alignment beam in 
the south chain of 
Novette. • 
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Horizontal diameter (mm) 

fluorescence. Table 2-11 summarizes the 
measured gains and the design gains for 
each size amplifier8- in Novette. The mea
sured gains are nearly the same as the 
fiashlamp pump pulse. The signal was 
monitored with a photodiode that was 
placed in a focused beam in a diagnostic 
sensor following the pulsed amplifiers. The 
signal peak, corrected for the fluorescence 
and flashlamp background, gives the total 
gain of the amplifiers, excluding transmis
sion losses; the rime oi the peak signal 
gives the correct firing time for the ampli
fier flashlamps relative to the oscillator 
pulse. Figure 2-79(a) is a typical data set 
showing the amplified cw signal. Figure 
2-79(b) is the correction of the background 
signal caused by flashlamp light and glass 
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design grms; however, the 46-cm amplifier 
gain was approximately 12% low. This 
slightly lower gain does not prevent the 
system from meeting its performance goals, 
but we are investigating design changes to 
improve the amplifier (see "Laser Design 
and Performance," earlier in this section). 

The far-field viewing capability of the 
output sensor8'1 allows the focused beam to 
be directly observed at the laser output. Al
ternatively, the opposing target-focusing 
lens can be used as an imaging element to 
allow viewing of the focal spot at the center 
of the target chamber with the opposing 
output sensor. Figure 2-80(a) is a video dis
play, viewed by the north output sensor, of 
a la) cw beam transmitted through the 
south laser chain frequency-doubling crystal 
array and focused in the center of the target 
chamber. The scale for the display is deter
mined by Fig. 2-80(b), in which a back
lighted 500-Mm ball is silhouetted in the 
target chamber center and imaged through 
the same beam optics. Since the size of the 
spot is dominated by aberrations in the 
beamline optics and frequency-conversion 
array, the display should be a good repre
sentation of the south 2u; beam focused 
in the center of the target chamber. 
Figure 2-81 is a horizontal line scan through 
the center of this image with the beam di
ameter at the 0.5-/ n m and 0 .1- / n l n intensity 
levels shown. This scan was produced bv 
the VAX computer from data taken by the 
charge-coupled diode array. These typical 
displays indicate that Novette 2UJ beams 
can be satisfactorily focused for target-
irradiation experiments. 

The initial pulse-propagation studies, con
ducted with 100-ps pulse durations, pro
vided data on the pulsed gain of the laser 
chains From the energies measured in the 
four diagnostics sensors in each laser chain, 
we obtained the overall chain gain and in
put and output energies for the sections of 
the chains between sensors. The input sen
sor,84 located after the rod amplifier, is cali
brated to read energy at the rod output. 
The mid-disk sensor,81 at the output of the 
15- to 20-cm spatial filter, is calibrated to 
give energy at the input to the 20-cm rota
tor. The mid-chain sensor,86 behind the first 
31.5-cm turning mirror, is calibrated to give 
energy at the input to the 31.5-cm amplifier. 

_ " i " " i i i 1 i 
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A North beam • 
• South beam 
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50 100 
Input-sensor energy (mj) 

Fig. 2-82. Output vs 
input energies of the 
disk amplifiers in the 
Novette laser chains. 

The output sensor, behind the first output 
beam turning mirror, is calibrated to give 
energy after the final beam turning mirror. 

We compared the gains measured in each 
section of the main with the lumped pa
rameter calculations derived with SNOBAL 
(our system-simulation computer code) for 
the net amplification. The calculation was 
performed with the gains measured with 
the cw laser and nominal transmission 
losses8, for the beamline components. The 
measured gains in the first two sections of 
the chain exceeded the calculated gains, and 

Fig. 2-83. Near-field 
photograph taken at 
the output sensor of 
Novette south beam. 
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Fig. 2-84. The beam 
iniensitv-power distri
bution obtained from 
the 11-TW beam in 
i i K . 2-83. 

Fig. 2-85. Near-field 
photograph taken at 
12.4-TW output 
power. 

Fig. 2-86. (a) Compo
nent arrangement to 
determine dual-beam 
high-power conver
sion efficiency of the 
frequency-doubling 
arrays, (b) Component 
arrangement for 2w 
beam output-sensor 
calibration. 

we believe the disagreement results from 
pessimistic transmission losses assumed for 
components. We have adjusted the trans-
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mission losses for the two sections to bring 
them into agreement. Figure 2-82 shows 
the measured data for chain output energy 
vs measured ir put-sensor, energy and 
the calculated values before the trans
mission losses were adjusted for the two 
Novette beams. 

Following the low-power characterization 
and calibration shots, we increased the in
put to the chains to characterize high-power 
performance. The chain-energy data from 
these shots are included in the data plotted 
in Fig. 2-82. Near-field photographs of the 
beam provided a sensitive monitor of chain 
performance when we increased the power 
levels. In Figs. 2-83 and 2-84, we can see 
that the near-field beam profile remained 
smooth as the beam output power was in
creased to 11.0 TW. In Fig. 2-83, taken in 
the output sensor, we can see evidence of 
an underlying rectangular structure in some 
regions of the south beam. Beam energy for 
this shot was 1.1 kj, with a pulse duration 
of 99 ps. A densitometer scan across the di
ameter of the beam, perpendicular to the 
shadow of the 46-cm disk split converted to 
intensity, indicates a peak-to-valley beam 
modulation of approximately ± 5%. Figure 
2-84 shows data derived from a beam scan, 
to show the statistical distribution of inten
sities. The curve in the figure indicates that 
50% of the power in the beam is below 
3.05 GW/cnr and less than 2% of the 
power is greater than 4.0 GW/cm 2 . 

Assuming the beam fills the 74-cm aper
ture, we have derived an effective fill factor 

(a) 3 x 3 -
crvstal arrav 

North beam 

Apodizer s 
T - 0.91 B e a m d u mp 

T = 0.965 Calorimeter 

-Apodizer 
T = 0.87 

South beam 

Beam dump 
T = 0.965 

Calorimeter 

(b) Apodizer -
T = 0.91 

- 3 x 3 
crystal array 

f/4 doublet lens 
Debris shield Calorimeter-

-Reflected beam 
to 2ai sensor 

-Beam dump 
T = 0.965 

Target chamber 
T = 0.73 
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from the data illustrated in Fig. 2-84 with 
the definition: fill factor X area X average 
J/cm2 = total energy. When Novette data 
are reduced with this method, the results 
suggest that the fill factor is in a range from 
0.80 to 0.85. 

When the frequency-doubling system 
became operational, we accumulated addi
tional high-power performance data on the 
laser system and initial data on the 
frequency-doubling efficiency of the large • 
aperture crystal arrays. The data base con
sists of 17 single-beam 1« shots with output 
power ranging from 2.5 to 6 TW, and two 
dual-beam lu> shots with approximately 
12 TW output power per beam; nominal 
pulse duration for all shots was 100 ps. Sys
tem beam quality at the lower powers was 
excellent, with approximately 75% internal 
conversion efficiency in the crystal arrays. 
(Internal conversion efficiency is derived by 
division of the 2u> energy at the output face 
by the la; energy at the input face.) 
Figure 2-85 is a typical near-field photo
graph taken at 12.4-TW output power. 

When we operated the beam beyond 12 
TW, the near-field photographs taken in the 
output sensors revealed severe beam break
up from self-focusing instabilities,88 and the 
internal conversion efficiency of the 
doubling arrays dropped to approximately 
60%. The severe intensity modulation is 

^ 4 -

I 
S 

1 1 1 1 ' 1 ' 1 ' \v 

/ / / 
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~ Q ^ T O O Calorimeter 

-a A A Calibration _ 

, 1 
tl D Target 

, 1 , 1 , 1 , 1 
6 8 10 

lo> input (TW) 
12 

South chain North chain 
Array input 3 External Internal Array input1' External Internal 

Shot No. r 0(GW/cm 2) efficiency efficiency ; 0(GW/cm 2) efficiency efficiency 

921203D4C 0.76 0.39 0.56 
92121302'- 1.06 0.50 0.71 
93010502d 1.05 0.49 0.71 
93010504d 1.20 0.53 0.76 
93010603d IX. 0.49 0.70 
93010606d 1* 0.54 0.77 
93010609d 1 ^ ' 0.55 0.78 
93010703d 1.69 0.55 0.78 
93010705d 1.18 0.53 0.76 
93011004e 1.17 0.52 0.75 
93011103e 0.74 0.49 0.70 
93011204e 0.92 0.54 0.76 
9301140Sd 0.92 0.50 0.69 
93011507d 1.28 0.55 0.75 
93011509d 1.65 0.56 0 77 
93011709d 1.61 0.56 0.77 
93011803c 1.58 0.58 0.78 
93012111c 3.40 0.41 0.59 3.12 0.33f 0.45' 
93012409c 3.33 0.42 0.60 3.44 0.46 0.63 

a 5 X 5 crystal array. 
b 3 X 3 crystal array. 
c2w calorimeter between beam dump and target chamber. 
^1w calorimeter behind target chamber (T l c = 73%). 
e2to target-shot energy measured by 2u ouptut sensor. 
fLow efficiency attributed to misalignment of north beam KDP-crystal array. 
_, L . „ . 2<j energy on target 
External conversion efficiency = — ~— 

la) to array apodizer 
2ai energy at KDP output face 

Fig. 2-87. Initial lw 
to-2oj power conver 
sion on the first set 
frequency-doubling 
shots. 

Table 2-12. Novette 
2<ji convprsion 
efficiency. 

Internal conversion efficieny = lw energy at KDP input face 



Novette 
Fig. 2-88. Internal con
version efficiency for 
3 Type II KDP-crysta! 
frequency-doubling 
array obtained from 
initial Novette tests. 

*laMe 2-1.1. Initial 
lu^h-power shots per
formed at lu- and 2u.-
with Novette. 

1 2 3 
lw intensity (GW.'cm2) 

Pulse 
length 

(ps) 

South beam 
lw a 2w b 

(TW) (TW) 

Norlh beam 
lu>* 2u)b 

(TW) (TW) 

Total 

Shot No. 

Pulse 
length 

(ps) 

South beam 
lw a 2w b 

(TW) (TW) 

Norlh beam 
lu>* 2u)b 

(TW) (TW) 
lw> 2w b 

(TW) (TW) 

93012111 
93012409 

95 
94 

12.4 
12.2 

6.1 
5.9 

11.4 
12.6 

4.3 
6.9 

23.8 10.4 
24.8 12.8 

aPower 
nPower 

incident on cryslal-array apodizer. 
measured by calorimeter between beam dump and focusing lens. 

near the maximum spatial frequency passed 
hv the last two spatial filters in the 
amplifier chains. 

Figure 2-86 shows the arrangement of the 
frequency-doubling and target-chamber op
tics and the location of the calorimeters for 
most of the 2a' shots. For the first two shots 
with the south beam, and for the high-
power shots, we measured 2a energy with 
large-ape ture calorimeters installed behind 
the la beam dumps in Fig. 2-86(a). Most of 
the low-power shots were used to calibrate 
the 2u; energy sensors with the configura
tion shown in Fig. 2-86(b). For these shots, 
the 2a beam was transmitted through the 
target chamber to the calorimeter behind 
the target chamber. The reflection from the 
back surface of the input-lens second ele
ment was transmitted back to the 2a- sensor 
for energy measurement. We corrected the 
calorimetei energy to the center of the tar
get chamber (; = \0.73) and to the crystal 
array [I = (0.73)(0.965)] using the measured 
transmission of the target-chamber optics 
(measured chamber optics transmission = 
73% ± 2%). The remaining low-power 
shots were single-beam target-irradiation 
experiments in which 2a' energy was mea
sured by the 2a- sensor. In all cases, la' en
ergy was measured with the la sensor, 
which was calibrated to give energy at the 

input to the crystal-array apodizer. The in
put pulse width was measured by a streak 
camera in the MOR. 

Figure 2-87 summarizes the measured 
power conversion from la- power incident 
on the apodizer to 2x power incident on 
the target. Table 2-12 lists all of the shots in 
this data set, giving the la' intensity inci
dent on the crystal array and the external 
and internal conversion efficiencies. 
Figure 2-88 is the measured internal conver
sion efficiencies superimposed on curves 
obtained from calculated conversion ef
ficiencies. The conversion efficiencies were 
calculated for a Gaussian temporal pulse in
cident on the an ay with various internal 
angles of detuning from the phase-
matching angle.s" The low-power data pro 
vide a good match with previously recorded 
information obtained from Argus and other 
sources."""1 The principal reason for loss of 
conversion efficiency at high power appears 
to be severe intensity and phase modula
tion, caused by the self-focusing instability. 

Table 2-13 provides the la and 2a- pow
ers measured from the two high-power 
shots. The 2a power was measured by the 
calorimeter shown in Fig. 2-86. To compen
sate for the measured transmission of the 
Novette target-chamber optics, these mea
surements must be multiplied by 0.86 to 
obtain the power on the target. The 
low conversion efficiency on the north 
chain (shot 93012111) resulted from an ap
proximate 130-^rad misalignment of the 
crystal array. 

After reviewing the near-field photograph 
from the first high-power shot (Fig. 2-8S), 
we attempted to reduce beam modulation 
on the next shot by usir g smaller spatial-
filter pinholes in the four largest spatial fil
ters. Table 2-14 lists the pinhole sizes, 
spatial-filter cutoff wavelengths, and 
dominant wavelengths observed on the 
near-field photographs for the two shots. 
After the pinholes were changed, the beam 
was successfully propagated through the 
smaller pinholes. The output near-field 
photographs produced during the shot 
failed to reveal evidence of pinhole mis
alignment. Reducing the pinholes in the 15-
to 20.8-cm and 20.8- to 31.5-cm spatial fil
ters in the north beam did not produce no
ticeable improvement in the beam spatial 
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Table 2-14. Pinhole 

No. 93012111 
(both beams) 

No. 93012409 sizes used in largest No. 93012111 
(both beams) South beam North beam I spatial filters for shot 

Spatial-filter Pinhole \»a Pinhole W Pinhole W numbers 93012111 and 
size (cm) (mm) (mm) (mm) (mm) (mm) (mm) 93012409. 

15.0 to 20.8 1.0b B.O 0.75 b 30.0 0.75b 30.0 
20.8 to 31.5 1.3b 17.0 1.0b 22.0 1.0b 22.0 
31.5 to 46.0 2.0 b 9.1 1.5b 12.0 2.0 b 9.1 
46.0 to 74.0 3.3C 9.4 

10.5d 

3.3C 9.4 
12.0d 

3.3C 9.4 
i0.5 d 

aSmallest spatial wavelength passed by spatial filter scaled to 74-cm output beam. 
bSide length for square pinhole. 
cSlit width for slit pinhole. 
dObserved near-field self-focusing cell. 

modulation. Reducing the pinhole size in 
the 31.5- to 46-cm spatial filters in the south 
arm increased the wavelength of the domi
nant structure and reduced its modulation 
depth. The distinct, rectangular pattern that 
we had observed in earlier tests is still 
present, indicating that the beam remained 
on the threshold of catastrophic breakup. 
We now believe that beam breakup, at 
lower than expected power, is caused by 
higher than anticipated modulation im
posed on the near-field beam by square 
spatial-filter pinholes. By reluming to round 
pinholes, we should be able to sufficiently 
decrease the modulation to allow propaga
tion of high-power beams through the 
system without danger of breakup. 

The data collected during activation of 
Novette have confirmed that Nova will 
attain its high-power system performance 
milestones for IUJ and 2OJ (Rcf. 92). The sys
tem performance achieved in Novette with 
high-power short pulses has increased our 
confidence that high-energy, longer-pulse 
milestones will be attained as well. We 
are now looking forward to a year of 
productive target experiments. 

Author: D. R. Speck 

Major Contributors: O. C. Barr, G. L. 
Hermes, J. S. Hildum, K. R. Manes, 
D. W. Myers, W. W. Simmons, and 
T. L. Weiland 
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Target Design 
Introduction j . H. Nuckoiis 
Our target-design program combines the efforts of the Plasma, Code Develop
ment, and Design groups in three areas 
9 Developing theories of beam-plasma interaction, implosions, and thermonu

clear microexplosions. 
• Building plasma an ' implosion-burn computer codes. 
• Using these theoretical and computational tools to design targets and simulate 

experiments. 
During 1982, we designed targets for early Novette experiments, which are 

expected to achieve 200 times liquid density. Liter Novette experiments may 
reach densities twice as high. We also designed targets for use in Novette cou
pling and weapons-physics experiments. 

Significant effort was devoted to the design of targets for Nova. The principal 
objectives here are to test coupling at plasma scale lengths corresponding to 
megajoule-size targets, to achieve 1000 times liquid density, and to implole tar
gets that are hydrodynamically equivalent to the high-gain, reactor-scale \argets 
anticipated for the future. These experiments will define the . utput of the 
driver required to ignite high-gain targets and will provide confidence that high 
gains can be achieved. A limited effort was devoted to the phvsics of targets 
and beam transport for a reactor employing a heavy-ion beam as the driver. 

LASNEX, our principal computer code for target design and experiment anal
ysis, was substantially improved—particularly in areas of energy and charged-
particle transport. We added more accurate physical models of the degree of 
ionization of compressed matter and of mixed materials. LASNEX has plaved 
a key role in the design of the laser-driven x-rav lasers to be tested on 
Novette in 1983. 

Our Plasma Physics group gained a better understanding of the problems to 
be encountered in designing targets for Novette, Nova, and future reactors, as 
well as of the complex plasma processes that have already been observed. Im
proved plasma codes have been developed, which operate on time ard space 
scales not accessible to LASNEX. Approximate descriptions at Raman and other 
plasma instabilities derived from parameter studies with these codes have been 
formulated and incorporated into LASNEX. 

Additional effort ij being devoted to the development of targets with higher 
performance. A preliminary analysis of implosion and burn physics suggests 
that the use of polarized fuel may be practical in inertial-confinement fusion 
(ICF) targets. If our analysis is correct, the required driver energy may be re
duced by one-half or two-thirds. 

Our estimates of fusion-reactor driver requirements and our calculated target 
gain curves are unchanged from previous years (see Fig. 3-1 in the 1981 Annual 
Report). We expect to achieve the "conservative" estimates of target gain in 
early experiments, and later to progress along a learning curve toward the "op
timistic" performance levels with advanced target concepts. The experimental 
tests of our target designs, and our analyses of the results, are reported in Sec
tion 5, "Fusion Experiments Program." 

file:///argets
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Laser Targets 
Introduction 

Most of the effort of the laser-target design 
group has been in preparing for the experi
ments soon to begin on Novette and in 
developing advanced target designs for 
Nova, which will be hydrodynamically 
equivalent to the eventual high-gain, 
megajoule-scale capsules projected for 
future reactors. To experimentally demon
strate the hydrodynamic equivalence will 
require numerous advances in diagnostics 
and fabrication techniques. We have con
centrated on designs that will aliow us to 
use Novette as a test bed for developing 
several techniques. If these techniques are 
successfully implemented, Novette should 
produce implosions that reach densities 
from 2 to 4X those obtained with Shiva. 

We have extended our previous analytic 
work in examining the trade-offs involved 
in optimizing implosion efficiency, symme
try, and stability for direct-drive ICF targets. 
As suggested by S. Bodner of the Naval 
Research Laboratory, we find that, for a 
given degi ee of smoothing and constant 
implosion velocity, the hydrodynamic 
efficiency increases approximately as 
X 0 2 5. However, we find that the pressure 
generated for a given degree of smoothing 
varies as \ "'7. Hence, the number of 
(•-foldings for Rayleigh-Taylor instability 
would increase as P1'2 <x \ 0 8 5 for a given 
implosion velocity. 

If, for fixed wavelength, the implosion 
pressure must be increased, the implosion 
efficiency is approximately inversely pro
portional to pressure for rc/ri > 1.2, 
where rc is the critical radius and ra is the 
ablation radius. 

In the past year, KMS Fusion, Inc. has 
used a short-duration probe pulse to map 
out experimentally the subcritical density 
profile for spherical targets. Our LASNEX 
simulations of the KMS profiles for low-Z 
materials are consistent with electron trans
port modeled with a flux limit of / = 0.03. 
Our analyses of the profiles for layered 
spheres coated with low-Z material arc 
also consistent with ilux-limited transport. 
In general, for the experiments to date, 
there appears to be no significant dif

ference in transport between spherical and 
slab targets. 

It is possible to reduce growth of the 
Rayleigh-Taylor instability at a density dis
continuity by introducing a density gradient 
to bridge the discontinuity. This problem 
was first tackled by Lelevier in 1952. We 
have derived the shape of the optimal den
sity profile for such a bridging layer, for the 
case of fixed mass or fixed distance between 
the high- and low-density layers. 

It is also possible to approximate a con
tinuous density profile with a series of den
sity steps. We have worked out a formalism 
to treat the growth of the Rayleigh-Taylor 
instability for an arbitrary stepped profile. 
The results are valid for the linear regime, 
and, hence, would be valid for implosions 
in which all modes remain in the linear re
gime. Huwever, the approach does not take 
into account important issues of mode cou
pling, other nonlinear effects, or the effects 
of the ablation process. 

Author: J. D. Lindl 

Trade-Offs Among Symmetry, 
Stability, and Implosion 
Efficiency for Directly Driven ICF 
Targets 

One of the important considerations in 
symmetry is the standoff, i.e., the distance 
between the critical surface and the ablation 
surface (r,. — r,), which usually appears in 
normalized form, (rc — r,)/r, = r(./r, — 1, 
or simply as r./rY Last year, we reported 
that when both i\./ra and the ablation frac
tion mf/»i(i (ratio of payload mass to initial 
mass), are fixed (see Fig. 3-1), then the im
plosion efficiency is essentially independent 
of laser wavelength. However, rvpical cap
sules require a fixed implosion velocity 
rather than a fixed ablation fraction. For 
fixed implosion velocity and fixed rjra, the 
implosion efficiency actually increases 
slowly with increasing wavelength. 

The ablation fraction for optimal implo
sion efficiency is mf/m0 ~ 0.2. For a typical 
implosion velocity of 3 X 107 cm/s, a 
direct-drive rocket (which is the applicable 
concept here) typically ablates substantially 
less than the optimum amount, so that the 
rocket efficiency is less than optimal, going 
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in. Moreover, in order to keep r c/r a fixed as 
the wavelength is shortened, the tempera
ture and hence the exhaust velocity of the 
rocket must increase, thus further decreas
ing the ablated mass and moving mf/m0 fur
ther from the optimum, resulting in still 
lower rocket efficiency. 

Another consideration is that for fixed 
implosion velocity and r/r,, the ablation 
pressure, Ps, decreases rapidly as wave
length is increased. In order to reach a fixed 
implosion velocity, we require that Par3/Ar 
c= constant, where Ar is the shell thickness. 
Since the Rayleigh-Taylor instability sets a 
maximum tolerable value of r,/Ar, there is a 
minimum allowable pressure and hence a 
maximum useful wavelength. 

Fig. 3-2 gives a global view of these re
sults, based on calculations with a fixed ve
locity of 3 X 10'' cm/s, a flux limit / = 0.03, 
and a capsule size appropriate to a high-
gain driver (a few megajoules), giving 
r, = 0.3 cm with a driving pressure of 
20 Mbar. For pressures other than 20 Mbar, 
the radius was scaled as P.," ] / \ 

One set of curves in Fig. 3-2 plots rocket 
efficiency, (, vs wavelength for fixed abla
tion pressure, showing e oc Xf'•'. The other 
set of curves plots efficiency vs wavelength 

for fixed standoff, showing t oc Xf;25. As ex
plained, fluid instability will set a minimum 
ablation pressure, while symmetry require
ments will set a minimum value of rc/Vv 

If the required ablation pressure is known, 
then following the curve at that pressure 
will reveal the shortest wavelength that 
will yield the required smoothing. Any 
longer wavelength will also give the re
quired smoothing, but the efficiency will 
drop as Xf' '• 

As shown in Fig. 3-2, a relatively modest 
increase in standoff results in a substantial 
drop in efficiency. Hence there is a signifi
cant advantage to providing the smoothest 
possible beams and operating at the 
shortest possible wavelength. In addition, 
by choosing a wavelength to generate a 
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Tig. 3-1. Implosion ef
ficiency vs normalized 
standoff distance is 
virtually independent 
of laser wavelength \ 
and only weakly de
pendent on f. (Abla
tion fraction fixed.) 

Fig. 3-2. Rocket effi
ciency vs laser wave
length for six fixed 
ablation pressures and 
for five fixed normal
ized standoff dis
tances. (Implosion 
velocity constant.) 
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Hg. 3-3. The qualita
tive behavior of the 
electron density pro
file changes depend
ing on the value of 
the electron flux limit. 

Fig. 3-4. Comparison 
of measured and sim
ulated density profiles 
from a KMS gold-disk 
shot; the flux-limited 
models match the data 
more closelv than 
does the free-
streaming model. 

given standoff and pressure, an increase in 
tht required pressure by a factor of 2 pro
duces a corresponding drop in efficiency of 
flmost a factor of 2, since < oc p ° '"•. 

Authors: J. D. Lindl, C. E. Max, and 
W. C. Mead 

Analysis of KMS Electron-
Transport and Density-Profile Data 

In recent years, many experiments have 
pointed to the need for invoking anomalous 
(inhibited) thermal-electron transport in tar
get simulations; when the thermal-electron 
mean free path becomes comparable to the 
scale lenglh characterizing the temperature 
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gradient, the physical assumptions made in 
deriving the well known Spitzer conductiv
ity break down. In this regime, we therefore 
invoke the constraint that the electron flux 
he no greater than the free-streaming limit, 
iwT. To match experimental data, however, 
the need has arisen to ons t ra in the flux to 
InvT, where f (known as the flux limit) is a 
small number, as opposed to / =-. 0.5 in the 
classical, free-streaming case. 

In this report we analv/.e new data, taken 
at KMS l-'usion. Inc.' The new data, sensi
tive to the flux limit, are a series of snap
shots of the electron density profile, taken 
holographically with a separate, frequency 
quadrupled (4u;) probing laser. The density 
profiles decisively reinforce the need 
to invoke a more severe flux limit, at or 
around 0.03. 

If electron transport is not inhibited, the 
heat is efficiently transported from the criti
cal target surface, where the laser is ab
sorbed, to the overdense plasma; the heated 
plasma then blows out into the underdense 
corona. If electron transport is inhibited, less 
overdense plasma is heated, and less is 
blown out into the corona. Thus, at a given 
time, at a given position not too far from 
the original target surface (200 ,um in 
Fig. 3-3), there is more plasma for the 
noninhibited model than for the inhibited 
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model. On the other hand, the inhibited 
model bottles up all the energy in the 
underdense plasma and heats it to much 
higher temperatures. This very hot, tenuous 
plasma consequently moves out faster than 
the cooler, denser, and slower-moving 
plasma of the noninhibited model. There
fore, at a point very far from the target 
(350 pm in Fig. 3-3) there is actually more 
plasma according to the inhibited model 
than according to the noninhibited model. 

Our analysis qualitatively explains Fig. 
3-3, which shows quite graphically the dif
ference in predictions for the underdens>= 
density gradient between our two LASNEX 
flux-limit models: f = 0.5, which inhibits, 
electron transport to half the naive, classical 
free-streaming limit of nvT; and f = 0.03, 
which restricts the electron flux to just a 
few percent of free streaming. 

Gold-Disk Data. The first set of KMS 
data we examine was produced with 
1.06-Aim irradiation of gold disks. Previous 
work at LLNL showed the need to invoke a 
flux limit of 0.03 for gold-disk irradiations.2 

By setting f — 0.03, we were able to match 
such observable quantities as the fraction of 
laser light absorbed, the fraction converted 
to re-radiated x rays, and the fraction scat
tered by stimulated Brillouin scatter (SBS); 
we were also able to match estimates of the 
coronal electron temperature. Nonetheless, 
the validity of the classical flux limit re
mained open. This possibility required 
changing our assumptions about SBS (to 
match measured absorption and SBS) and 
our assumptions about material opacities (to 
match measured x-ray emissions). Thus, the 
density-profile data from KMS imposed an 
added constraint on the modeling with 
which to test energy transport. 

The laser energy in the KMS experiments 
ranged from 100 to 200 J in a 750-ps flat-
topped pulse; the incident laser intensity 
was 2 ± 1 X 10" W/cm2. The probing 
pulse at f = 200 ps was 80 ps long. We per
formed LASNEX simulations with these pa
rameters, varying the flux limit. Since 
changing f changes the coronal conditions, 
and therefore the observable quantities 
mentioned above, we varied the amount of 
laser light legislated as lost due to SBS. We 
also varied the opacities such that, for each 
value of /, our simulation matched the mea
sured absorption and x-ray emission. The 

simulations were done in two dimensions 
with laser ray tracing. 

In Fig. 3-4, we compare the LASNEX 
simulations with the KMS gold-disk data; 
the three curves for each model correspond 
to the profiles at the beginning, middle, 
and end of the probing time. Note that the 
profile data are matched either by a severe 
flux limit (/ = 0.01) or by a slightly less se
vere limit (f = 0.03) when LASNEX is al
lowed to generate thermal-electric magnetic 
fields, which tend to contribute to flux inhi
bition. Note also that the profile cor
responding to f = 0.5 lies well outside the 
error bars of the KMS data, showing clearly 
the need to invoke nonc.assical thermal-
electron transport. 

As we noted earlier, the very underdense 
plasma moves out further in the inhibited 
case, since the plasma is hotter. In Fig. 3-5, 
we compare the KMS data with the predic
tions of our two flux-limit models for the 
two-dimensional position of the first holo
graphic interference fringe. The fringe 
blowing out from the target at 200 ps corre
sponds to a rather low density of approxi
mately 2 X 10" electrons/cm ~-\ Note that a 
hot, rapidly moving corona—as is created in 
a flux-inhibited model—is required to 
match the data. 

Spherical-Target Data. The second series 
of experiments we analyze consists of 

Fig. 3-5. Two-
dimensional snapshot 
of the first holo
graphic interference 
fringe from a gold-
disk target; the inhib
ited transport model 
(with a hot corona) 
shows the best fit to 
the data. 

Data: first fringe at 
t = +200 ps 
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Fig. 3-6. Density pro
files from four differ
ent spherical, layered-
transport targets: all re
quire f = 0.03 to match 
the data. 

spherical targets, illuminated spherically by 
the triple-bounce illumination scheme at 
KMS. The spherical nature of these experi
ments greatly assists our computer simula
tions because we can use the much simpler 
one-dimensional modeling. The targets 
were roughly 100 ^m in diameter; glass 
shells 6 ftm thick were coated with (work
ing outward) 0.5 jum of aluminum, 5 ,um of 
plastic (CH), and finally 0.01 ,um of tita
nium. The titanium flashes on briefly with 
x-ray emission at the onset of irradiance. 
The thermal-conduction front then propa
gates through the poorly emitting plastic, 
eventually reaches the aluminum, heats it, 
and lights up the target in x-ray emission 
once again. Time-resolved x-ray detectors 
recorded these emissions vs time, providing 
a clear record of the energy transport 

through the CH. Density profiles were also 
taken on these shots. 

Figure 3-6 compares actual density pro
files from four shots with density-profile 
predictions for those shots. The laser inten
sities for these shots were 2, 6, and 9 
X 10 M W/cm 2. Once a 0 a in the LASNEX 
model with / = 0.03 matches the data very 
well, whereas the / = 0.5 model does not. 

Another way of viewing the conclusions 
from modeling this series is given in Fig. 
3-7, in which we plot the position of the 
critical surf.ice vs time. The data points 
come from the density-profile measure
ments; the number within each point repre
sents the incident laser intensity in nnits of 
10 1 4 W/cnr. The red lines are experimental 
inferences of the critical radius trajectory 
based on measured Doppler shifts. The 

H I n s 

10 2 : 

10 2 1 

102« 

1 0 " 
1 0 2 2 

1 0 2 1 

i o 2 0 

10" 

A 
Probe time = 390 ps 

f > 
Probe t ime = 737 p s 

/ = 2 x 1 0 " W / c m 2 

51 Mm 

• I 1 1 
J = 2 x 1 0 " W / c m 2 

- i\ R 0 = 51 urn 

- 1 0.I1.O 

1 i i 
1 I I 

J = 9 X 1 0 1 4 W / c m 2 

\ R„ = 37 fim 

I 

6 x 1 0 1 4 W / c m 2 

37 fan 

100 200 300 400 0 

R (pun) 
100 200 300 400 

3-6 



Laser Targets 

shaded regions are LASNEX predictions for 
the two models, with the thickness of the 
regions representing a twofold increase in 
incident energy. Thus, the overwhelming 
sensitivity is not in the absorbed energy 
fraction but rather in the choice of flux 
limiters; once again, / = 0.03 shows the 
best agreement. 

At this point, it is proper to mentio:. 
those factors .o which the computer simula
tions are most sensitive. In our spherical ex
periments, the amount of absorbed energy 
that wound up as suprathermal electrons 
was roughly 35% of the absorbed energy. 
To match the data, we need to inhibit the 
flux of the suprathermals as well as the 
thermals; if we inhibit one and not the 
other, the results resemble the / = 0.5 
,.iodel. The profiles are rather insensitive to 
changes in the pulse shape, which nomi
nally is a fast-rising (100 ps), flat-topped 
(1 ns) pulse; in reality, the pulse shape devi
ates by as much as a factor of 2 in rise time 
and flatness. The SBS model of Estabrook 
et al. 1 predicts no SBS for these experi
ments. As such, the / = 0.5 model predicts 
too much absorption by a factor of 2, even 
when the classical inverse bremsstrahlung 

absorption opacity is multiplied by 0.5 to 
account for the Langdon effect. Thus, while 
we must throw away energy to make the 
/ = 0.5 model match the absorptions, we 
really have no good justification for doing 
so. Finally, the implosion time depends sen
sitively on the flux limiter and, as such, 
• ould serve as yet another constraint on 
;"- e modeling. 

^ince LASNEX models \-ray emission 
from heated materials, we can match the 
time hisu , r v of x-ray emission from these 
layered spheres with the experimental ob-
servatioi s. We present the data in terms of 
the mass ablation rate, dm hit, operationally 
defined here as the thickness of CH multi
plied by its density (1.1 g/c 1), divided by the 
time interval between the titanium x-ray 
flash i.,id the x-ray turn-on due to the heat 
front reaching the aluminum. We plot the 
mass ablation rate of CH in Fig. 3-8 vs the 
absorbed irradiance. Note that most of the 
data lie near the LASNEX / = 0.03 curve, 
and well below the f = 0.5 curve. There is 
possibly a single exception at the very 
lowest absorbed irradiance, corresponding 
to an incident irradiance of just under 
1 X 10" W/cm 2 . 

80 

60 

I 
100 J 

1 ns 

/ = 0.5 
80-ps probe pulse 

at various probing times 

0.01 /jxn Ti 
5 fim CH 

7*0.5 mm Al 
6 |um S i 0 2 

R = 37 to 51 ixm, 
spherical targets 

50 J absorbed 

25 J absorbed 

O = Holographic data; numbers are 
incident laser intensity in 10 M VWcm2 

200 400 600 
Probe time (ps) 

800 1000 

Tig. 3-7. Time hislory 
of the critical surface 
radius. Data points are 
derived from holo
graphic density-
profile measurements; 
red lines are critical 
surface trajectories in
ferred from Doppler-
shift measurements. 
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In Fig. 3-9, we plot data from other labs 

along with the KMS data and our LASNEX 
models. An intriguing picture seems to 
emerge. Below some threshold, correspond
ing to an incident intensity of 1 X 10H 

Wan', the data lie on the f = 0.5 curve 
implying no need for anomalous flux inhi
bition for those conditions. Above that 
threshold, however, the need for f --- 0.03 
emerges quite clearly. This threshold has 
been discussed earlier by McClellan et al., 
based on the analysis of temporal x-ray 
emission from disks of varying Z (Ref. 4). 
They concluded that the inhibition thresh
old is Z-dependent, and its value for CH is 
about 1 X Wu W/cnr. This v«i! ue ivfls also 
deduced some years earlier by Pearlman 
and Anthess; it is also hinted at by our 
compilation of data in Fig. 3-9. 

In summary, by analyzing the KMS den
sity profiles both for high-Z disks and low-

Fig. 3-8. tVIass ablation 
rate of CH vs ab
sorbed intensity. Data 
points an* derived 
from x-r i y emission 
vs time, as the CH 
burns and allows the 
underlying aluminum 
to radiate. 

Fig. 3-9. Compilation 
of data on mass abla
tion rate from various 
laboratories. Note the 
possible shift of data, 
from the / - 0.5 curve 
at low intensities to 
t h e / = 0.03 curve at 
higher intensities. 
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Z coated spheres, we have seen the clear 
need to invoke a flux limit at or near 0 03. 
These new data confirm (lie modeling we 
have been using in the past few vears to 
analyze the behavior of laser-driven targets. 

Author: M. D. Rosen 

Antimix-Layer Density Profiles 
Giving Least Rayleigh-Taylor 
Instability 

The Rayleigh-Taylor instability causes small 
ripples on an interface between two fluids 
to grow if the interface is accelerating to
ward the denser fluid. The growth rate of 
such ripples can be reduced by sandwiching 
a layer of intermediate density between the 
two fluids. If this "antimix layer" is reason
ably thick (thick enough to significantly re
duce the growth rate), further reduction in 
the growth rate can be achieved by 
smoothly increasing the density of the layer 
from its interface with the low-density fluid 
to its interface with the high-density fluid. 
We can use variational calculus to find 
what the density profile for such an antimix 
layer must be to minimize the growth rate 
of the Rayleigh-Taylor instability. 

Usetul terminology for this problem is 
defined in Fig. 3-10. A gravitational field of 
acceleration j ; acts in a downward direction 
on a horizontally stratified fluid. The low-
density fluid is gravitationally lowest in the 
stack, followed by the antimix layer, with 
the high-density fluid at the top of the 
stack. The lowest layer is called the sup
porting fluid, while the highest layer is 
called the supported fluid. The vertical den
sity profiles in the supporting and the sup
ported fluids, as well as the boundary 
conditions at the top and bottom of the 
stack, are assumed to be given. 

The goal is to determine the vertical 
density profile in the antimix layer that 
minimizes the growth rate of the Rayleigh-
Taylor instability. Some additional con
straint must be placed on the profiles to be 
examined, otherwise an infinitely thick 
antimix layer with an infinitesimal density 
gradient will surely be the solution. Two 
constraints have been considered: either the 
thickness of the antiripple layer can be con
strained to have a given value, or its mass 
per unit area can be constrained to have 
some given value. 
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The problem is best solved bv first con
straining both the thickness and the areal 
mass of the antimix layer. Later, these solu
tions can be searched at constant areal mass 
or at constant thicknes= to determine which 
profile is best when only one of these 
quantities is constrained. The solution will 
be obtained by using variational techniques 
on an integral expression for the growth 
rate for an antimix layer of a given thick
ness and employing a Lagrange multiplier 
to constrain the antimix-layer mass. 

The amplitude of the vertical (;) compo
nent of the displacement field is j". Since the 
displacement field is wavelike in the trans
verse direction, f is a function of: alone. 
The transverse wave number, k, is assumed 
to be given. The most convenient dimen-
sionless measure of the growth rate y of the 
instability is the stability parameter 

parameter holds 

l\ rfrrf'f 
h 

(2) 

where primes denote d/d{kz). Finally, the 
areal mass of the antimix layer is siinpK 

el = gk/y' (1) 

which increases with decreasing growth 
rate. If the boundary conditions at surfaces 
0 and 3 of Fig. 3-10 are those of a free sur
face or a rigid surface, then the following 
integral expression for the stability 

(3) 

The task is now lo exlremi/e the right 
hand side of Eq. (2), subject to the con
straint in Eq. (3). for all admissible varia
tions in the mode shape ft;) and the 
density profile /*(:). Extremizing o with re 
spect to variations in f merely ensures that 
the mode shape ft;) does, in fact, satisfy the 
equations of motion for the (unknown) 
density profile p(z). Maximizing a with re
spect to variations in /; is, of course, the 
goal of the exercise. The two simultaneous 
differential equations that result from this 
procedure can be solved analytically for the 
mode shape and the optimal density profile. 

The results of this calculation are 
Pig. 3-10. Dcfinii 
of terms. 
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Fig. 3-11. Curves of 
constant growth rate 
ror given transverse 
wave number k and 
supporting and sup
ported fluid structure. 
The growth rate plot
ted is the minimum 
possible for antimix 
layers with the given 
values of km and k&. 

-- <r In 
-a ± x<r - 1 -[fln\) 

+ \ff" - 1 

yo2~ i(f/f,)± \(<r:- m/tf-wtx) 
X In 

and 

w2 - 1 ± N r r - 1 -iml) 

«[M])± V(u 2- I)(i7f,)3 - (flip 

^ v^ - l ) ( . t / f , ) 2 - (# f f ) 

V'ff2 - i - (e/ii) 

(4) 

(5) 

The constant £ is related to the Lagrange 
multiplier associated with the constraint of 
given mass. The constant f, is arbitrary; it 
simp'1' sets the amplitude of the perturba
tion. The constant p, and the sign of the 
square roots can be determined r'rom the 
boundary condition at the lower boundary 
of the antimix layer. Equation (5) then de

termines a value of p2, which must be con
sistent with the boundary condition at trie 
upper boundary of the antimix layer. 

From Eq. (4), the condition of consistency 
determines a unique value of the thickness 
of the antimix layer for which this solution 
can apply. Thus, although the thickness and 
areal mass of the antimix layer were origi
nally regarded as given, the problem is 
more naturally expressed by the constants a 
and !/i\ in Eqs. (4) and (5). These equa
tions, together with the consistency of the 
boundary conditions, can be used to derive 
analytic expressions for the antimix-layer 
mass, in, and thickness, 0, associated with 
•any particular values of the parameters 
.: and f/fj. 

Using the preceding expressions, we can 
construct a contour plot of the maximum 
stability parameter, or minimum growth 
rate, attainable by introducing an antimix 
layer of thickness 8 and areal mass in. Such 
a plot is shown in Fig. 3-11; its details de
pend on the thicknesses of the supporting 
and supported fluids, the boundary condi
tions at their outer surfaces, the transverse 
wave number, and the density contrast 
p h/p c V However, the qualitative features of 
the plot remain invariant. 

The bold contour in Fig. 3-11 represents 
the growth rate in the absence of any 
antimix layer. Outside its two branches, the 
growth rate of the Rayleigh-Taylor instabil
ity with an optimal antimix layer is actually 
greater than it would be without any 
antimix layer at all. In the upper left part 
of the plot, the combination of low areal 
mass and large thickness forces a low den
sity gap between supporting and supported 
fluids, which invariably causes a high 
growth rate. Conversely, in the lower right 
part of the plot, high areal mass and low 
thickness imply that the highest densities in 
the problem will actually be found within 
the anrimix layer, again leading to high 
growth rates. 

Indeed, to the right of the dashed line in 
Fig. 3-11, the method cannot find any opti
mal density profile. The reason can be seen 
by studying the sequence of optimal density 
profiles corresponding to the points on the 
horizontal line PQ. This sequence is shown 
in Fig. 312. At the dashed line in Fig. 3-11, 
the density profile becomes singular at the 
upper boundary of the antimix layer. To the 
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right of the dashed line, the optimal density 
profile would include a delta function sin
gularity at the upper boundary of the 
antimix layer. 

Thus, the only region of interest in Fig. 
3-11 is the region between the bold curves, 
which represents a ridge of stability. In par
ticular, the locus of points P (where P on a 
given curve is the point corresponding to 
minimum thickness) represents the density 
profiles with minimum growth rate for a 
given thickness, independent of mass. The 
locus of points R (where R on a given curve 
is the point corresponding to minimum 
mass) represents the optimal profiles for a 
given mass, independent of thickness. By 
setting appropriate derivatives of the ana
lytic expressions for m and 0 io zero, these 
points can be algebraically determired. The 
resulting equations can be solved in closed 
form in both cases. 

For either the case where the thickness of 
the antimix layer, or the amount of areal 
mass, is constrained to take a given value, 
the optimal density profile is exponential, 
with density jumps at the upper and lower 
boundaries of the layer. The magnitudes of 
the density jumps depend on the given 
transverse wave number so that the insta
bility growth at the jumps is comparable to 
the growth in the density gradient within 
the antimix layer. The optimal profile for 
given mass differs sigi.liicantly from the op
timal profile for given thickness only when 
lhe thickness of the antimix layer is less 
than about 1/k, where k is the transverse 
wave number. 

Since the optimal profile for a given areal 
mass is of greater practical interest, the for
mulas for it will be explicitly given. The 
mode shape and density profile in the 
antimax layer are 

«z) = fi = f2 • 

and 

Pi 

Pi _ -4»1 
P., ° 
PI \KH 
Pb " 

(6) 

and (7) 

The thickness and areal mass of the antimix 
layer are 

M = ffln[pb/lb(<r)/pa/l»] 

and 

km = pbAb{a) - pa/l,,(ff) . 

(8) 

(9) 

Here, the boundary functions Ay and Ab are 
defined (see Fig. 3-10) by 

f a + coth k0„, if surface 0 is rigid, 

coth kO. , if surface 0 is free, 

(10) 

and 

(a — coth k8b, if surface 3 is rigid, 
Ab(a) = \ a 2 _ } 

ICT + coth k8b 

, if surface 3 is free. 

(11) 

The explicit dependence of optimal 
density profile on the transverse wave 

Fig. 3-12. A series of 
optimal antimix-layer 
density profiles at 
fixed thickness with 
increasing mass. 
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number k proves that no single density 
profile can minimize the Rayleigh-Taylor 
growth rate for perturbations of all 
transverse wavelengths. 

It is remarkable that the density pr jfiles, 
which are optimum for a given mar,., have 
the extremely simple mode shape repre
sented bv Eq. (6). Since the amplitude of 
the vertical displacement field is constant 
throughout the antimix layer, and since the 
(infinitesimal) displacement field is 
divergence-free (isochoric), there must b'j 
no transverse displacement of the fluid in 
this mode. Thus, the density profile that 
minimizes the instability growth rrUe for a 
given areal mass has the property thai its 
fastest growing mode exhibits no transverse 
displacements within the antimix layer. 
Hence, the usual "bubbles and spikes" do 
not form. 

Similarly, the density profile of given 
thickness, which minimizes the instability 
growth rate, is characterized by the fact 
that, for its fastest growing mode, the ki
netic energy density is spatially constant 
within the antimix layer. 

In most interesting situations, the sup
porting and supported fluids are of the or
der of one transverse wavelength, or more, 
in thickness. Then, the hyperbolic cotan
gents in the boundary (unctions in Eqs. (10) 
and (11) are essentially unity so that t lv ex
pression for the areal mass in Eq. (9) takes 
on the especially simple form 

k m = fhM- ] • P . ^ + 1 (12) 

This formula is a useful rule of thumb. If 
an antimix layer of areal mass no gTeater 
than in is to be placed between layers of 
density p a and ph, then the smallest growth 
rate 7 for perturbations of wave number k 
is given by 

gk Pb + P., , in 
— — K k 

Pb - p., >>b - p . , 
(13) 

The first term on the right-hand side of 
Eq. (13) represents the usual formula for the 
growth rate of the Rayleigh-Taylor instabil
ity in the absence of an antimix layer. The 
second term is simply kL, where L is the 
density-gradient scale length in the antimix 
layer. Again, the second term by itself is the 
usual estimate for the growth rate of the 

Rayleigh-Taylor instability in a continuous 
density gradient. In a sense, then, while 
Eq. (13) has always been known, we have 
provided the specific question to which 
Eq. (13) is the answer. 

Author: D. H. Munro 

Graded-Density Antimix Layers for 
Suppression of Rayleigh-Taylor 
Instability 

Fluid instabilities in ICT targets arise some
time during the history of the implosion, 
when a low-density material pushes and 
accelerates a shell of higher-density mate
rial. Typically, the low-density material is 
plastic or staging fluid of density about 
1 g/cm', while the heavy shell is a high-Z 
inner pusher, such as gold, of density about 
20 g/cm 1 . Rayleigh-Taylor instabilities are 
caused by small density perturbations, at 
the interface between two fluids, which can 
grow and cause the heavy shell to break up 
and mix with the DT fuel, resulting in sub
stantial degradation in yield. 

The instabilities can be suppressed by 
making the transition smoother from the 
low- to the high-density regions. Smoothing 
can be achieved by introducing antimix lay
ers at the interface Our systematic study 
has yielded definite results as to the densi
ties and thicknesses of antimix layers re
quired to minimize the growth of Rayleigh-
Taylor instabilities. 

The hydrodynamic efficiency of implo
sion will change if, in introducing the 
antimix layers, we increase the mass to be 
accelerated. To avoid a change in overall 
mass, we can reduce the mass of the heavy 
shell, in which case our approach can be 
properly described as spreading the mass of 
the original heavy shell into some number 
11 of subshells, keeping the total areal mass 
fixed (Fig. 3-13). 

Our calculations aie based on the linear 
theory of Rayleigh-Taylor instabilities.h The 
linear theory is adequate because we are 
trying to suppress the initial growth, where 
the perturbations are small, and yet grow 
most rapidly (in fact, exponentially) with 
time. As the amplitude grows larger, non
linear effects slow down the growth. We 
will make use of this fact later as a criterion 
for choosing the wavelength of the most 
dangerous perturbations. 
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Over the past year, we have developed7 

new techniques for calculating the 
eigenvalues and eigenvectors for normal 
modes in a stratified fluid; we have applied 
our techniques to find how the Rayleigh-
Taylor instability can be suppressed by 
graded-density layers. 

In the original heavy shell, perturbations 
grow almost classically6 such that 

There are n + 2 interfaces, and we find' 
that there are n + 2 modes whose growth 
rates are given by the eigenvalues of the 
matrix M. [See Eq. (16) in Table 3-1.] In Eq. 
(16), S, = sinh (Jtf,), i = 1 , . . . , n + 1 (f1M., 
= bt), and the diagonal elements C, are 
given by 

C, 1 

Tdass.rai = [sk{Pb ~ PtV(Ph + Pelf' (14) 

where y is the rate of exponential growth 
(perturbations oc e"1', where r is time), g is 
the acceleration due to gravity, k — 2JTA, 
X = wavelength of the perturbation, and ;;,, 
(pf) is the density of the heavy (light) fluid. 
In addition to Eq. (14), there is a stable 
mode, which instead of growing, oscillates 
in time with y — i\gk. 

Equation (14) leads to unacceptably large 
growth rates. When a certain fraction (to be 
determined) of the mass is spread into n 
subshells, we find n + 1 unstable modes in 
addition to the (harmless) stable mode. All 
the unstable modes are smaller than 
ĉlassical' ar>d w e n a v e developed codes to 

calculate and list them in decreasing order. 
We focus on the first (fastest growing) 
mode, which we call ymav and determine 
the fraction of mass spread to minimize this 
fastest-growing mode. 

Normal Modes. Perturbations growing in 
the direction of acceleration g = gy can be 
analyzed in terms of normal modes with 
velocity uB = W(y) <>'*v c 1 '. The growth rate 
7 is found by solving the differential 
equation 

d_l dW 
dy \ dy 0, (15) 

subject to proper boundary conditions. Here 
p =• p(y) is a sperifiod density profile, and 
Eq. (15) must be viewed as an eigenvalue 
equation, where W(y) is an eigenfunction 
corresponding to the eigenvalue y, both of 
which remain to be found. 

Stepwise Density Profile. Figure 3-14 
shows the density profile for n antimix lay
ers (or subshells) of arbitrary thicknesses r, 
and densities pt, i = 1, 2 , . . . , ; : — 1, n. The 
thickness of the low-density p0 = ps shell is 
assumed to be large, and U denotes the 
thickness of the remaining heavy shell 
whose density is ph. 

CHI M m + ' + P, T,+ (17) 

where T, = tanh (A/,/2), and • = 1 
n + 1. 

The matrix M depends only on the shell 
densities and their thicknesses and, of 
course, on X = 2ir/k. The eigenvalues of M 
give gk/y2. The characteristic equation is 

det M > = 0 (18) 

which is a polynomial equation of degree 
n + 2, giving u + 2 values of y2. 

We developed codes' to calculate all the 
eigenvalues and eigenvectors for a stratified 
density profile. In addition, we checked 
how these modes approach the modes of a 

P u s h e r 

Fig. 3-13. (a) Capsule 
with a single-shell 
pusher of uniform 
density, (b) A. *>mix 
layers introduced at 
the pusher/ablator in
terface by spreading 
some of the mass of 
the original pusher 
into a number of 
subshells. 
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continuous exponential profile p = p,^'1" in 
the limit of large n, with various boundary 
conditions. We solved Eq. (15) exactly for 
the case of an exponential profile and com
pared our results for n discrete layers with 
the results of the continuous profile, whicli 
we denote by H = cc. 

Exponential Density Profile. The den
sity profile shown in Fig. 3-15 has an infi
nite number of normal modes, only one of 
which is "trivial" and stable: 7 = ±i\,vi. 
Tile remaining growth rates are given bv 

V (H) 

mine the fraction of mass spread that 
minimizes 7 n l c l v 

In our formalism, the thicknesses and 
wavelengths are arbitrary. However, physi
cal considerations, to be discussed next, 
help us choose the relevant values for the 
two parameters. 

Mass Constraint and Wavelength Selec
tion. When no mass is spread, so that the 
heavy shell has its original thickness /„, the 
unstable mode is close to ">,|,1SSR,,|. If f = the 
fraction of mass spread, then f>l = 
(1 - /')/„. We will often set l„ = 1 for scale. 
Requiring thai the total areal mass remain 
fixed, i.e.. 

Fig. 3-14. Density pro
file of the capsule 
with antimix layers 
introduced: ablator 
density PQ ~ 1 g/cm-\ 
remaining pusher 
density /)„ . ] ^ 20 
g /cm 1 . 

Table 3-1. The 
matrix M. 

where <• = kl </ = tfi/2, I is the thickness 
of the antimix layer, and fit = In U>h/pr) 
^ 3. In Tq, (19), v is obtained by solving 
the transcendental equation 

tan -v 

2cx 
r + ,f • j . r + if - rfl- <• 

(20) 

where, as before, 61 is the thickness of the 
remaining heavy shell. The solutions are 
again listed in decreasing order. We focus 
on the fastest growing rate ym!n and deter-

.P'J. 

P„+l = Ph 

.P'J. 
p,< 1 V 

Pi 
PQ= Pi j - ^ 1 

Pir-

( - — 1 

Pir-

( - — 1 
'1 '2 '„ 

s i ( P i - Po) 

S,(PJ - p,) C, 

HPI - fh) 
(16) 

- P , , + l 

• " S„ + , (p„ + 1 - P „) 
• 1 

5^7 C „ + , 

'"anliinix + ' " „ . m . „ n , n R = " W . ™ ! = Ph' l l • 

we obtain 

(Pi, - P r l / t f + P h (1 " f)'ii = Ph'n (21) 

for the exponential profile p = p0?'". Equa
tion (21) determines 0 for given pf/ph and /, 
and we find / from fit = In (ph /p f ) . 

For the stratified profile of finite n, the 
mass requirement is 

V P,', + Ph( J - /)'o = Ph'o (22) 

We set /, equal to a common value (SUbSheii 
and choose the densities p, such that the 
Atwood number (p M , — p)i(p,,, + p,) at 
each interface is the same, i.e., independent 
of i. It is easy to see that in the limit 11 — co 
such a profile goes over to an exponential. 
For given pt, p h , and n, requiring an equal 
Atwood number implies that p, = 
Pf(Pr/Pp)' / ("+ ", 1 = 1, • • . , «, which when 
substituted into Eq. (22) determines f s u p s n,.i] 
so that 

/ ' jubshcl/ 'n = ~ p i I F | . 

V(Pf/p„) " " 

(23) 

The last and perhaps most important pa
rameter needed to determine the growth of 
Rayleigh-Taylor instabilities is the wave
length X. A reasonable choice is A = St, mo
tivated by the nonlinear behavior referred 
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to earlier (rapid exponential growth contin
ues until the amplitude of the perturbation 
is of the order of the wavelength, after 
which the growth slows down). To main
tain the integrity of the last (Au) shell and 
prevent mixing with the DT fuel, we re
quire saturation of amplitudes by the time 
they are of order 6l, which implies that 
wavelengths =* <5f are the most dangerous. 
Perturbations with X « St saturate quickly, 
while pe-turbations with X » St r,row ,v 
slowly. To explicitly show the dependence 
of our results on A, we consider the range 
0.5 - ' 

Results. In Fig. 3-16, we show •>rn,„/7|1, 
the normalized rate of the fastest growing 
mode, as a function of the fraction of the 
original mass spread into 4, 8, or oo (con
tinuous) subshells. The optimum density 
profile is obtained when ymax is minimum, 
which occurs at about 35%, 45%, and 100% 
for n = 4, 8, and oo, respectively, if we 
choose X = St. In Fig. 3-16, we also show 
the results for shorter (X = 0.55r) and 
longer (X = 2St) wavelengths. The rate -y0 

used for normalization corresponds to zero 
mass spread. 

For n = 4 and n = 8, we have stopped 
the curves at 53% and 70%, respectively, 
because at these values /., St, 
and spreading more mass would only de
crease St, making the remaining heavy shell 
thinner than the subshells and causing the 
perturbations to grow even faster. Note that 
the best profiles occur before this situation 
is reached. 

In Fig. 3-17, we show the density profiles 
for n = 8. Figure 3-17(a) shows the original 
shell with no mass spread; Fig. 3-17(b) 
shows 45% of the original shell's mass 
spread into t'ght subshells; Fig. 3-17(c) 
shows 70% of the original mass spread into 
eight subshells. The best profile (for A = St) 
occurs at 45% mass spread, where the 
thickness of each subshell (0.2i0) is less than 
the thickness of the remaining heavy shell 
(0.55f0). We note in Fig. 3-16 that the 45% 
spread reduces ymm by 1.6, whereas the 
70% spread (where the thickness of each 
subshell is the same as that of the remain
ing heavy shell) reduces ymax by only 1.3. 

It is clear that the growth rates are re
duced by making the transition from py. to 
p( smoother—the more subshells (i.e., the 

smoother the transition), the more y is re
duced. Of course, experimental limitations 
determine how many layers we can coat 
between the high-density pusher and the 
low-density ablator. 

Summary. The exponential growth rates 
of Rayleigh- Taylor instabilities can be sub
stantially reduced by spreading a fraction of 
(he mass of a heavy shell into a number of 
subshells. Our computer codes can calculate 
the growth rates for an arbitrary number 'if 
layers, assuming incompressible fluids, and 

l ;ig. VIS. Continuous 
uYnsitv profile lor 
jntimix layer: v 
/i nc^'' between />n ^ 
1 g/cnv^ and i>{ ^= 
20 g / c m l 

I'ig. 3-16. Rate 7 m a x of 
rastest growing mode 
(normalized to 7 n ) as a 
function of fraction of 
original mass of heavy 
shell spread into tl 
subshells. 

0 20 40 60 80 100 
Percentage of original mass spread into n subshells 

3-15 



Charged-Particle Fusion 

rig. 3-17. Density pro
files for » — 8. 

predict the thickness of each layer and the 
fraction to be spread in order to suppress 
the fastest growing mode. Depending on 
the number of layers that can be coated, re
ductions in growth rate by a factor of from 
1 4 to 3.5 are expected. 

A potentially critical assumption made in 
our analytic work is that the fli ds are in
compressible. LASNEX simulations will be 
necessary to establish how the density pro
files that we have found would change 
when compression and other effects, such 
as heat transfer and varying acceleration, 
are taken into account. 

Authors; K. O. Mikaelian and J. D. Lindl 
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Charged-Particle 
Fusion 

Introduciun 

During 1982, the LLNL Charged-Particle 
Fusion program made advances in 
several areas 
• We neared completion of symmetry and 

pulse-shape studies for heavy-ion reactor 
targets (at — 4 MJ of beam energy) and 
initiated similar studies for targets (at 1 
to 2 M] of beam energy) applicable to 
fusion-fission hybrid reactors. 

• We modified our computed gain curves 
for single-shell, ion-beam targets to 
take into account effects that improved 
target gain. 

• We further explored the relationship be
tween heavy-ion target gain and accelera
tor phase-space to take into account more 
detailed modeling of both final-focus 
conditions aiiu beam expansion before 
final focus. 

• We performed the analyses that pro
vide the bases for several alternate 
hydrodynamic-like numerical modelings 
of pinched beam phenomena; such mod
eling will be useful in increasing focal-
spot beam brightness in high-temperature 
heating experiments and for studies 
of pinched-beam propagation in 
fusion chambers. 
In studies of heavy-ion reactor targets, we 

found that 3.8 M] of ions with an equiva
lent nnge of 10-GeV uranium at 160 TW 
peak power can be used to drive a double-
shell cryogenic target using the double-
pulse shape of Fig. 3-18 instead of a single 
pulse with a long initial foot. Similar 
double-pulse shapes can be used for targets 
now being designed for fusion-fission 
hybrid reactor applications. 

Nuckolls8 mentioned the possibility of 
imploding several targets nearly simulta
neously in a single-target chamber to take 
full advantage of high-repetition-rate dnv-
ers, such as heavy-ion beams. To exploit 
the Nuckolls concept, we need not increase 
the number of beam-entrance ports and 
beamlines in proportion to the number of 
targets imploded. For heavy ions, we might 
use higher beam currents per beamlet, 
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which is possible if we neutralize the beams 
before entering the fusion chamber, or if we 
fully develop the possibility .. T propagating 
self-pinched beams. Issues involved in these 
two beam-propagation modes are discussed 
in "Influence of Target Physics on Ion Ac
celerators and Reactor-Beam Transport in 
Heavy-Ion Fusion" and "A Hydrodynamic 
Model for Simulation of Pinched Beams in 
Innovative Final Focusing and in Reactor-
Beam Transport," later in this section. 

Initial studies of the relationship between 
heavy-ion target gain and accelerator phase-
space requirements were outlined in the 
1981 Annual Report.9 Recently, we have 
refined the results to take into account 
the effects of 
• Improved single-shell target gains. 
• Mere detailed modeling of final focus and 

beam-transport conditions in the fusion 
chamber. 

• Beam expansion to reduce possible 
emittance-growth effects in the 
fusion chamber. 

The results are summarized in "Influence of 
Target Physics on Ion Accelerators and 
Reactor-Beam Transport in Heavy-Ion 
Fusion," later in this section. 

In the 1981 Annual Report,'0 we pointed 
out that reductions by factors of 2 or more 
in focal-spot radius for multigap accelerator 
test facilities are important in that they 
make disk-heating and other experiments 
more interesting, even at 1 to 10 kj (such as 
experiments with Na ' ions at ~ 100 MeV). 
In Ref. 10 we also suggested one possible 
collective final-focusing mechanism using 
the pinching 6„ azimuthal magnetic field 
of an external-discharge-current channel. 
Moreover, self-pinched propagation of 
beams might provide a useful alternative to 
heavy-ion ballistic propagation for fusion-
chamber designs in which smaller beam en
trance ports are desired." Self-pinched 
propagation might also be crucial for light-
ion reactor scenarios.12 It is therefore useful 
to pursue further investigation, including 
numerical simulations of three-dimensional 
pinched-beam-propagation effects, such as 
those that help us confirm the absence of 
instabilities as well as those we need to de
velop the process of beam merging. If ap
plicable, hydrodynamic-like simulations 
would be highly desirable to reduce com
putational expense. In "A Hydrodynamic 

20 
Time (ns) 

Model for Simulation of Pinched Beams in 
Innovative Final Focusing and in Reactor-
Beam Transport," we outline analytical deri
vations of several plasma regimes in which 
hydrodynamic-like modeling is indeed ap
plicable; we are currently pursuing numeri
cal comparisons with particle codes and 
analytical results oi simpler problems, 
prior to detailed application. Similar 
hydrodynamic-likc models are available for 
the numerical simulation of particle beams 
in axial magnetic fields (found in some ion 
sources and collective plasma final-focus 
lenses) and also in accelerators with axial 
and azimuthal magnetic fields or other 
focusing fields.13 

Author: J. W-K. Mark 

Revised Gain Curves for Single-
Shell Ion-Beam Targets 

We previously reported an initial survey1'''" 
of target gains for ICF targets driven by ion 
bear"s. Recently we have revised the gain 
of cryogenic single shell targets (see 
Fig. 3-19). The results reported here are suit
able for drivers such as heavy-ion accelera
tor". These results are applicable to cases 
where the ion beam incident on the target 
has small divergences of energy and angle. 

The important ion-beam parameters are 
total beam energy £, focal-spot radius r. and 
ion range R. Peak beam power P is also an 
important parameter, but for a given target 
design it is a function oi beam energy—one 
of the parameters already mentioned. 

Fig. 3-18. Suggested 
pulse shape for driv
ing a double-shell, 
cryogenic, heavy-ion 
reactor target. 
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Fig. 3-19. Single- and 
double-shell targets 
for ion-beam-driven 
inertial confinement 
fusion. 

We made numerical target calculations 
using the LASNEX code1 6 for simulating in
ertial confinement fusion. One of the im
portant considerations in determining the 
performance of ion-beam-driven ICF targets 
is the specific energy deposition, which 
varies as E/r2R. Taking a cue from this 
relationship, and from the functional depen
dence of target gain obtained in our earlier 
survey, 1 4 1 5 we again looked for some range 
of values of r and R within which the gain 
might depend on the parameter combina
tion r"2R rather than on r and R indepen
dently. Our calculations to date can be 
considered valid for 0.1 < r /E , / 3 < 0.2, and 
with somewhat less accuracy, up to r /£ 1 / 3 

=s 0.33, where r is in cm and E is in MJ. 
The input energy scales roughly as target 
mass, and therefore the expression r/EU3 

simply reflects the fact that the mass of a 
target scales as r3. 

Our new calculations of single-shell tar
get gain are given in Fig. 3-20(a); results for 
double-shell targets, reported previously,15 

are given for comparison in Fig. 3-20(b). 
The solid curves are best-estimate target 
gains for different values of r"2J?, where r is 
the focal radius (cm) of the beam and R is 
the range (g/cm2) of the ions. As a specific 
example of how these curves can be used, 
we note that a 10-GeV beam of lead ions 
focused to r = 0.2 cm gives r*/2R = 0.0112 
(cf. Fig. 3-14 of Ref. 14 or Fig. 4 of Ref. 15 
for curves of R vs ion kinetic energy). Thus, 
the 0.01 gain curve would be roughly ap
propriate for this case. 

In calculating the best-estimate curves, 
we have attempted to include the effects of 
fluid instabilities as well as reasonable im
perfections in target fabrication and illumi
nation symmetry, all of which affect target 
ignition and burn. Our assumptions are 
consistent with the conservative criteria 
used in Ref. 17. The dashed lines corre
spond to the "best-estimate" band calcu
lated by Lindl for short-waveiength lasers 
(X ^ 0.25 /mi). We emphasize that our re
sults are preliminary; target performance for 
heavy-ion fusion may improve as other de
signs and modifications are pursued. The 
dotted ideal-gain curves, which are based 
on one-dimensional simulations, represent 
reasonable upper bounds on gain for these 
types of targets. The best-estimate gain 
curves have been degraded from the ideal 
by including our estimates of the effects 
of instabilities, target imperfections, and 
illumination asymmetry. 

The new gain curves for single-shell tar
gets given in Fig. 3-20(a) are not as much 
different from those for double-shell targets 
as. was the case in oui initial survey. 1 4 1 5 

The new curves decrease less rapidly with 
decreasing energy; hence, single-shell tar
gets are more interesting than double-
shell targets at lower input energy. This is 
especially true for ion-beam fusion because 
the lower target gain is compensated 
for by the expected high efficiency of 
particle accelerators. 

One of the important advantages that 
double-shell, ion beam targets once seemed 
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to have over single-shell targets—a consid
erably higher gain—may not be as great as 
formerly thought. The estimated gains of 
double-shell targets with high-Z tampers 
are more affected than those of single-shell 
targets by serious uncertainties 1 8 associated 
with unstable mixing of the high-Z shell 
into both the igniter and the main fuel. Al
though the use of low-Z tampers might re
duce the undesirable effects of mixing in 
double-shell targets, there are other consid
erations that enter as well in comparing the 
two types of targets. For example, single-
shell targets have the advantage that they 
are simpler and easier to fabricate. Double-
shell targets have a further disadvantage, in 
that the threshold energy for ignition of the 
outer fuel occurs at an uncomfortably large 
driver energy ( > 3 MJ), which makes their 
near-term validation more difficult.'8 With
out near-term validation, we might have to 
move beyond this threshold by a factor of 2 
to be conservative. 

At present, the main advantage of 
double-shell targets for ion-beam drivers 
appears to be in reducing input-power re
quirements. For a given input energy, the 
double-shell target requires only about half 
as much power as the single-shell target. 
The presently estimated peak-power re
quirement is given as a function of energy 

10 3 

102 

I I I I M i l 

— — — Single shell rj.04 
— — Double shell / 

0.02 / 

Fig. 3-21. Peak beam 
power required as a 
function of input 
beam energy for 
single- and double-
shell targets. 

1 10 20 
Input energy (MJ) 

in Fig. 3-21. The numerical labels on the 
curves refer to different values, of P,2R. As 
in the case of target gain, these curves are 
somewhat uncertain, but they should be 
adequate for accelerator design. The pulse 
length is not equal to E/P because our tar
gets require pulse shaping. Also, for a target 
with fixed yield, we are following a curve 
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of increasing pulse energy and power 
requirements when we increase the 
parameter ri/2R. 

Authors: J. D. Lindl and J. W-K. Mark 

Influence of Target Physics on Ion 
Accelerators and Reactor-Beam 
Transport in Heavy-Ion Fusion 

The interface between target physics and 
accelerator technology in heavy-ion fusion 
is defined by target requirements, which in
clude the following simplified set of param
eters: total energy £, pulse duration r, spot 
radius r, ion mass number A, and kinetic 
energy T. From the accelerator side, it is 
useful to discuss the six-dimensional phase-
space requirement, which represents an 
important constraint on all driver-system 
designs. The connection between the 
phase-space volume produced by the 
accelerator and that entering the target is 
made by properties of the final-focusing 
lens systems. 

At first, simple assumptions about the 
final beams were used, without considering 
space-charge effects in the transport lines 
leading to the lenses, within the lenses, and 
within the reactor. The justification for this 
approach was, in part, that for power-plant 
scenarios using singly charged heavy ions, 
the individual beamlet currents are small 
enough that perturbations up to and 
through the lenses due to space charge are 
not very large. In addition, various reactor 
regimes were considered, some of which 
appeared to allow for final beam propaga
tion without unacceptable spreading. At 
present, it seems that significant corrections 
may be needed only for charge state Z 
greater than 1 and beamlet current greater 
than 1 kA. 

From one point of view, there might now 
be less need to consider such corrections 
because all current driver designs use 
Z = 1. The original HIBALL design has 
been redesigned from Z = 2 to Z = 1 for 
several reasons, including the desire to min
imize a dangerous longitudinal microwave 
resistive-wall instability in the ring system. 
On the other hand, Nuckolls20 recently sug
gested exploiting the repetition-rate capabil
ity of drivers by igniting several targets in 
rapid succession in the same reactor vessel; 

this is most attractive if the number of 
beamline? per target is minimized. Thus, 
there may be a new reason to consider cur
rents larger than 1 kA. In any case, fusion 
considerations almost always favor a mini
mum number of beamlets and entrance 
ports. Among possible methods for han
dling larger currents are neutralization in 
the reactor and a beneficial nonlinear effect 
of beam expansion just upstream of the 
final lenses. 

Accelerator Phase-Space and Final-
Focus Considerations. In 1978, Judd21 gave 
an analysis of phase-space requirements for 
systems using rf linear accelerators, which 
he later22 extended to include induction lin
ear accelerators. Judd dealt with the con
straints arising from final-focusing lens 
systems only in the "ballistic limit," i.e., 
fully neutralized23"25 or low-current beams; 
corrections for some transverse-space-
charge self-force effects are discussed be
low. A six-dimensional phase-space volume 
is defined by ranges in coordinates x, y, z 
and momenta pv py, p:. For fusion targets, 
all six of these parameters have bounds, 
which, if extended, will lower the gain. The 
curves of Figs. 3-20 and 3-21 (see preceding 
article) display this effect for spot size, 
which limits x and y. The beam length z is 
limited by the peak-power requirement. 
Known properties of final-focusing lens sys
tems place limits on p, and pu (related to 
transverse emittance), and on df>. (through 
chromatic aberration). 

A useful expression for the maximum 
permissible dilution factor D m a x is derived 
in Ref. 22 (p. 21); D m a x is defined as the 
ratio of the six-dimensional phase-space ac
ceptance volume of the final lens system to 
the occupied six-dimensional emittance vol
ume at some reference point in the accel
erator. It represents the upper limit on the 
product of all actual phase-space dilution 
factors D, incurred between that point and 
the final lenses 

n D < D e V6f(acceptance) 
i _ m " V 6 L (occupied) ' 

Some of the transverse and longitudinal 
emittances and acceptances (fcur-
dimensional and two-dimensional phase-
space volumes) can be expressed in terms 
of spot radius, pulse duration, and other pa
rameters (see, for example, Ref. 22, pp. 5 
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and 9). Total energy and ion kinetic energy 
are brought in through their relation to 
linac current / and on-time tL; ItL = qeE/T, 
with qe the ion charge. The result may be 
written as the product of three factors, each 
containing parameters of a part of the total 
system such that 

D„ FTT M * Fl (24) 

Only target and ion parameters enter the 
first factor 

FT, = 4E (25) 

with c the speed of light and 0 and y the 
usual relativistic factors. (Although normal
ized differently, FTI is equivalent to that in 
Ref. 26.) The second factor, F L , is the "linac 
figure of merit" and depends only on prop
erties of the linac driver; it is the electric 
charge per unit six-dimensional phase-space 
volume (i.e., six-dimensional brightness). 
The third factor, F F F, depends only on final-
focusing system parameters; its value is 
nfBQFs/kG, in which nf is number of final 
beamlets, BQ is pole-tip field in the final 
lenses, and F s and kG are dimensionless pa
rameters determined by lens design details. 

For rf linac systems, we expect large dilu
tion factors in the multistage linac tree and 
from multiturn injections, and we expect 
additional dilutions during acceleration, 
debunching, and the numerous other beam 
manipulations. For induction-line systems 
there are no manipulations; however, as is 
also the case for most of the rf linac-system 
manipulations, there is no practical experi
ence to guide estimates of safety factors. For 
both types, it is desirable or necessary to 
strive for larger Dmix because of the many 
uncertainties. The constraint is eased by in
creasing nf, rather than decreasing it, as 
mentioned above. From the accelerator 
side, it is therefore desirable to increase 
F T I to assist in meeting the phase-space 
constraint although increasing T would 
raise driver cost. 

Calculated properties of both single- and 
double-shell targets have been used to esti
mate the dependence of target gain on E, T, 
and FTj (Ref. 26); the dependence on T is 
weak for fixed £ and F T ]. Gain decreases as 
F T | increases, displaying the price paid to 
ease this driver design constraint; a balance 
must be sought. Because F T | varies as the 

cube of the spot radius, unwanted "effective 
emittance growth" in the reaction chamber 
could be serious; beam neutralization23"-3 or 
other effects27,28 to combat this tendency 
might be needed. Preliminary estimates 
suggest that self-pinched beam propagation 
could possibly increase F T I by a factor of 
from 2 to 3. From the accelerator side, more 
oeamlets, brighter linacs,29 and smaller dilu
tions would ease the constraint. 

In our analysis, we have omitted space-
charge forces in and beyond the final 
lenses. We now show that space-charge 
corrections may be small. It has been 
shown by Garren30 that with space charge 
there is some focal-spot growth for a beam 
of uniform current density (flat profile), but 
for most parameter regimes the growth fac
tor is rather small. Another source of 
growth, emittance growth due to nonflat 
beam profile, has been studied more 
recently2 3 - 2 5; for some parameters (larger 
ion charge and beam current, smaller ion 
kinetic energy, and less flat profiles) this ef
fect may be more important. Such param
eters will enter the relation between 
"intended" and actual spot radii r and rs, 
and will therefore also appear in a revised 
expression for F T | that would take spot 
growth into account. In particular, the 
functional dependence of FT, on T would 
be modified. 

There is a dimensionless parameter U, 
which characterizes the importance of 
transverse space-charge force for an unneu-
tralized beam in vacuum; from Garren's 
work, it may be written as 

Zcl 
4 « 0 {0y)3 Am/ 

K Z ' b ( A ) 
= 3.20 X 10 

AOSyf 

(Zef(P/Nb) 
4*tB(t}yfTAmrc> 

^ 1 . 3 4 X 1 0 - ? Z 2 P < T W ) ™. 
N„(|87)3r(GeV) A 

(26) 

with Ze the ion charge, Amp the ion mass, 0 
and 7 the usual relativistic factors, lb the 
beamlet electric current, P the pouvr, N b 

the number of beamlets, and T the ion 

3-21 



Charged-Particle Fusion 

kinetic energy. For a flat profile, Garren 
shoved that space-charge force increases 
target spot size roughly by 

h- r . 21/ Wg 
r " f0 " r 

(27) 

with rs and r spot radii with and without 
this growth, respectively, $n the beam con
vergence angle at the lens exit, and L the 
standoff distance from lens to target; Ug is 
the beam radius r0 at the lens exit. For ex
ample, consider a 1-kA beam of U ' ' ions at 
IP GeV, 0-y =: 1/3, I = 5 m, r„ = 0.2 m, 
r = 2.5 mm. Then U = 3 X 10" ", 00 = 
4 X 10" 2 rad, and (rs - r)/r = 0.02. As 
suggested earlier, we have found that 
space charge in final focus may not be a 
large effect. 

Beam Emittance Growth During Trans
port Across Reactor Chamber. An analy
sis 2 3 - 2 5 of the emittance growth in beams 
with a rounded radial profile is expressed in 
terms of rms beam radii and an "rms 
emittance," e. The emittance growth (ne
glecting the small effect above and assum
ing no initial rate of growth at the lens exit) 
may be written as 

- 4 + (MJL)2 (28) 

with e0 the rms emittance at the lens exit 
and X a dimensionless shape factor; \ is 0, 
0.149, and 0.388 for flat, parabolic, and 
Gaussian profiles, respectively. Thus 

R.^R ><~1 (29) 

where Rv R, and i\. (unnormalized) are rms 
values, as distinguished from rs, r, and c .. 
(normalized) usually employed22 for flat 
beam profiles. We define the profile-
dependent emittance growth parameter e 
(or fgv for vacuum propagation) as 

cB = eBV = \UL . (30) 

For c0 = 0, cB is the actual emittance 
growth. 

For the example following Eq. (27), a 
beam with Gaussian profile has e = 

0.07e0. This is still not a large effect; how
ever, if the ion charge state is increased to 
+2 with the same particle current (twice 
the electrical current), the value of c g v is 
increased to about 0.4e0. 

In a soft vacuum (~10~ 4 to 1 0 ' 3 Torr), 
the ionization of the medium provides elec
trons that partially neutralize the beam 2 3" 2 ' 
and reduce emittance growth. This neutral
ization process requires the ion beam to 
have a potential drop sufficient to accelerate 
the plasma electrons to the beam velocity 
(~25 kV is needed for a 10-GeV U 4 ' 
beam). This process leads31 to the modified 
emittance growth parameter eR, 

cR = cp m (1 _ /„„„,) ^ , (31) 

where /„,,„, is the effective fractional neu
tralization of the beam. For 1.2 X 10 ~3 Ton-
Li vapor pressure in the fusion chamber, 
/ n c l l l = 0.5 (cf. Refs. 23, 25). As the vapor 
pressure in the fusion chamber is increased, 
the fractional ionization saturates roughly at 
the gas density of ng =a (aUmL) ', where <rion 

is the ionization cross section. For U ions 
propagating in Li vapor, this density is ;;g 

= 101 3 cm" 3, for pressure ~10 ~3 Torr. In
creasing vapor pressure beyond this level 
no longer increases the favorable effect of 
/ n o l l l , but only increases beam stripping. 

Influence of Target Requirements, 
Final Focus, and Beam Transport on 
Accelerator Phase-Space. We now illustrate 
some of the restrictions that could occur if 
the considerations, above, are not carefully 
balanced. Target gain as a function of FT I, E, 
and T can be calculated.2 6 , 3 1 , 3 2 The gains 
represented by Figs. 3-20 and 3-21 were 
used for such a calculation for A — 238, 
with results that were first shown in 
Ref. 26. The dependence on T is very weak. 
Our results, summarized in Figs. 3-22(a), 
3-23(a), and 3-24(a) assume ballistic focus
ing of a fully neutralized beam in a hard 
vacuum (<10~ 4 Torr). Although calcula
tions (cf. Refs. 23 and 25) suggest that the 
beam could be neutralized by coinjection of 
electrons, more detailed simulations, and 
perhaps experiments, are needed to confirm 
the applicability of the process. On the 
other hand, electrical efficiency for liquid-
metal-wall-protection schemes points to 
somewhat higher vapor pressures (cf. Refs. 
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33 and 34). A confluence of these require
ments occurs at from I d - 4 to 1 0 - 3 Torr, for 
which partial beam neutralization by ioniza
tion of the propagation medium (e.g., Li 
vapor) is modified somewhat by mild strip
ping of the beam ions. 2 3 , 2 5 

Emittance growth results in a stronger 
dependence of F T I on ion kinetic energy T. 
At fixed gain with a specified type of target, 
and for fixed beam-pulse energy, both the 
product r3/2R; and the peak power P are de
termined (cf. Refs. 31 and 32; R, is the ion 
range in g/cni2). For a given heavy-ion spe
cies with energy above a critical value (T > 
8 GeV for uranium), R, is roughly propor
tional to T 3 / 2; hence, rj' is determined, or 
r, oc T~2. On the other hand, the beam cur

rent I b is proportional to Z/TNb at fixed 
power P (where Nb is the number of 
beamlets); and the ions are still nonrela-
rivistic, so that 0y oc TU2. For a fixed 
propagation distance from final focusing 
lenses to the target, the "irtended" focal 
radius varies as 

1 + 

1 -

W 2 

(32) 
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Fig. 3-22. Phase-space 
factor F J J vs ion ki
netic energy for 
single-shell targets, 
for several combina
tions of fixed target 
gain, beam pulse en
ergy E, and peak 
power P: (a) For i» 
= 0. <b) For c„ r = 1 . 

Fig. 3-23. Phase-space 
factor FJI vs ion ki
netic energy for 
double-shell targets, 
for several combina
tions of fixed target 
gain, beam pulse en
ergy £, and peak 
power P: (a) For c„ c 

= 0. (b)Fbrt ' =1. 
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Fig. 3-24. Target gain 
vs F j | for single- and 
double-shell targets, 
evaluated for U * * 
ions: (a) For t\>c - I). 
(b) For e„. - f. 

If A, P, Nb, and rsT are held fixed (for fixed 
gain), the target-ion phase-space factor FT I, 
which is proportional to r^T*'2 oc T~^n 

without growth, has for the desired r5 (and 
therefore desired gain) with the dependence 

FT, a r 3 T 5 / 2 a T~m l - l - 6 - , (33) 

displaying the tighter constraint on accelera
tor phase space. Many parameters enter 
into the correction term. It can be shown22"10 

that for fixed A 

W I ' , / ZXB Q 

(34) 

with X the final quaHrupole bore radius and 
BQ its pole-tip field. Prom the equations 
above, 

f

B „ U L ( i - /•«..) „ ^ 2 f - ( i - /»™, 
r5 

oc • 
T,urJ 

(35) 

Thus 

F T I ex 7—1/2 jl -C,rw2Z* rTi [ 

X (AL(1 - / n e u ,)f | 3 ' (36) 

because r s7 is held fixed; dependences on P, 
Nb, X, BQ, and lens-design parameters are 
contained in Q. 

For a neutralized beam, the correction 
vanishes, and the weak dependence on 7" is 
that mentioned in Ref. 26; but for panial or 

little neutralization the dependence on T is 
altered for nonflat beams unless Ct and Z 
are small. We neglect the dependence of X 
on T, because it varies only weakly due 
to an upper limit22 set by third-order 
geometric aberration 

\ ZeBQ 

(37) 

where the constant rfr, =* 0.85. 
Typical values of emittance growth Ae are 

illustrated in Table 3-2; they were obtained 
from runs of the HIPPO code25 for a 1-kA 
beam of 10-GeV U ' ' ions (Gaussian profile 
and negligible initial emittance) propagating 
into a reaction chamber with lithium vapor 
at the indicated pressures and Li particle 
densities. For the same beam propagating 
different distances in vacuum,23"25 Ae scales 
roughly linearly, as suggested by Eq. (26), 
In the presence of Li vapor at fixed pres
sure, the linear dependence holds when the 
effective fractional neutralization /„„„, has 
reached its equilibrium value (after a few 
meters of propagation). For a fixed / n M 

(fixed pressure and, in the first few meters 
of propagation, also fixed L), our numerical 
data indicate that estimates of emittance 
growth (e in this case, where eu = 0) could 
be obtained by scaling the values in Table 
3-2 according to Eqs. (26), (30), and (31). 
Beyond a pressure of 1.2 X 10 3 Torr, 
fwui saturates. 

Our sample numerical data are meant 
only to suggest qualitative conclusions 
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regarding the validity of the scaling laws 
(26), (29), (30), and (31), which lead to 
Eqs. (32) to (34). For application to typical 
fusion-reactor designs, we incorporate initial 
emittance »„ according to Eq. (28). A first 
estimate of the parameter e% might now 
proceed according to Eqs. (33) and (34). 

The behavior of F T 1 vs ion kinetic energy 
T (for I T 1 ions) is illustrated in Fig. 3-22 for 
single-shelled targets and in Fig. 3-23 for 
double-shelled targets. The fixed values of 
eg c, from Eq. (34), target gain G, beam pulse 
energy E (MJ), and total beam power P 
(TW) are as shown in the figures. 

Figure 3-24 illustrates the "typical" 
reactor-beam transport modifications to the 
relationship between target gain and f'Ti for 
the ballistic focusing scenario. Effects such 
as those in Figs. 3-22 and 3-23 are averaged 
out. Figure 3-24 is, again, for U + I ions, 
showing curves of fixed-beam-pulse energy 
E (MJ) for single- and double-shelled tar
gets. Clearly the case of full neutralization, 
eg = 0, is the same as that of Ref. 26. 

Consider vacuum propagation (fneiit = 0) 
over L = 10 m of Nb = 16 total Gaussian 
ion beamlets (T = 10 GeV, A = 238, 
Z = 2) with beam shape factors X = 0.388, 
X, = 0.707, and final focus parameters 
XBQ = 2.5 (T-m), kG = 40. In this case 
<?gc = 8.3 according to Eq. (34); but if the 
charge state of the beam ions is decreased 
to Z = 1, then e g c = 1.0. On the other 
hand, propagation in 1.2 X 10 "3-Torr Li 
vapor would reduce (1 — / n e u l ) by a factor 
of 2 in the Z = 1 case, so that we have c 
= 0.25, a small value. Active coinjection of 
an electron beam 1 5 with 1-keV transverse 
beam temperature into the Z = 1, but N b 

= 4 (4-kA), beamlets reduces the e^ = 4 2 
case to the actively neutralized beam value 
of e g c = 0.015. 

Finally, beam neutralization has a greater 
positive effect than the deleterious one of 
beam stripping (certainly for Li vapor at 
< 1 0 " ' Torr), because FT, is only inversely 
proportional to the peak power P ^ , which 
is decreased somewhat by the process of 
stripping some beam ions (cf. Ref. 25). 

Modifying Final Focus to Control 
Beam-Emittance Growth in the Fusion 
Chamber. Here we point out some limita
tions of the cold converging beam (CCB) 
model of reactor beam transport used in the 
foregoing discussion. Under some circum-

Pressure 
in Li 
(Ton) 

Particle density 
in Li 

(cm"3) 

Emittance growth 
(cm-mrad rms, unnoimalized) 

0 
2.5 X 10-4 

5.0 X 10- 4 

1.2 X 10-3 
2.4 X 10- 3 

3.6 X 1 0 - 3 

0 
3.1 X 10 1 2 

6.3 X 10 1 2 

1.5 X 10 1 3 

3.0 X 10 1 3 

45 X 10 1 3 

0.43 
0.40 
0.34 
0.23 
0.20 
0.17 

0.86 
0.76 
C.54 
0.42 
0.38 
0.26 

1.53 
1.22 
0.80 
0.67 
0.58 
0.51 

stances, the CCB model could be pessimis
tic in its assumption of a cold beam with a 
rounded (nonflat) profile at the final lens. 
An alternative line of thought accounts for 
the beam expansion from its initially small 
size in the accelerator to its much larger size 
at the final lens by ballistic transport. In 
one scenario, a beam with initially rounded 
profile at the accelerator exit assumes a uni
form (flat) profile as it expands to the final 
lens (Fig. 3-25). The final lens then focuses 
a flat-profile beam to the target pellet with 
little or no emittance growth. We call this 
model the expanded flat focus (EFF). 

A semiquantitative analysis of the alter
native E T model illustrates the merits and 
limitations of the CCB model. First, we in
troduce a dimensionless shape factor, C, 
which describes the transverse potential 
energy of the beam, such that 

Jo r \1J R 2 
(38) 

where b is an arbitrary, large integration 
limit and /, is the current within a radius r. 
The quantity C assumes a maximum value 
of 0.192 for a uniform beam and has values 
for different beam profiles given in Table 
3-3. We can show that the emittance vari
ation is directly related to changes in the 
beam shape by 

dr 
dz 

KR2 (39) 

In supporting phenomenological relations 
from particle-simulation studies with 
Eq. (39), Barletta2' has estimated the beam 
emittance at the target to be 

e„ = -0.1ZfK + (0.1RaRfK)1/r 

for 0.1Z(K « 0.1RaR,fC. 

(40) 

Table 3-2. Emittance 
growth calculated by 
the HIPPO code for a 
1-kA beam of 10-GeV 
V ' ions. 

3-25 



Charged-Particle Fusion 

Fig. 3-25. Definition 
of geometry for the 
EFF beam-transport 
model. 

Table 3-3. Shape fac
tors for various beam 
profiles. 

Profile 
name 

In contrast -he CCB model predicts that 
the emittance at the focus, e, is 

(<gvK2z; (41) 

Hence, the question as to whether the CCB 
model is optimistic (and therefore not un
duly restrictive) reduces to the inequality, 
( O 2 < t' 2; that is, 

0.5KZ, < (0.1R,,Rf)1/2K1/2 (42) 

To proceed, we must evaluate the product 
RaRf and find its functional relation with K. 

The solution to the envelope equation for 
the expansion of a beam under its own 
space charge is the universal expansion 
curve shown in Fig. 3-26. The laminar flow 
assumed by Eq. (41) provides a way to esti
mate the relation among Z l c n s , Ra, and R(. 
Equating the emittance predicted by 
Eq. (39) with that from Eq. (28), we have 

2K 2(Z k , n s) 2 = ACKR„Rf (43) 

Plotting Eq. (43) with the universal space-
charge curve (Fig. 3-26), we find that the 
product RaR( is independent of U and that 

Ideal thin lens 
I 

//' 
Hat 

Parabolic 

Gaussian 

Annulus 

Bennett, 
truncated 
at r = 5a 

exp(-r2/R;) 

3HT 

0.193 

0.182 

0.116 

0.000 

-0.136 

0.000 

0.388 

Rr = 3Ra. Thus we can solve Eq. (42) for K 
to find the scaling relation, 

K < 1.3 X 10- 103 

Z f(cm) 

2 X (cm)" 
v'2 

(44) 

that must hold for the CCB model to be an 
optimistic estimate. For Zf = 10 m and typi
cal beam-in-accelerator sizes, the CCB 
model is unduly pessimistic for beams with 
charge state greater than +1 . Nonetheless 
the EFF model is not a practical solution for 
beam transport. The beam size at the target 
is given by 

R„ = 
( '„ z r (45) 

For Rt, in the range from 1 to 2 cm, Eq. (42) 
shows the beam size at the lens to be too 
small to allow a focal spot <2.5mm at 10 m 
for K < 2 X KT 6 (10 GeV, 1 kA, U + l). 

The analysis of the preceding section has 
been compared with a particle simulation 
of beam behavior made with the code 
DESTIN.24,36 The code pushes particles in a 
single disk using the single-particle equations 
of motion. The net force on the particles is 
evaluated self-consistently from the distribu
tion of particles. The assumption of an axi-
symmetric distribution of particles in the 
field solver necessitates treating the final lens 
as a simple, thin-lens approximation. 

Figure 3-27 compares the CCB model— 
both analytic and simulation—with the EFF 
model for a choice of K (given Zf) just be
low the limit of Eq. (44). For Z, = 300 cm 
and Ra = 2 cm, K should be less than 
2.5 X 1 0 - 5 for CCB to be optimistic in its 
prediction of cn. As Fig. 3-27 shows, the an
alytic CCB prediction of en is about 20% 
smaller than that of the EFF model for a 
choice of K = 1.9 X 10~5. Other simula
tions of beam behavior confirm the analysis 
based on Fig. 3-26 that RaRt is independent 
of K, with Rr = 3R,V 

Because the beam radius at the time that 
the beam first assumes a uniform distribu
tion is usually too small for efficient ballistic 
focusing over 10 m, we must next consider 
letting the beam continue to expand. 
Barletta27 has shown that, as a beam with 
an initially Gaussian profile continues to ex
pand, about 25% of the charge piles up at 
the now well-defined beam edge. 

Eventually, space-charge forces in the re
gion of accumulated charge will disperse 

3-26 



Charged-Particlc Fusion 
this feature as the beam tends asymptoti
cally to a uniform distribution. Therefore, 
we expect C to decrease as the beam devel
ops the accumulation. It will reach a mini
mum v lue when the concentration at the 
edge is maximum and then will increase. 
We denote the condition of maximum 
pileup by the subscript m. The decrease and 
rise of C will be accompanied ly a decrease 
and subsequent increase in &• as prescribed 
by Eq. (39). 

To estimate the beam emittance at 
Z = Z m , we write e2 as the sum of two con
tributions (i.e., that from Z = 0 to Zr, and 
that from Zf to Zm): 

= (0.1)RnRfK - (Om)R,RmK (46) 

We can use the procedure of Fig. 3-26 to 
find that Rm = 2Rr = 6Ra. Hence, at Z the 
emittance is 

ei ^ 0.02RIK (47) 

Comparison with simulation indicates that 
Eq. (47) is accurate to about 20%. 

With a radius of ~6R a at Z m , the beam is 
large enough for final ballistic transport. 
However, even after passage through the 
thin lens, the beam will tend to wash out 
the charge concentration (i.e., become flat) 
via space-charge forces. The shape factor C 
will increase, and therefore the emittance of 
the beam will initially increase. Nonethe
less, preliminary studies37 of beam focusing 
after expansion to Rm show transport effi
ciency to the target pellet far exceeding the 
equivalent-radius CCB predictions. Appar
ently beam expansion and passage through 
the lens creates a velocity distribution in the 

beam, which resists the space-charge distor
tion of phase space as the beam tries to 
come to a tight focus. For example, for a 
12-GeV U + 2 beam with 1-kA particle cur
rent, the CCB model predicts a transport ef
ficiency of 10% to a 2.5-mm pellet for 
Z f o c u s = 10 m, whereas the expansion to i?m 

leads to an efficiency of 53%. 
The most important conclusion to draw 

from our analysis is that the entire transport 
from the accelerator to the target must 
be considered in choosing a final 
transport scenario. 

Discussion: Is Active Beam Neutraliza
tion in the Reaction Chamber Necessary? 
Although we have not found conclusive ar
guments to show that beam neutralization 
in the fusion chamber is essential, it is a 
helpful procedure deserving further study. 
If beamlet currents greater than 1 kA were 
used (cf. the initial discussion in this article, 
at ion charge state Z > 1), then the possible 
undesirable growth of effective beam 
emittance in the reactor chamber could be 
overcome by beam neutralization. 

05 

I 

0.4 R 

0 
-0.2 
-0.4 

- (a) 1 1 1 1 

- Le ns i 

e 0 = 0 
R a = 2 cm -

" K = 1.9 x I O - 5 -
1 " zf = 300 cm 

• 1 1 i -

30 -

- E 20 -

10 
2 (cm) 

15 

10 -

20 0 

- ( b ) 1 I I • - : 

~ „ 2 K 2 Z 2 /EFF 
Simulation / model -

— Lens / 

/ /- Pellet 

" ^ l l _ 

'— i CCB . 
— I model 

10 
: (cm) 

15 20 

Fig. 3-26. Beam expan
sion as a function of 
propagation distance. 
Solid curve is univer
sal space-charge-
expansion curve; 
dashed curve equates 
formulas for laminar 
flow and shape-
change omittance 
growth. 

Fig. 3-27. Comparison 
of the predicted limits 
of the CCB model 
with a simulation by 
the DESTIN code . 2 4 - 3 6 

(a) Change in beam 
shape during expan
sion and focal phases 
of transport <b) Cor
responding emittance 
variation. Target pellet 
is located at beam 
neck. 
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Alternatively, it could be compensated to 
some extent by redesigning the final focus
ing lenses (cf. "Modifying Final Focus to 
Control Beam-Emittance Growth in the 
Fusion Chamber" earlier in this article). But 
it is not clear that 4-kA beamlets can be 
propagated the required 8 to 10 m without 
neutralization. Such higher beam currents 
are of interest because they have the eco
nomic advantage of minimizing the number 
of beamlines and reactor entrance ;->orts. 

Neutralization ako removes from further 
consideration the issue of target charge-
up. 3 5 Typically, 1 MJ of heavy ions deposits 
about 10 4 Zi(l - /„,,,„) coulombs of posi
tive charge on target. Partial neutralization 
of the beam is accounted for by defining 
the fractional neutralization / n l ! l l l so that 
Zj (1 — / n c u t ) is the effective average charge 
of the ion arriving at the target. The conse
quences of this charge accumulation for 
heavy-ion targets are complex. It is not 
even clear that there is a problem. 

One plausible scenario is that a few per
cent of the heavy ions miss the main target, 
but before escaping are stripped to a high 
charge state by passing through a blowoff 
plasma. As a consequence, this small num
ber of escaping ions leaves behind a sub
stantial negative charge on the target, which 
might more than compensate for the posi
tive charge.' brought in by the average ions 
with Z((l - / n e u l ) < 1 to 2. By contrast, in 
the worst-case scenario the target if posi
tively charged, and attracted electrons might 
receive a total of 

Z j c /neul (1 ~ /neul) 

87rc0r 

= 4500 Z ^ , (1 - /„„„,) i ^ l joules (48) 

'n kinetic energy. Most of these electrons do 
not penetrate deep enough into the target 
to cause preheat (especially in tamped tar
gets). Preliminary simulations35 using the 
HIPPO code suggest that preheat is not a 
problem. Preheat due to target charge-up 
remains a possibility that could be ovei-
come by neutralization of the beams. 

Authors: W. A. Barletta, W. M. Fawley, 
D. L. Judd, J. W-K. Mark, and S. S. Yu 

A Hydrodynamic Model for 
Simulation of Pinched Beams in 
Innovative Final Focusing and in 
Reactor-Beam Transport 

In last year's Annual Report,38 we pointed 
out that for the suggested heavy-ion-fusion 
test facility, collective final focus might be 
useful to enhance the beam energy flux at 
the focal spot. The process we suggested 
last year relies on the use of the radial force 
on a beam due to an azimuthal-pinching 
magnetic-field, B„, of a discharge current 
channel. It has also been suggested, regard
ing reactor-beam transport, that self-
pinched beams, or aided pinches (using a 
counter-injected electron beam), have the 
advantage of requiring only small entrance 
ports.39 In addition, self-pinched beams 
present the possibility of transporting 
higher beam currents or requiring fewer 
beam ports; these factors may be useful if 
we consider the simultaneous implosion of 
more than one target in a single chamber. 

Detailed simulations of such pinched-
beam proasses are still preliminary. Enve
lope codes are crude and do not allow 
freedom for instability studies. Particle 
codes are frequently too costly to run for 
three-dimensional studies, such as those re
quired to investigate and prevent instabil
ities, as well as those needed to develop the 
process of the merging of multiple beams 
into an externally initiated propagation 
channel. In this article, we propose that sev
eral hydrodynamic-like descriptions could 
be used under certain conditions; in particu
lar, the closure of hydrodynamical models 
for pinched beams is discussed within adia-
batic assumptions mathematically analogous 
to those of Chew, Goldberger, and Low. 
We first derive a simplified drift-kinetic 
equation that could already be used for clo
sure. In addition, some plasma regimes 
allow more simple closure in terms of adia-
batic equations of state 

Hydrodynamic models have been used in 
particle-beam research4 1 , 4 2 as approxima
tions to the Vlasov theory, just as in other 
fields of plasma physics. Sometimes equa
tions of state are assumed by dropping heat 
fluxes,43 without a detailed attempt to 
model possible beam behavior, such as 
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anise-tropic stresses, even in the transverse 
dhvc, ons. Recently; we have had occasion 
to reexamine44'15 the foundations of such 
hydrodynamic models. Our reexamination 
was undertaken for the purpose of studying 
propagation of self-pinched and external-
current-pinched beams fci ion-beam 
inertiai-fusion research.38'39'4'''47 This study 
also applies to beams in axial magnetic 
fields (ion sources,48 plasma lenses for final 
focus, and others) or beams in accelera
tors.44 As a result of our reexamination, ^e 
now outline results showing that dynami
cally consistent equations of state can be 
derived from the Vlasov elat ion for some 
beam models as a mathematical analogue 
of the Chew, Goldberger, and Low adia-
batic theorit cor magnetohydrodynamics40 

and of the theory of Berman and Mark for 
galactic dynamics.4 9 , 5 0 For our derivations, 
we of course assume similar generalized 
adiabatic conditions. 

Gei leralized Adiabatic Conditions. One 
of the generalized adiabatic conditions re
lates to the character of the particle orbits, 
which we allow to be rather general (rosette 
orbit:, in central fields), except that the ratio 
of maximum to minimum radial excursion 
is limited by something less than a factor 
of 2. Thus, the particle orbits can deviate 
from laminar flow with circi lar orbits, but 
not by too much. We note that if the reac
tor beam has zero net angular momentum, 
then it is necessary to consider at least two 
counter-rotating beam components of this 
type. By remaining closely tied to the actual 
particle orbits, we retain the possibility of 
wave-particle resonances typical of resistive-
i iose instabilities. If is not clear that other 
recent attempts51 at fluid models have 
retained sui.h resonances. 

In terms of the usual cylindrical coordi
nate system (r, 8, z) with the beam axis in 
the z direction, the above and other adia-
baric assumptions are summarized by 

- < * : 

where br is the deviation from average ra
dius in the particle orbit mentioned above; 
pr, p„, and pz are the particle momenta; t is 
the time coordinate; and v is the radial os
cillation frequency of the Tosette orbits [to 
lowest or Jer; see Eq. (53) below]. Through
out this article, dots over symbols indicate 
time derivatives, such that z is the axial ve
locity of beam particles. We assume that 
there is some frame of velocity, r „ where 
[d/c' + (z - y,,,)d/dz] = 0(<). This frame 
need not have the same velocity as the 
beam, a wave-packet disturbance, or the 
laboratory, but it is useful for showing the 
validity of the particular mode of deriva
tion; the final results could be transformed 
to other frames. We also note that the as
sumptions in Eq. (49) will not require linear
ization of Vlasov's equation, so that 
nonlinear waves could be considered. For 
example, for nonaxisymmetric-nonlinear 
disturbances in the distribution function, a 
hypothetical F[H, t b(r, 6, z, p„ p„, p., /)], 
where H is the Hamiltonian of a mc ving-
beam equilibrium (independent of 8), is 
consistent with Eq. (49). 

For the present treatment, we also as
sume for simplicity that the dominant 
external fo,u en a beam particle of charge 
q is the radial force fr = q{Er — z Be/c), 
where E, is the radial electric field, B„ is the 
(^-component of the magnetic field, z is the 
z-velocity, and c is the speed of light. Gen
eralizations to additional central forces are 
straightforward; nonradial force components 
are assumed to be of higher order in t. 

Transformation of Momentum Space. 
The m'thematical framework follows that 
of Chew, Goldberger, and Low for magne
tohydrodynamics, that of Berman and 
Mark49 tor galactic dynamics, and is initi
ated by transforming Vlasov's equation to a 
different coordinate system in momentum 
space (see R°f. 44 for details). In a cylindri
cal coordinate system about t̂ <? beam 
axis, the particular choice of transformed 
variables r, 

U(r, 6, z, i. t) + a sin * (50) 

dt + (z - v. >"dz and 

- ^ de. 
< 1 , (49) r^B = r fl(r, 8, z, z, t) + 0 cos * (51) 
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This traasformation identifies the general 
rosette orbit as consirting of a rapid circula
tion, ft, ;nd additional rapid oscillations 
represented by the phase, *. Since U and 
(rQ) will lata be identified with low ap
proximations of the hydrodynamic motions, 
the analogue of "gyro-motion" is relegated 
to the rapid quantities [a sin *) and 
{fi cos ¥). 

In the terminology of adiabatic orbit the
ories, U and (rft) are "drifts." As part of the 
Transformation process, we have identified 
the drifts (rfi) and U, and the fast gyration 
frequency v = Vf, with 

a*(r,B,z,i,t)= ~—fr rm 

mr \c 
B„-E,\ , (52) 

„2(r,6,z,z,t) = ~(r*Q2) 
r or (53) 

U(r, 6, z, z. t) 20 

x [ at + as t i az » ' • 

and the ratio of amplitudes, 

fl _ rv 
a ~ 2 f t ' 

(54) 

(55) 

In Eqs. (52) and (54), m is the mass of the 
beam particle and / is the body force. 

The Drift-Kinetic Equaticr following 
Chew, Goldberger, and Low, we expand 
the distribution function, 

(=6 
(56) 

which begins with 0(« - 2) because the spatial 
number density n = 0(1) in e. Under our 
adiabatic assumptions, it is straightforward 
to derive from the transformations in 
Eqs. (50) and (51) the "drift-kinetic" equa
tion to first order in t, 

dfo , ,, dF0 <?F0 <9F0 ., dF„ 
dt dr dS dz dz 

Here we have utilized the fact that the dis
tribution function, F (r, 6, z, z, n, /), is inde
pendent of the rapid phase, *, a fact that 
follows because the zeroth-order (in e) form 
of Vlasov's equation is dFg/d^ = 0, as in 
the Chew, Goldberger, and Low theory. We 
have also simplified the drift-kinetic equa
tion [Eq. (57)] by taking advantage of the 
existence of an adiabatic invariant, p., ex
pressed to lowest significant order in « as 

M = ^ ( ( r - U ) 2 ) , ££ = 0 . (58) 
v dt 

The drift-kinetic equation [Eq. (57)] is of 
interest by itself for applications in which 
longitudinal Landau damping is important 
and a crude modeling of transverse dynam
ics is sufficient. We note that (pr, p„) vari
ables are absent from any differentials. 
Equation (57) provides full kinetic descrip
tions of longitudinal motions but retains 
only lowest-order drift motions in the trans
verse direction. In this process, the number 
of independent variables in Vlasov's equa
tion is reduced by two. 

Closure in the Adiabatic Regime. The 
relation of drifts to hydrodynamic motions 
follows from 

vr = {U +( ju ' ) l / 2 s in*> r i 

•iWr, B, z, i, t)),- , (59) 

umvm \ 

= i.rfllr, 6, z, z, t))f(i , (60) 

and 

v.^{t)T = (z)h , (61) 

where the averages are 

( W F s ( h F - £ - d» d* dz (62) 
I 4Q» 

and the number density of particles in this 
beam coordinate is 

1 
F — dp, dpa dz 

(57) 

'4ft 
dud^dz . (63) 
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If we examine these velocities, we find that 
they correspond to determining ve by radial 
force balance, while vr is determined from 
v„ by p$ =^m dfflrVdf. 

Solving Eq. (57) can result in determina
tion of the time evolution c f hydrodynamic 
stresses. Simultaneous evolution of the hy
drodynamic equations with ti\is closure for 
stresses can result in a more accurate de
scription of the transverse motions. We may 
relate, to lowest significant order in e, the 
components P„, P^, and so forth, of the 
stress tenser to F0 by 

P„ = n (tu> s in 2 * ) , o = - n Oii»>r0 , 

f(W = « [H — 5 COS 2 * 
\ 4f l 2 

P ^ = " & S i n 2 * ) r „ = ° 

(64) 

(65) 

(66) 

and 

dv. dv, _ 1 1 dP2Z 

~dT~7n~f*~ W I T ' ( 7 3 ) 

where 

d d d i d d 

with the body forces, [, including the domi
nant radial component i/(Er — v: Bg/c) as
sumed earlier. The transform.-tions of 
hydrodynamic equations to cylindrical 
coordinates is well k n o w n . 5 2 " 3 

In Eq. (58), the frequency, v, plays the 
role of (ij B./mc) in the Chew, Goldberger, 
and Low theory. A physically suggestive 
"field equation" for v is 

d_(-/f_ 
dt \n I;I 

0 (75) 

= ; i ( M 1 / 2 s i n * ( 2 -v.j)lg = 0 , (67) 

/ 1/2 3/2 \ 

•"(V"**'*-' ' ! ." 0 ' ( 6 8 ) 

and 

P:: = n((z-vz)% , (69) 

which are determined by integrals over F 0 . 
The continuity and momentum hydrody
namic equations of relevance can be written 
for each rotating beam component (where 
the sum of sud i components may have 
zero net angular momentum^, such that 

dn_ 
dt + n 1 3 K ) 1 3 / , &>z 

r dr r2d6 dz •• 0 , ( 7 0 ) 

dv, 
dt P + m f' 

1 
mn 

W„ 1 , 

*L = JLf 1 9pes 
dt m mn 80 ] s rv, 

(71) 

(72) 

which can be derived from Eqs. (52) 
through (54), (59) through (61), and (70), 
provided 2 does not vary much over local 
beam elements, for example, in the axisym-
metric case, a heuristic derivation follows 
from considering a ring of particles with in
ner and outer radii rt, r2 and a constant par-
t ide number oc nr[r2 — r,). Then constancy 
of angular momentum, j(r, t) = rv0, implies 

constant •• 

dr(h ' nr dr 2n|jl 
(76) 

vh i ch is simply Eq. (75) on this ring. For 
nonaxisymmetric problems, a similar heuri. -
tic derivation follows from Kelvin's Theo
rem for vortidty. Due to its physical basis, 
Eq. (75) is preferred over Eq. (53), especially 
when extrapolating beyond the adiabatk 
regime indicated by the assumptions of 
Eq. (49). The adiabatic-regime description in 
terms of Eqs. (52), (54), (57), (58), and (63) 
through (75) is partly hydrodynamic and 
partly kinetic. 

Closure in the Adiabatic Hydrody
namic Regime. A fully hydrodynamic 
description with dosure in terms of gen
eralized adiabatic equations of state is possi
ble if, in addition, |z - <z)|/<z> = 0( r ) and 
(d/dz) — 0(t 2) (for example, due to negligible 
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Landau damping). We find under these 
conditions that 

rV 
P« = - r ^ (77) 

if 

and 

& ) - ' • & ) - > • < " 

Alternatively, heat-flux terms might also be 
omitted when collisions with the back
ground plasma are strong enough to inhibit 
longitudinal heat flux b i l not strong 
enough to cause isotropic stresses. 

For the best fully hydrodynamic model, 
the closure equations, Eqs. (75), (77), and 
(78), should be usee' with the continuity 
ana momentum equations, Eqs. ("0) 
through (74), which ^te exact velocity mo
ments of Vlasov's equation. Thus we follow 
long traditions (e.g., turbulence theory) in 
making approximations only on the closure 
cf a sy tern of moment equations. 

Discussion. The usefulness of our hydro-
dynamic and partially hydrodynamic ap
proximations in applications to rotating and 
nonrotating beams will require more accu
rate numerical delineation of the adiabatic 
regime, summarized in the preceding para
graphs. In the case of beams with no net 
angular momentum, in which we superpose 
several of such beam components with dif
ferent senses of rotation, numerical com
parisons with particle codes are particularly 
needed. Some of these issues await further 
study.54 For galactic dynamics, Berman and 
Mark'" found that similar approximations 
are vai id even for WKBJ analyses in which 
(d/Sr) ••= 0(e '), while the derivations of 
such hydrodynamic models assumed im
plicitly (d/dr) = C(l). 

For applications to particle beams, more 
intriguing questions arise in situations 
where B„ (or B., in cases with axial field) 
might temporarily vanish, reminiscent of 
magnetic-field-tearing instabilities for mag-
netohydrodynamics. In magnetohydrody-
namics, supplements to this description 
usually require resistive magnetohydrody-
namics or even local kinetic treatment of 
tearing modes.5 5 Apart from the possibility 
of tearing magnetic field lines, which may 
require additional resistivity terms for cor
rect description, the model of Eqs. (70) 
through (78), for example, does not neces

sarily break down even though the radial 
force suddenly becomes small. This is be
cause v2 is approximately carried forward in 
time properly by Eq. (75) or (76), due to 
conservation of angular momentum (or Kel
vin's Theorem for vorticity). For similar ac
curacy, in the use of Eqs. (57) and (70) 
through (74) in a combined fluid-kinetic 
description, it is preferable to define 
ft = v„/r = j/i2 in Eq. (54) and use Eq. (75) 
to determine v. Within the adiabatic regime, 
Si = (j/i2) + 0(e). 

Summary. We have outlined three differ
ent regimes of adiabatic approximations for 
simulations of pinch-beam phenomena. The 
drift-kinetir equation, Eq. (57), could be 
used in conjunction with Eqs. (52) through 
(54) in a description that provides accurate 
longitudinal dynamics but simplifies the de
scription of transverse motions involving 
only the adiabatic drift velocities. A 
more accurate account of the transverse 
dynamics is provided by the mixed kinetic-
hydrodynamic adiabatic regime. The adia
batic, fully hydrodynamic description can 
be obtained in the regime in which longitu
dinal Landau damping is negligible or when 
collisions are strong enough to inhibit longi
tudinal heat flux but not strong enough to 
result in isotropic stresses. 

The formalism given here can also be 
naturally generalized to include relativistic 
effects or strong magnetic fields, such as are 
found in some ion sources48 or collective 
plasma final-focus lenses; we have also en
visioned some accelerator applications." 

Authors: J. W-K. Mark and S. S. Yu 

Laser-Plasma Theory 
and Simulation 

Introduction 

The ability to model the coupling of laser 
light with targets is essential both for de
signing fusion targets and for choosing 
drivers for those targets. Our theoretical 
program on laser-plasma coupling is a 
three-front effort consisting of 
• Theory and simulation of coupling 

processes. 
• Plasma code development. 
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• Design and interpretation of coupling 
experiments. 
In this article, we describe our progress in 

these areas during 1982. 
We nave developed a self-consistent ki

netic theory of classica' light absorption and 
electron-energy transport. Our model ac
counts for the non-Maxwellian velocity dis
tributions that are established when inverse 
bremsstrahlung absorption is balanced by 
thermal electron transport in high-Z targets. 
Numerical calculations with this improved 
classical theory show both lower absorption 
and a thermal electron transport that is 
significantly reduced from naive, free-
streaming estimates or the Spitzer-Harm 
theory. The self-cmsistently determine d 
electron distributions also allow improved 
calculations of the atomic physics of 
the plasma. 

Stimulated Raman scattering (SRS), as a 
potent source of hut electrons, has contin
ued to be a focus of our attention. We have 
incorporated a simplified prescription for 
Raman-backscattered sight into our rarget 
design code and used it to help design and 
interpret a number of experiments. Ir some 
of these experiments, about 10% of the 
laser light was observed to be Raman-
scattered. We have carried out many com
puter simulations of SRS to improve f̂ ur 
understanding of the hot-electron genera
tion and :he stabilizing effects of density 
gradients. We have- also investigated an
other coupling process: heating by the os
cillating component of the ponderomotive 
force of a light wave. This process, known 
as J X B hearing, is relevant to high-
intensity CO : experiments. We have 
discovered a new regime of intrinsically 
nonsteady stimulated Llrillouin scattering 
(SBS); our SBS calculations explain the com
plex spectra of the scattered light observed 
in a number of expr-iments. Finally, we are 
carrying out calculations of thermal self-
focusing, with particular attention to 
reactor targets. 

Important new advances have been made 
in the development of implicit particle 
codes and hybrid particle-fluid codes for 
long-time-scale plasma simulation. Oui di
rect method for solution of the implicit 
eauation has been recently adopted by 
other groups ot the Institute for Fusion 
Studies and at l'Ecole Polytechnique. This 
year, we developed a direct-implicit electro
magnetic algorithm in two dimensions and 

a prototype code that merges a particle 
treatment ot weakly colli=ional plasma with 
a fluid description of strongly collisional 
plasma. We are pursuing applications in 
both ICF and other programs. 

A major part of the Plasma Physics 
group's resources was again devoted to the 
design and interpretation of coupling ex
periments. This year, we completed analysis 
of the numerous wavelength-scaling experi
ments previously carried out on the Argi•••• 
laser (now retired). Our experiments con
firmed the predicted—and very favorable— 
wavelength scaling of laser-target coupling, 
x-ray conversion efficiency, r.nd ent.igy 
transport; the experiments also enabled us 
to test and improve ojr LASNEX models. 
Specific new results include detailed com
parisons of experiments with 1 96 urn, 
0.53 nm, and 0.26 ion light. The results of 
this collaborative effort with the experimen
tal group are reported in Section 5, "Fusion 
Experiments Program." 

Finally, we have designed a variety of 
coupling experiments for the Novette laser. 
These include experiments to test our cur
rent scaling models and to extend the mod
els to the much larger plasmas appropriate 
to Nova and reactor targets. New informa
tion on the plasma conditions and the mix 
of coupling processes will significantly en
hance our ability to extrapolate our models 
to future targets. 

Author: W. L. Kruer 

Lase* Absorption and Heat 
Transport by Non-Maxwell -
Boltzmann Electron Distributions 

We have developed a new kinetic theory of 
Coulomb collisional electrons in laser fusion 
plasmas, which promises better agreement 
with experimental results than the classical 
theory for absorption and heat transport. 
The failure of the classical theory56 , to 
explain laboratory experience with high-Z 
laser fusion plasmas is well known.58 In 
general, the classical theory overestimates 
both laser-beam absorption and electron 
heat transport into the irradiated target. 

Workers in the field have come to em
ploy ad hoc normalization of the classical 
theory implemented in computer simulation 
codes in order to replicate experimental 
data. In particular, it is common practice in 
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such calculations to limit the electron heat 
transport by employing the flux-limited ex
pression Qn = Q/(l + \Q\/Fnn\T/m T) in 
place of Q, the classical heat flux. When Q 
is unsuitably large, heat is effectively trans
ported according to Q n = Fn»\ T/m T. The 
phenomenological constant Ffl (the flux-
limit parameter, whose value is often 
~-l/20) has come to assume considerable 
significance in the field because it repre
sents the rate and, thereby, the efficiency 
with which the energy to do the work of 
driving the target may be transported. 

Naturally, there has been reconsider
ation59 of the classical theory and improve
ments''""''2 that relax its limitations. One can 
readily show that classical heat-transport 
theory should not be expected to describe 
laser fusion plasmas,61 because of the 
failure of the theory to self-consistently 
govern the higher-energy electrons (thai 
transport the heat) of the assumed 
Maxwell-Boltzmann distribution. The same 
failure of theory is true with regard to the 
lower-energy electrons that absorb the en
ergy from the laser beam in the classical 
absorption theory. 

The essential phy c lcs of ur new theory 
is that the electron collision times are short 
compared to tht time s rales of interest in 
laser fusion plasmas, whereas the electron 
mean free paths are comparable to the scale 
lengths. We show that in typical laser 
fusion plasmas, electron-ion collisions drive 
the distribution to near isotropy over a 
short distance, while thermalization in en-
er,»y due to electron-electron collisions oc
curs over a significant distance. We present 
a new kinetic (reduced Fokker-Planck) the
ory of Coulomb collisional electrons in laser 
fusion plasmas, which provides this first 
improvement to the classical theory. We 
have obtaine ' self-consistent resi'lts giving 
lower-than-ctassical absorption and heat 
transport in numerical calculations appropri
ate to laboratory and target-design systems. 
Our results are determined by non-
Maxwell-Boltzmann distributions that 
are established when laser absorption is 
balanced by heat transport into denser, 
colder plasma. 

We shall describe in some detail the heat-
transport problem for laser fusion plasmas, 
but we omit a parallel description of the ab
sorption problem. We emphasize the ele

mentary and significant dependence of the 
performance of laser fusion systems on ab
sorption, and the fact that absorption and 
transport are closely coupled in laser fusion 
plasmas. We do not address the problem of 
anomalous behavior in laser fusion plasmas, 
because our new kinetic theory naturally 
provides a new equilibrium, which itself 
must be investigated for any tendency 
toward instability. 

A review of classical heat-transport the
ory permits us to indicate its failure in laser 
fusion plasmas and to develop motivation 
for the new kinetic theory. In one dimen
sion of spatial inhomogeneity, x, the elec
tron Fokker-Planck equation is solved by 
ordering electron-ion collisions large so that 
the distribution is dominantly isotropic 

/ = /o(<- v, f) + Mf,(<, v, 0 

+ Hf)h(<- *• t) -I- (79) 

Here, t = mvl2 — C(p is the electron total 
energy in the slowly varying elt -trostatic 
potential <t>(x,t) (the electric field is —drfr/dx), 
and M = x • v is the cosine of the pitch-
uiigle between the velocity vector and the 
direction 01 inhomogeneity (note that 
it is also the first Legendre polynomial). 
We have 

df de<!> St df — + uv ~ • 
dt dt dt dx 

K; 3,1 T 
l i t 

n-s ) 3 f 

dx \ mv 1 dp 

-f-2- . (6 

Here, v = [2(« + e<t>)/m]m, and Xri = 
wrV/2ire4Z2N(ln ACT) is the mean free path 
for electron-.cn momentum scattering. 
The strength of anisotropy, /,, obeys 

7 

dx 
2y 
X 

7i + . (81) 

Equation (81) is the coefficient of the first 
Legendre polynomial in the decomposition 
of che transport equation.57 The dots indi
cate several neglected terms. The electron-
electron collision terms in ii and in t are 
small by order 1/Z, the inverse of the 
plasma ionization state, compared with the 
electron-ion scatter retained. The term in f2, 
which reprssents higher-order pitch-angle 
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structure, is taken to be small in comparison 
with the term in f0. Finally, the rates of 
temporal relaxation of the distribution and 
potential are also assumed to be slow com
pared with the electron-ion collision rate. 

Classical transport is obtained by 
employing the Maxwell-Boltzmann 
distribution, 

(2irr/m)3' -exp 
-(( + g0) (82) 

for f0 in Eq. (81) to evaluate the heat flux 
associated with the temperature gradient. 
This is appropriate whenever electron-
electron collisions are dominant in deter
mining / 0 (which obeys an equation to be 
displayed later). The electrostatic potential is 
determined by quasi-neutrality, n — ZN, 
through the condition that the flux in total 
electron number vanishes 

r = 
de<t> 
1x~ 

4TT dtv \, <v„ 

5 dT | T a(In ri) 
2 dx dx 

(83) 

Employing this potential, we may write 

» 0 :("4M-')f.-/l = 
32 ,,V'7/;M T» 

(84) 

The heat flux associated with electrons of 
energy less than e* is 

_„ 4ir f" dtv mv1 , 
Q = — — v f, 3 ]-,„, m 2 " 

and the classical heat flux is 

(85) 

0 = Jim Q* = - - ^ n v T / m \ m f p | I 64 
v2?r 

(86) 

Here ^ = (T/mv2)2 \ei. We observe that 
the lower-energy electrons actually carry 
heat up the temperature gradient as they 
participate in the neutralizing return current; 
thus, we consider the higher-energy elec
trons, which contribute the flux of interest. 
We shall adept l/,(e*)/3l < /o(**), where 
Q*(e*) = 0.9Q, as necessary for the self-
consistent validity of the classical heat-

transport theory.63 We find «* = 11.47 
and \f\/3\ = 25(|Q|m7Vm T)f0. Thus, 
\f]/3\ < fa for |Q|/mT/m T < 0.04, or 
\ „ f p / lo(ln T)/dx\ < 0 002. These inequal
ities are ubiquitously violated in laser fusion 
plasmas, so that the classical heat-transport 
theory fails to be self-consistently valid in 
its application. For example, for parameters 
of Q = 1014 W/cm2, n = 1027cnv\ and 
T = 103eV, we find that l/;,-j| ~ 13f„! For 
these parameters, the theory has failed for 
e « e*, and we may expect large changes in 
the heat flux from an improved theory. 

Previous efforts to improve electron heat 
transport '.eory for laser fusion plasmas us 
sentially involve improving Eq. (81). (See 
Ref. 61.) It turns out that for modeling laser 
fusion plasmas, Eq. (81) is, in fact, adequate 
to describe /[,' our new kinetic theorv 
involves the calculation of the isotropic 
but not necessarily Maxwell-Boltzmann 
distribution, fB, which obeys 

at 
Wo) " |«*)j>/a> 

H = = im ( n A„„) 
dx\ 3 6 dx) V , l 

x | ( ,4 .r ^ , 

3fo 
4ir 

d t ' ;>' 
.'<"/„ 

+ t-f — YZ2 JV(ln A,.,) 
1 6 " 

dt 
1 <% 

1 + U, 2v \2 dt (87) 

Equation (87) is the coefficient of tr ? 
iiero-order Legendre polynomial in the de
composition of the transport equation.*' 
First on the right-hand side of Eq. (87) is 
the electron-electron collision term, which 
fails to be dominant in laser fusion plasmas, 
so that / 0 is not necessarily Maxwell-
Boltzmann. Here V = 47rr7m2. Second is 
the source of energy to the plasma, the 
laser-heating term recently investigated by 
Langdon.62 In the regime of interest, the co
efficient of dff/de in this term is effectively 
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Table 3-4. Comparison 
of calculations of elec
tron behavior in laser 
fusion plasma based 
on classical Coulomb 
collision theory, a 
mixed theory, and our 
new kinetic theory. 

unity, so that it acts to heat the plasma by 
diffusing electrons away from the region of 
low kinetic energy of phase space. The 
equation for the laser beam, (o,_)2, will be 
given directly. 

It is also necessary that electron-electron 
collisions dominate spatial transport at e*. 
When the Maxwell-Boltzmann distribution 
is used in comparing the associated terms in 
Eq. (87), the condition thai is actually to be 
applied to high-Z plasmas is obtained by 

IQI 0.07 

nsT/mT [Z(ln AH)/(ln A,,,)]1' 
(88) 

X J . <9(ln T)/dx 0.003 
' [Z(ln At.i)/(In A,.„)f2 

(89) 

We have developed a computer code, 
which solves Eq. (87) numerically by fully 
implicit splitting techniques commonly used 
for two-dimensional, initial-value diffusion 
calculations.64 The finite differencing plus it
eration of the nonlinearities preserves the 
conservation laws associated with the trans
port equation. Equation (87) is coupled 
to WKB equations for the incident and 
returning (i.e., ±) laser beams 

AY (V'^) = 3 n. 

X(lnA o i )/ 0 (< = -efrv =0)v\ (90) 

Here, v± = cE±/mwL, with £ ± the electric 
fields of the laser beams; in Eq. (87), u2 = 
v\ + v2_. The group velocity of light in 
plasma is t)g = c(l — n/nc)}/2, where 
4ire2nc/m — o>2 defines the laser critical den
sity, «c. The intensities of the laser beams 
are given by l t = DgHcmy2

±/2. Note that 
the kinetically calculated laser opacity de
pends upon the value of the distribution 
function at zero velocity. 

The electrostatic potential is determined 
by quasi-neutrality, as in the classical the
ory, such that 

n = 4ir 
:' dtv 
e* m h = ZN (91) 

In particular, the variations with c<t> of 
Eqs. (87) and (91) (or the equivalent zero-
current condition already given) are em
ployed iteratively to find improvements in 
the potential and distribution that will cause 
the governing system of equations to be 
obeyed simultaneously. 

Table 3-4 is an overview of three calcula
tions of laser-heated plasmas according to 
Eqs. (87), (90), and (91). Common conditions 
for the calculations are shown in Fig. 3-28. 
In the expression for Xei and in Eqs. (87) 
and (90), Z2N is replaced by Z(Z + 1)N. 
The Coulomb logarithms are In Aei = 2.5 
and In A„, = 5 throughout. In each calcula
tion, the ionization state, Z, is constant 
while a constant-intensity laser beam irradi
ates the plasma until the heat transport out 
of the absorbing coronal region into the 
colder, overdense region equals the 

Fraction Corona Omax h'fo Qmax. ton Ffl 
absorbed temp (keV) n-ff/m T a t O m a x Qdass •'kin * Qma* 

2 = 10, / = 10 1 4 W/cm2, 
( d a t a = 1 2 5 x l 0 - ! 2 s : 

Classical 0.63 1.28 0.19 14 — — 
Mixed — 1.16 0.16 12 — — 
Kinetic 0.46 1.33 0.14 1.4 0.34 0.21 

2 = 10,1 = 10 1 5 W/cm2, 
'data = 4 1 X l O - 1 2 s : 

Classical 0.36 2.20 0.48 35 — — Mixed — 1.76 0.36 27 — — 
Kinetic 0.19 2.28 0.26 1.4 0.17 0.32 

2 = 40, / = 10 1 4 W/cm2, 
t d a t a = 1 6 8 x l 0 - I 2 s : 

Classical 0.84 2.03 0.13 9.4 — — 
Mixed — 1.85 0.11 8.3 — — 
Kinetic 0.63 2.20 0.09 0.70 0.31 0.13 
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(slowly varying) absorbed laser intensity. At 
this time, the coronal plasma has reached a 
quasi-steady state, which is taken to be the 
conclusion of our absorption and transport 
calculations. Beyond this state, the hydrody-
namic ablation energy sink should be in
cluded. However, the coronal plasma 
condition may not b° strongly influenced 
by this effect, except as it determines the 
density scale length. We suggest that the 
coronal plasma may reach the condition 
found here on a rime scale as fast as the 
processes that determine the scale length. 
Thus, our present calculations may reveal 
the long-time-scale coronal-plasma 
condition. 

We can most readily put the new results 
into perspective by comparing them with 
parallel classical calculations. Inspection of 
Table 3-4 shows that thr problems cannot 
be reliably calculated classically. The classi
cal results are seen to be significantly in er
ror, finding excessive laser absorption and 
heat transport into the overdense plasma. 
Mixed calculations, in which the kinetically 
absorbed energy serves as the source in a 
classical transport calculation, also find 

10 
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Fig. 3-29. Plasma fluid 
properties at the con
clusion of the calcula
tion for Z >= 10, / = 
10 1 4 W/cm a .¥ 
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Fig. 3-30. Electron dis
tribution functions at 
positions H through F 
labeled on the tem
perature profile in 
Fig. 3-29. 

excessive heat transport when compared 
with the kinetic calculations. The new ki
netic calculations are seen to be essentially 
self-consistent. They give heat fluxes that 
are significantly reduced horn naive, free-
streaming estimates and from the classical 
heat flux associated with the kinetic tem
perature profile (our kinetically calculated 
temperature is two-thirds of the energy 
density divided by the density). 

We now examine in detail the plasma 
conditions at the end of ine calculation for 
Z = 10 and J = 10'4 W/cm2 summarized in 
Table 3-4. Figure 3-29 shows the macro
scopic plasma properties. The peak of the 
laser energy deposition is at critical density. 
The somewhat greater penetration of the 
classical and mixed temperature fronts is 
evident, resulting in comparable or lower 
coronal temperatures for greater or equal 
absorbed energy (the exponentially increas
ing density cause., some masking of the 
penetration of the energy density), Near the 
peak of the heat flow, just inside critical 
density, the classical heat flow associated 
with the kinetic temperature profile is con

siderably greater than the actual kinetic 
heat flow. This is due to the fractionally 
higher temperature, which enters as T 7 / 2 in 
the classical heat flow, and also to the 
steeper temperature gradient there (compare 
the mixed calculation that carries the same 
heat flux by virtue of being driven by, and 
balancing, the same laser absorption). Note 
that the heat flow is an even smaller frac
tion of the characteristic quantity n^T/m T. 

In Fig. 3-30, the kinetically calculated 
electron distributions at various positions 
in the plasma are shown together with 
Maxwell-Boltzmann distributions with the 
same temperatures. The subcritical plasma 
is characterized by the distribution (labeled 
M-B) shown as a function of velocity and 
energy at position B. The lack of dominance 
of electron-electron collisions over laser 
heating and spatial transport is clearly seen 
in the depletion of the distribution at low 
energy (which is responsible for the re
duced laser absorption) and also at high en
ergy (which is responsible for the reduced 
heat transport). The flow in phase space is 
at first upward in energy due to laser 
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heating, then into the colder plasma due to 
spatial transport. The electric field provides 
the return flow of lower-energy electrons 
from the transport-heated plasma to the 
laser-heated plasma. The quasi-steady dis
tributions in the coronal plasma result from 
the balance between laser heating at lower 
energy and spatial transport at higher en
ergy, with self-collisions mediating but not 
dominating. It is this balance between heat
ing and transport that fixes their common 
value found here. 

Previous work on absorption concerned 
similar but nonsteady distributions, which 
evolved under heating and self-collisions 
only6 2 and did not address this physics. We 
observe that laser heating diffuses electrons 
away from lower energy more rapidly than 
self-collisions can establish equilibrium. The 
reduced opacity to the laser beam results 
from the depopulation of lower-energy 
electrons relative to the Maxwell-Boltzmann 
distribution. In the laser-heated plasma we 
see that the thermalization mean free path 
of the higher-energy electrons is long 
enough that they transport spatially into the 
colder plasma before self-collisions can es
tablish a Maxwell-Boltzmann tail. It is intu
itively satisfying that the heat flow 
associated with the resulting truncated dis
tributions is smaller than that associated 
with the Maxwell-Boltzmann distribution al 
the same temperature. Above critical den
sity, the distribution relaxes to Maxwell-
Boltzmann at low energy more rapidly than 
at high energy. The tail of the coronal dis
tribution penetrates as preheat into the 
dense, cold plasma as evidenced by the 
strongly two-component distribution shown 

at position F. Except in the preheat region, 
we have underfull tails on the distribution, 
and not the overfull ones of previous cal
culations in which hot Maxwell-Boltzmann 
plasma heats colder plasma.61 

In 1'ig. 3-31 and the related Table 3-5, we 
display the self-consistency ot the various 
calculations. At pos;tion ">, 90% of the heat 
flux is carried by electrons with !' < i>* 
= 5.3 X 107cnr, where l/,|//0 < \f\\/f0 = 
1.5. Near the peak of the heat flux, espe
cially, we see that the kinetic theory repre
sents a vast improvement over the classical 
theory. It is not surprising that a consider
able modification of the heat flux occurs 
near the peak. In the denser, colder plasma, 
contributions to the heat flux occur further 
and further out on the tail of the distribu
tion, where the electrons are effectively 
streaming in from the corona. 

In Fig. 3-32 and the related Table 3-6, we 
show the flux limitation implied by the ki
netic temperature and heat-flux profiles. We 
have evaluated the spatially varying param
eter, Fn, that would be required in a flux-
limited calculation to simultaneously match 
the kinetic temperature and heat flux near 
the peak of the heat flux. A local flux limit 
of about 1/5 is implied. As indicated al
ready, this is due to the higher kinetically 

Position Classical Kinelic Mixed 

E 
F 
G 

2.6 
5.3 
9.8 

14.0 
12.0 
9.4 
7.7 
0 

0.25 
0.50 
1.0 
1.4 
1.5 
1.8 
2.0 
2.5 

2.3 
4.5 
8 4 

12.0 
11.0 
8.3 
7.4 
0 

Table 3-5. Values of 
fllfa'iOXQior 
z -~ io,; - io 1 4 

W/cm2. 

Fig. 3-31. Self-
consistency of the 
heat-transport ialcula-
tion for Z = 10, / = 
1 0 1 4 W/cm 2 . 
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Position Ql m/TVm 4 s , , Ckir 'Qdass Ckin) Ffl 

r 0.085 (0.60) (0.21) 
CD 0.122 0.20 0.15 

*:max,kin 0.138 0.34 0.21 
D 0.135 0.50 0.27 

D£ 0.124 0.74 0.48 
E 0.114 0.90 1.14 

Table 3-6. Calculation 
of Ffi for Z ^ 10, 
/ = 1 0 1 4 W/cm 2. 

Fig. 3-32. Determina
tion of the flux-limit 
parameter required to 
match flux-limited 
heat transport evalu
ated with the kinetic-
temperature and 
heat-flux profiles at 
the conclusion of the 
calculation for Z = 10, 
7 = 1 0 u W/cm 2. (See 
Table 3-6.) 
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calculated temperature and its steeper gradi
ent. It is intriguing that this is the same re
gion where the flux limit acts in typically 
normalized simulations, and that the value 
we calculate accounts for a substantial por
tion of the parameters that have been em
ployed in the past to simulate difficult 
experimental data. In the coronal plasma, 
the kinetic heat flux is small and is seen to 
be up the temperature gradient, while in the 
overdense plasma the preheat flux exceeds 
that associated with classical conduction in 
the weak temperature gradient there. 

The other two calculations summarized in 
Fig. 3-28 and Table 3-4 exhibit data that are 
qualitatively similar to that of Figs. 3-29 
through 3-32 and Tables 3-5 and 3-6. It is 
remarkable that the high-Z, low-intensity 
run is, in general, the most well behaved 
calculation in all respects and exhibits the 
greatest flux limitation. The low-Z, high-
intensity calculation is the least well be
haved and exhibits the least flux limitation. 
Both these calculations also exhibit the re
duced absorption associated with the kinetic 
laser heating and opacity modeling. 

From our calculations we find that in
creasing the laser intensity or the plasma Z 

enhances the non-Maxwell-Boltzmann na
ture of laser-heated plasmas. Clearly, these 
non-Maxwell-Boltzmann effects will persist 
at somewhat longer density scale lengths 
(laser pulse lengths) and somewhat shorter 
laser wavelengths. 

Author: J. R. Albritton 

Stimulated Raman Scattering 
in Inhomogeneous Plasmas 
and by Large-Bandwidth Lasers 

As larger targets are irradiated with longer 
and more energetic pulses of laser light, the 
size of the underdense plasma increases. In 
large regions of underdense plasma, stimu
lated Raman scattering (SRS) can become 
an important coupling process. The SRS in
stability corresponds to the decay of an in
cident light wave into a scattered light wave 
plus an electron plasma wave (epw); as can 
be seen from the frequency-matching con
ditions, this process takes place in the 
underdense plasma having density less than 
or equal to quarter-critical density (l/4«c). 
Since the unstable plasma wave can have a 
high phase velocity (on the order of the ve
locity of light), very energetic electrons can 
be generated. SRS is thus a significant pre
heat concern and has been a focus of our 
attention. Because gradients in plasma den
sity influence SRS, we report some recent 
results on hot-electron generation by 
Raman scattering in inhomogeneous plas
mas. A more extensive discussion of our 
work can be found in Ref. 65. 

To examine the nonlinear behavior of 
Raman scatter, v/e used a 1.5-dimensional 
particle code (OREMP) to follow the propa
gation o.' light through an inhomogeneous 
slab of underdense plasma. The code fol
lows the plasma evolution until a quasi-
steady state is attained, and monitors 
the scattered light, absorption, and hot-
electron temperatures. 

Figure 3-33 presents the code's simulation 
of Raman absorption in an inhomogeneous 
plasma. The plasma density initially was a 
ramp from n/nc = 0.01 to n/nc = 0.J2 in H7 
wavelengths; Te = 5.5, T/Tx = 30, and the 
incident intensity JX2

m = 3 X 1014 to 
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2 X 101 6 W-Mm2/cm2. In some runs, 60% of 
the incident light reaching the high-density 
boundary condition was reflected, emulat
ing a critical-density surface. The plasma-
boundary condition on the high-density 
side was a numerical surface that allowed 
escaping particles to be replaced by cold 
particles at Te or T,. Some room was al
lowed for expansion on the laser side. As 
expected, the absorption due to SRS drops 
near the minimum gradient threshold inten-
s i t y [ / T ~ 1 0 ' 7 / ( C X ^ ) ' ~ 1.4X10" 
W'/am2/cm2 for these parameters, where T 
refers to the threshold] but rapidly proceeds 
to a sizable level well above that intensity. 

In a simulation using :he plasma condi
tions, above, except with fixed ions, SRS 
still absorbs 20% of the light for /A2

m 

= 8 X 1014 W-/j.m2/cm2, which is about a 
factor of 2 over the density-gradient thresh
old. In general, ion dynamics reduce the 
level of SRS either due to competition with 
other processes such as light loss from stim
ulated Brillouin scattering (SBS) or laser ab
sorption on the short-wavelength Brillouin 
waves (with low density and/or high T„ in
creasing JTXD),66"68 or due to the steepening 
of the density profile. A simulation with the 
same initial density profile as above (7A2

m 

= 10" W W / c m 2 and T„ = 1 keV) 
showed essentially no Raman scattering due 
to quite vigorous Brillouin scattering. 

An example of the profile steepening in a 
simulation with moderate SRS is shown in 
Fig. 3-34. The density profile is steepened 
due to the ponderomotive force of the epw 
electrostatic field, the transverse field of the 
scattered light, and the heated electrons es
caping and leaving a positive charge that 
accelerates some of the ions away. At high 
intensities, the pump can form holes in the 
plasma; this effect has also been seen in 
two dimensions69 and is analogous to bub
bles at the critical density.70 Since it de
pends on the polarization, bubble formation 
is inherently a three-dimensional phenome
non and is only partially resolved in one-
dimensional simulations. The Raman 
absorption, heated-electron temperatures,66 

and o>5 are characteristic of the roughly con
stant density shelf and the steep gradient 
near l/4nc. The actual density profile also 
depends on the 2 ^ (Ref. 68) and Raman 
sidescatter instabilities as well as the spheri

cal divergence and flow of the plasma. 
There is indirect experimental evidence 
from spectra that the shelf is at a much 
iower density. Consequently, Fig. 3-34 can 
only be considered schematic, showing that 
such steepening can occur from Raman 
backscatter in isolation. In detail, of course, 
the Raman absorption and heated-electron 
temperatures, T h o t, will depend on the 
actual profile. 
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Fig. 3-33. Fraction of 
light absorbed from 
1.5-dimensional ki
netic simulations of 
Raman backscalter in 
a density gradient. 
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Hg. 3-34. Density 
profile from a 1.5-
dimensional simula
tion at time = 1500 
laser cycles. 
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Fig. 3-35. The healed 
electron temperatures 
in .i density gradient. 

Fig. 3-36. Heated elec
tron temperatures, 
T^, and fractional 
absorption from 
Rr:Tian backscatter for 
t* > gradient lengths. 

Figure 2 of Ref. 65 presented T h o t vs den
sity for Te = 1 and 10 keV in a long, 
homogeneous plasma. Our Fig. 3-35 
presents Thm from our simulations of 
Raman backscatter in a density gradient. 
Except for the run at f\2

m = 2 X 1016 

W/cm2, 60% of the incident light was re
flected from an artificial critical surface. This 
reflected light can also drive Raman in the 
backward direction and may account for the 
difference in the temperatures measured by 
averaging over space and through the high-
density boundary. At these low intensities 
and absorptions, Thol is inherently difficult 
to measure; the high and low tempera
tures in Fig. 3-35 may be considered as 
error bars. 
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Figure 3-36 presents more simulation data 
for other gradient lengths as noted. The 
simulations for these points did not include 
the artificial critical surface described above, 
having instead a transmitting electromag
netic boundary condition. The predicted 
gradient threshold intensities'' are /X2

m 

~ 1.5 X 1015 W W / c m 2 for L A ^ = 23 
and tt2

m ~ 1.5 X 10" W-M2/cm2 for LA„m 

= 139, in rei%onable agreement with the data. 
Note that 7"hol again rapidly rises to a value 
characteristic of SRS at densities of about 
1/5HC. It is interesting to note that Raman 
scatter near 1/4HC has a lower gradient-
threshold intensity than the 2w„c instability, 
provided Te(keV) > 20 (\„JLy/3. 

Effects of Bandwidth. Finally, let us 
note that the gain of SRS can be reduced 
by the use of laser light with a large band
width; experiment72 and simulations73 have 
shown that bandwidth can also reduce SBS, 
an instability similar to SRS. A bandwidth 
of Aw = 10 to 20% can be made up with 
about 10 different lines, as suggested by 
Eimerl et al.7 4 Reference 66 showed that 
use of a large bandwidth can drive SRS 
below its gradient threshold in an 
inhomogeneous plasma. 

To further explore the effect of a large 
bandwidth on SRS, we carried out simula
tions using a plasma with uniform density. 
As Fig. 3-37 shows, the fraction of the light 
absorbed by SRS is significantly rpduced 
when the bandwidth is quite large. If we 
plot the inferred SRS gain vs 7/Aw, we find 
that the gain is proportional to 7/A10 for 
Aw/7 > 10; here Ao> is the total bandwidth, 
and 7 is the instability growth rate. This re
sult is consistent with the predictions of 
Thomson and Karush.75 

Since the Raman instability is resonant 
for densities less than or near l/4nc, lines 
for which n > l/4n c for that particular line 
interact only weakly. The problem with 
discrete lines is that if u p equals the "differ-
•ir< t>p..-iuer.ty" between any of the lines, 

. mc otam frequency can directly drive 
SRS (Ref. 76) or enhanced Alimentation77 at 
that density. For a bandwidth in which the 
maximum difference between the lines is 
20%, for example, the resonant density 
would be n/nc = 0.04. Since the density 
here is fairly low, the backscatter epw 
phase velocity is low, and rather benign 
heating is expected. Fcrward scatter mav be 
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considerably enhanced with associated bnt 
electrons, however. 

Authors: K. G. Estabrook and 
W. L. Kruer 

JXB Heating by Very Intense 
Laser Light 

The absorption of very intense light is a 
problem of great interest to anyone study
ing ICF applications of lasers, particularly 
C 0 2 lasers. There is, of course, the well-
known mechanism of resonance absorp
tion,78 which can be strongly enhanced by 
both cratering79 and rippling80 of the critical 
density surface. We have recently explored 
another little-known mechanism, which can 
play a significant role at the very high in
tensities commonly used in C 0 2 experi
ments. This so-called JXB heating81 is due 
to the electrostatic field driven by the os
cillating component of the ponderomotive 
force of the laser light. Here we present a 
model calculation to show that the driven 
electrostatic field is sizable for high-intensity 
light. We then present computer simukitions 
of the JXB heating, which demonstrate sig
nificant absorption of very intense light into 
electrons with a modest temperature. 

Model Calculation. We begin with a 
mode! calculation to illustrate the physics 
of this coupling mechanism. Consider a 
linearly polarized light wave with electric 
amplitude E = EL(x)(sin o>c0y- ^ " e 

pondero-notive force, fp, exerted by this 
field is readily derived in the usual way by 

*P = ~yxvi(x)(l + cos2a0t)x , (92) 

where vL — eE^JmoiQ, and, for simplicity, we 
have neglected relativistic effects. The time-
averaged part produces steepening of the 
density profile, and the oscillating compo
nent can lead to heating. In effect, the os
cillating ponderomotive force corresponds 
to driving the plasma with an electrostatic 
field EA, where 

Since the magnitude of £ d is proportional to 
Vydvjdx, significant absorption is expected 
only for very intense light. 

To estimate the size of the driver field, 
we consider an intense-planar light wave 
normally incident on an inhomogeneous 
slab of plasma and use the model of Lee 
et al. 8 2 to compute E, (x) in the strongly 
steepened light-plasma interface. For in
tense fields, the density variation is large, 
and a numerical solution of the model 
equations is needed. Figure 3-38 shows a 
typical result for the spatial variation of the 
amplitude of the transverse electric field 
and the plasma density in trv jiterface. For 
this example, (f r e/iv.)2 = 10, where i>F5 = 
cEra/mo)0, £ K denotes the free-space value 
of £L, and ve is the electron thermal 

— I T" 
Incident [T. ] 
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Kinetic theory 
growth rate 

0.007 a»n 

0.13 
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Fig. 3-37. SRS absorp
tion vs bandwidth. 

Fig. 3-38. Spatial vari
ation of the transverse 
electric field 
<i>L - ? £ j /"i<d 0) a n d 
the plasma density in 
the light-plasma 
interface. 
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velocity. As expected from the pressure bal
ance, the plasma is steepened by the in
tense, reflecting light wave to a density of 
nc(i>FS/i>e)2, where nc is the critical density. 
Both the transverse field and the density 
vary quite rapidly in the interface. 

Given i>i(x), we can evaluate the magni
tude of the driver field due to the oscillating 
ponderomotive force. For example, at the 
location where the driver field would be 
most enhanced by the plasma response 
(it =a 4HC), v 'ind that 

— = 0 . 6 — m \ r„ 

1 •" »5«o (94) 

Fig. 3-39. Electron 
phase space from a 
computer simulation 
of JXB heating. 

Although relativistic effects should be in
cluded for more quantitative estimates, the 
magnitude of this field is clearly significant 
when the incident light is very intense. The 
oscillating electrostatic field has a strong 
spatial variation in the light-plasma inter
face and will heat electrons that interact 
nonadiabatically with it. 

Simulations. To compute the absorption 
and electron heating, we have carried 
out computer simulations using a 1.5-
dimensional particle code with electro
magnetic fields and relativisric parti :le 
dynamics. In our simulations, we consider 
the propagation of an :ntense, planar light 

1 
Parameters: 
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wave from vacuum onto a plasma slab. The 
plasma begins as an overdense slab with 
density equal to the upper density expected 
in the final steepened state; i.e., n/n. = 
(t>p5/t)c)2. The reflected light waves are al
lowed to escape into vacuum at the left 
boundary, and heated electrons are replaced 
with incoming thermal electrons at the right 
boundary. The evolution is followed •mtil a 
quasi-steady state is attained. 

Our simulations demonstrate significant 
heating when the light is very intense. As 
illustrated by the plot of electron phase 
space in Fig. 3-39, electrons are accelerated 
and then Seamed into the plasma by tl.o 
oscillating ponderomotive force. The etlcc-
tive temperature of tlv; heated electrons is 
relatively modest, as shown by the plot 
of the electron distribution function ;r, 
Fig. 3-40. In this example, the product of 
incident intensity' and wavelength squared 
is 1018 W-fmr/cm2 (i.e., / = 101 6 W/cm2 for 
CO; light), and the initial electron tempera
ture of the dense plasma slab is 4 keV. The 
time-averaged absorption is about 11%. 
Note that the heated temperature is about 
50 keV, whereas the heated temperature 
due to resonance absorption would be of 
order 500 keV for these parameters. 

Table 3-7 shows the averaged absorption 
measured in a number of simulations vrith 
different incident intensities and back
ground election temperatures. As expected, 
the absorption is strongly dependent on in
tensity, ranging from 1 or 2% at JX2 = 101 7 

W'/uivVcm2 to between 10 and 15% at JX2 

= 1018 W-Mm2/cm2. A weak dependence of 
the absorption on background electron tem
perature is also evident. 

In summary, we i.ave demonstrated a 
novel mechanism for the absorption of very 
intense laser light. The oscillating compo
nent of the ponderomotive force generates 
an electrostatic field, which leads to electron 
heating. A model calculation shows that the 
electrostatic field is sizable for very intense 
light. Computer simulations with a relativis
tic particle code demonstrate significant ab
sorption into electrons with a relatively 
modest temperature. Of course, this process 
is supplemented by the well-known process 
of resonance absorption on a deeply cra-
tered and rippled critical-density surface. 

Authors: W. L. Kruer and K. G. Estabrook 
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Nonsteady Stimulated 
Brillouin Scatter Induced by 
a Reflective Critical Surface 

Stimulated Brillouin scatter83 (SBS) is of 
considerable interest in laser fusion because 
it is a mechanism by which incident light 
may be scattered from the target before sig
nificant absorption can occur.84 In conven
tional analyses of SBS, outgoing wave 
conditions are applied to the scattered beam 
at the material boundaries or at infinity.83 In 
actuality, however, physical systems often 
possess a reflective internal boundary, such 
as the critical-density sr.rface in a laser 
fusion plasma. 

In this article, we describe the results of 
studies showing that an internal boundary 
that is reflective to light waves can signifi
cantly alter the usual SBS physics. Li the 
linear regime, we find large changes in the 
absolute instability threshold, growth rate, 
and scattered-light frequency shift. In the 
nonlinear regime, where the scattered light 
wave is comparable in magnitude to the in
cident pump wave (although the acoustic 
wave may remain linear), numerical calcula
tions show that the scattered light exhibits a 
rich frequency spectrum, including shifts 
corresponding to both multiple and frac
tional harmonics of the fundamental 
acoustic- <vave frequency. 

As the pump intensity, acoustic-wave dis
sipation, and system length are varied, the 
time-asymptotic behavior of the system (as 
evidenced by the intensity of the scattered 
iight, for example) displays transitions 
among simple oscilLiOry steady states, 
complex limit cycles, and chaos of no dis
cernible periodicity. For parameters typical 
of high-intensity laser-plasma-interaction 
expt nments, SBS often falls in the chaotic 
regir, e. As we will show, calculations of 
highly structured scattered-light spectra in 
this regime compare favorably with experi
mental data.8 5 

Our new results may be understood by 
considerng that a reflective internal bound
ary alters both the equilibrium in which 
SBS grows and the wave-coupling process 
of the instability itself. The reflected inci
dent wave acts as a second, counter-
propagating pump wave; the incident and 
reflected waves beat together, supporting an 

"equilibrium" perturbation of the medium 
that couples them. If the medium and re
flective boundary have no relative velocity, 
this coupling results in a simple pha^e shift. 
When the relative motion is nearly sonic, 
large energy transfers from the incident 
to the reflected pump wave can occur, 
significantly reducing transmission to the 
internal boundary.86 

In the usual analytic case of SBS without 
a reflective boundary, there is a single 
pump wave; two pairs of acoustic and 
backscattered light waves satis'.' the 
frequency-matching and wave-number-
matching conditions required for three-
wave coupling with the pump wave. In 
one pair, an acoustic wave propagating 
parallel to the pump wave couples with a 
frequency-downshifted (Stokes) backscat
tered light wave and is enhanced. In the 
other pair, an acoustic wave propagating 
antiparallel to the pump couples with up-
shifted (anti-Stokes) backscattered light and 
is evanescent. These acoustic waves have a 
wavelength one-half that of the light waves 
(the coupling of very-long-wavelength 
acoustic waves and forward-scattered light 
waves is neglected here). 

In the presence of a reflective internal 
boundary, on the other hand, there are two 
pump waves, so that each acoustic wave 

T e(keV) ;Xj(W.nm 2/cm 2) /abs 

4 W" 0.015 
4 3 x in 1 7 0.06 
4 10 1 8 0.11 
12 3 X 10 1 7 0.05 
n 10" 0.17 
40 10" 0.13 

Table 3-7. Time-
averaged absorption 
(/abs* measured in 
simulations with dif
ferent incident inten
sities and background 
electron temperatures. 

100 200 300 
Electron energy (keV) 

Fig. 3-40. Plot of the 
electron distribution 
in a computer simula
tion of J X B heating, 
with same parameters 
as Fig. 3-39. 
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Fig. 3-41. Contour 
plots of (a) the nor
malized SBS growth 
rate, 7, in the presence 
of a reflective internal 
boundary and (b) the 
normalized SBS fre
quency shift, AQ, rela
tive to the usual value. 

couples to both the Stokes and the anti-
Stokes light waves. For example, the acous
tic wave propagating parallel to the incident 
pump wave couples to the incident pump 
wave and its associated Stokes wave, while 
simultaneously coupling to the reflected 
pump wave and its associated anti-Stokes 
wave. The former coupling is the usual de
stabilizing influence and represents an en
ergy source for the acoustic wave; the latter 
coupling is stabilizing and represents an en
ergy sink. In addition, the reflective surface 
directly couples the scattered light waves of 
the same frequency (the Stokes waves asso
ciated with the incident and reflected pump 
w aves, for example) and indirectly couples 
them as they propagate through the per
turbation supported by the incident and re
flected pump waves. For these reasons, the 
system including the reflective boundary 
may be expected to display new, stable and 
unstable behavior. 

Linear Theory. To demonstrate these ef
fects, we first consider SBS in a homoge
neous medium at rest with respect to the 
reflective boundary. We write the left- and 
right-propagating electromagnetic vector po
tentials and the (linear) acoustic response as 
products of a slowly varying envelope and 
a rapidly varying phase such that 

A(.v, I) = Re [ A , exp 1 (kx - u„l) 

+ A expH-kx -u n ( ) l (95) 

and 

rh(.v, /) = Re jrh exp I — 2ikx)\ , 

where w„ is the laser pump frequency and k 
is the wave number. In the dimensionless 
units of previous workers,83 the envelopes 
obey the equations 

(97) 
dA. dA, 

e ^ — + —— = - f A„ m( > 
dt dx 

and 

a/ 2 at 

+ 2&K^ + fl2m = - 2 0 . A dx A 

(96) 

(98) 

Here x is measured in units of the growth 
length, 

L] = vVi/7o , 

( is measured in units of 

'1 - U v * ) - 1 , 

J!s = wju /3 = (/f,/2, and * means conjugate 
for the plus ( + ) equation only. In these 
units, c„ is the ion sound speed; c, is the 
group velocity of light; ais and v are the real 
frequency and damping rate, respectively, 
of undriven acoustic waves; 7 0 is the 
infinite-medium SBS growth rate; and 
< = cjc, is a small parameter. Note that 
i\, as defined here, is inversely proportional 
to the pump strength. 

In analyzing the linear regime of the SBS 
instability, we split A t into the incident 
and reflected pump waves (A l 0 ) and the 

0 0.02 0.04 0.06 0.08 0.10 0 0.02 0.04 0.06 0.08 0.10 
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Stokes and anti-Stokes backscattered waves 
(C ± and D ± / respectively). Simila-.iy, we 
split the acoustic response, m, into the per
turbation supported by the beat of the 
pumps, rh,), and left-hand right-going 
waves, rh ± so that 

A ± {x.t) = At0(x) 

+ C ± {x, t) e'"1 + D ± (x,t)e-'"'' (99) 

and 

m(x, t) = rh0 (*) + m, (x, I) c'1" 

+ m_ (x, f)t'" (100) 

Substitution of Eqs. (9?) and (100) into 
Eqs. (97) and (98) results in a system of 
nine equations for the three quantities, A±0 

and ifio, and the six decay waves, C ± , D ± , 
and m ± ; for the sake of brevity, we do not 
record them here. If the reflective boundary 
(of reflectivity / ) is located at x = C and the 

laser is incident from the right at x — L 
then the appropriate boundary conditions 
are A + 0(0) = /A_„(0), C + 0(0) = /CL0(0), 
D+o(0) = /D_0(0), m +(0) = 0, and 
m_(L) = 0. Imposing these boundary condi
tions and setting d/di of the envelopes 
equal to zero defines a sixth-order eigen
value problem for the frequency, ft 
= Q(e, Qj, L, /, /J). For the usual cas" of 
small e, the absolute instability threshold 
condition is the usu.nl one that the growth 
rate in the absence of damping exceeds the 
damping rate: — ImSi(„„ 0) > 13. 

As an alternative to this difficult eigen
value problem, we have set SI = Sl5, ne
glected d2/dt2, and solved the resulting 
initial-value problem fur the temporal evo
lution of the envelopes. Figure 3-41 is a 
contour plot of the growth rate, y{(, SI,), for 
L = 10, f/p = 0.9, and 0 = 0. The usual re
sult obtained in the absence of a rei 'cting 
surface is 7 = 2, (nearly) independent of t 
and fls; it is evident in Fig. .'Ml, however, 
that the reflecting surface has resulted in 
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Fig. 3-42. Amplitudes 
of the electromagnetic 
eigenfunctions, \C>. r 
and | D ± I 2 , and cor
responding acoustic 
eigenfunctions, |m 4 1 2 , 
for parameters cor
responding to point A 
in Fig. 3-41. 
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Fig. 3-43. (a) Time his
tory of the scattered 
light emerging at 
x = L, showing linear 
growth, saturation, 
and asymptotic limit-
cycle behavior; (b> fre
quency spectrum just 
prior to saturation and 
(c) in the asymptotic 
state. 

substantial c- and U.-dependence of the 
growth rate. For example, at point A (fl s

_ 1 / 2 

= 1A/55 = 0.135, - m = v'O.OOl --= 0.031), the 
value of the growth rate has been increased 
to about 7.0, several times the usual value! 
The absolute instability threshold is cor
respondingly reduced. 

Figure 3-41(b) displays the departure of 
the Stokes-wave frequency from its usual 
value, i.e., tha pump frequency shifted by 
the acoustic frequency. The reflective 
boundary induces large frequency shifts, as 
may be seen, for example, at point A, 
where Aft = —10. In physical units, this 
corresponds to a Stokes-frequency shift of 
about —1.2 u s. 

In Figs. 3-42(a) and 3-42(b) we display 
the amplitudes of the electromagnetic 
eigenfunctions, |C ± P and |D ±P, and the 
acoustic eigenfunctions, |fh J 2 , for the 
parameters corresponding to point A in 

Fig. 3-4i. For comparison, in Figs. 3-42(c) 
and 3-42(d) we display |C + P and |m J 2 for 
the same parameters as in Figs. 3-42(a) and 
3-42(b), except that / " 0. In the presence of 
the reflective boundary, the acoustic waves 
nearly fill the region; hence for a fixed level 
of scatter, they have a much smaller ampli
tude than in the / = 0 case, for which the 
waves are appreciable only over a few 
growth lengths. Consequently, for / ¥= 0 the 
growth of the scattered light waves is also 
considerably extended. The anti-Stokes light 
wave, |D +P, exits the region with nearly 
1/10 the intensity of the Stokes ]C + P wave. 

Substantial modification of the current 
understanding of SBS in inhomogeneous or 
drifting media and convective SDS may also 
be expected to emerge from linear analyses 
that include a reflective internal boundary. 

SBS in the Nonlinear Regime. To pursue 
the foregoing analysis into the nonlinear 

- ( c ) 1 

1 1 

.n 1 ll . A ,Av .! . 
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regime, a numerical solution of Eqs. (97) 
and (98) would be sufficient. Instead, we 
take up more general equations that are ap
propriate for drifting, inhomogeneous me
dia and that allow comparison with data 
from laser-plasma interaction experiments86 

<9A± 

~dT 

and 

d2m 
dt2 

dA + 

' IT = — i y 0 A ± m ( (101) 

— 2iu>. V + > 
2a>. 

dm 
~dl 

elm 
•~dx 

;('-+'i) 
-2ai s7 0A_A' + (102) 

In Eq. (102), d/dt = d/dt + Vgd/dx is the 
convective derivative in the drifting me
dium (having drift velocity vB in the labora
tory frame where the scattered light spectra 
are observed); and rj = Aw/ws + V(/cs, 
where Aw = w_ — w + is the frequency dif
ference of the left- and right-going light 
waves due to reflecting-surface Doppler 
shifts 3- "1 me changing optical depth of 
the rr.edium.87 Frequency shifts due to 
SBS are contained in the phases of the 
envelopes, At. 

In Fig. 3-43 we display numerical solu
tions of Eqs. (101) and (102) for a homoge
neous, stationary plasma slab initialized to 
include the perturbation in near equilibrium 
with the incident and reflected pump 
waves. In the units of our previous analysis, 
the parameters are L = 10, l/l2 = 0.9, 
S2S = 28, e = 0.001, and 0 = 3.0. Figure 

3-43(a) is a time history of the scattered 
light, As(0 = [A+(f) - A + 0 ] / A + 0 , emerging 
at x = L, the vacuum interface. For these 
parameters the data of Fig. 3-41 predict a 
linear growth rate 7 =2 7.3 — # = 4.3, and a 
frequency shift of Q = — Qs - Afl(<, fis) 
= —42. Converting to the units of Fig. 3-43 
[t ~ (Ar0cs)-1], we obtain y = 0.26 and 
o> — w0 = 2.5 = —1.5 ws, which agree 
well with the observed linear growth and 
frequency shift. 

After saturation at / = 30 (kBcs) ', the in
stability evolves slowly toward its asymp
totic state, a complex limit-cycle behavior 
characterized by multiple and half harmon
ics of the linear frequency shift SI. Figure 
3-43(b) shows the frequency spectrum just 
before saturation; note that the Stokes and 
anti-Stokes lines at Aw = 12.5 k„c, are 
prominent and the nonlinearly generated 
multiple harmonics have emerged. The fre
quency spectrum in the asymptotic state is 
shown in Fig. 3-43(c); half harmonics are 
clearly visible at Aw ±1.25 « 0r v 

As the system parameters are varied (par
ticularly as L is increased), the asymptotic 
limit-cycle behavior can become more and 
more complex, with the generation of 
higher-order half harmonics (1/2", n > 1) 
and their multiples. Finally, the asymptotic 
state can become chaotic, i.e., not discern-
ibly periodic. These chaotic states are char
acterized by highly structured frequency 
spectra of light returning from the plasma. 
Such chaotic behavior is shown in Fig. 
3-44(a), which is a calculated time history of 
reflected power |A+(f)p. The corresponding 
calculated reflected-light spprtrum is shown 
in Fig. 3-44(b). 

The systems that ';,;hibit chaotic SBS are 
not limited to the simple homogeneous 

(a) Calculation b) Calculation 
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Fig. 3-44. Calculated 
(a) and (b) and mea
sured (c) time histories 
of the scattered and 
reflected intensity and 
associated spectra, 
s lowing chaotic 
behavior. 
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ones just described. In fact, the background 
plasma conditions in the simulation that 
produced the curves in Fig. 3-44 correspond 
to those characterizing recent high-intensity, 
short-pulse laser-plasma-interaction experi
ments.85 The plasma density, drift velocity, 
and temperature profiles taken from hydro-
dynamic simulations of these experiments 
exhibited the very strong gradients typical 
of this regime. 

The qualitative similarity between the 
light spectra from the simulation [Fig. 
3-44(b)] and the experimental data [Fig. 
3-44(c)] is striking. Moreover, the agreement 
can be made semiquantitative. At peak laser 
power (( = 60 ps) the hydrodynamic simu
lation yields an electron temperature 
T,, = 15 keV at the peak laser intensity of 
5 X 10" W/cm2. The normalized sound 
speed at this temperature is e = cs/c 
= 2.8 X 10~3. The calculated frequency 
shifts in Fig. 3-44(b) are converted to wave
length shifts in A by multiplying by 
- ( V ) = -30(A) for Nd:glass laser light. 
Thus, both the relative spacing and place
ment of the peaks in the simulation spec
trum are in agreement with the data. 

Note that if we appeal to multiple-
harmonic generation (rather than fractional-
harmonic generation) to explain the 
experimental spectra, the sound speed de
rived from the spacing of the spectrum 
peaks, c/c = A\/(2X), yieldc <\n electron 
temperature of —0.4 keV; the value is much 
too low for plasmas illuminated at intensi
ties of 5 X 10'5 W/cm2 and is not in agree
ment with measurements of Tc in similar 
experiments. In our simulation we set ^he 
parameters l/p = 0.1 and v, =• 0.4 ui,; similar 
spectra may be obtained with somewhat 
different values of these parameters. 

Authors: C. J. Randall and J. R. Albritton 

One-Dimensional Tim ̂ -Implicit 
Hybrid Simulations 

Recent time-implicit particle-simulation 
methods, using moments 8 8 8 9 or a direct ap
proach,90 allow large time steps At > w~', 
where o>p = (4?rc2ne/me)' /2 is the plasma fre
quency, ne the electron density, — e the 
electron charge, and me the electron mass. 
However, these methods remain limited by 
the condition At « (kvlh)~\ which specifies 

that an electron near the thermal velocity 
t' t h must not move across a large fraction of 
a characteristic wavelength X = 2w/k during 
a time step. Taken together, these condi
tions imply kXD -& 1, where XD = vtt/up is 
the Debye length. Thus, implicit methods 
yield improved efficiency only in the case 
of long wavelengths or in dense, cold plasmas. 
However, dense, cold plasmas also have 
large collision frequencies i/c, and implicit 
codes operating in this regime must there
fore allow time steps with i\.AI > 1. 

In inertial confinement fusion, an area of 
application of implicit methods concerns in
teractions between sparse, hot regions, such 
as the corona, and dense, cold regions, such 
as the target, which art typically several or
ders of magnitude deru-cr and colder than 
the corona. Such probl*'<-.s yield naturally 
to a hybrid formulation, in which the 
sparse, hot component is represented as 
particles and satisfies the conditions wpAf 
« 1, kvt][At « 1, and i>cAI « 1, while the 
dense cold component is given a fluid 
representation and is characterized by 
WpAf > 1, kvlhAI « 1, and vcM > 1. 

One-dimensional hybrid codes of this 
type are still in the development stage, but 
they have interesting possibilities. In our 
code,91 we model ions and thermal elec
trons in terms of Braginskii's two-fluid 
equations,92 including ion and electron iner-
t ;a, friction and thermal forces, and electron 
and ion temperatures. We represent fluid 
quantities on a uniform Eulerian grid, 
which we also use for particles. We use 
flux-corrected transport to minimize nu
merical diffusion; vacuum regions are al
lowed, and the boundaries are absorbing 
and re-emitting, with either fixed external 
charges or a fixed potential difference across 
the system. 

We represent energetic electrons as 
weighted particles with position x, parallel 
velocity vx, and transverse velocity »,. These 
particles interact with the fluid via the elec
tric field and by collisions involving energy 
exchange and Monte Carlo scattering. Parti
cles are emitted and reabsorbed within the 
fluid according to the local collision-
frequency, with emission when e n u i d < c, 
and reabsorption whe-, v M e < v2, where 
K, and v2

 a r e problem-dependent collision-
frequency thresholds. The threshold v2 and 
time step At are assumed to satisfy the con
dition v-lf « 1, allowing collisions to be 
applied separately, as shown in Fig. 3-45. 
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The implicit field computation is done by 
a direct method.90 Let 

G: = E, a'Ax, , 
£ i - - H z h + "ei 

— « „ , — tt.i "pj + ij (103) 

, and » p | are respectively the 
electric field, ion density, fluid electron den
sity, and particle den; ity at cell j , Ax is the 
mesh size, a — L/\D, L is the characteristic 
length, and XD is the Debye length cor
responding io the characteristic density n0 

and temperature T0. Here, lengths are mea
sured in units of L and velocities in units of 
n,h = (T'0/m(,)1/2. The Poisson equation, 
Gj = 0, is solved using Newton iterations 
by solving 

(dG/oEr)nEf+l = -G« (104) 

where q is the iteration level. Both fluids 
and particle quantities are computed implic
itly within the iteration loop, and the matrix 
3Gj/5E|, is computed from the linear depen
dence of the Hci's and npi's on the Ej's in 
the fluid- and particle-pushing algorithms. 
This matrix has four diagonals in the 
present case. 

Several examples involving expansion of 
a plasma slab into vacuum and electron 
current across a diode gap with plasma 
electrodes am presented in Figs. 3-46 
through 3-49 to illustrate the capabilities of 
the code. Tht expansion results shown in 
Fig. 3-46 correspond to a plasma s.ab ini
tially occupying a region of width 2 X 103 

\ D located at the center of the system. 
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Collisions 
and 

reabsorption 

f + Al Particle 
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and 
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Fig. 3-45. Implicit hy
brid simulation cf in
teraction between hot 
(corona) and cold (tar
get) regions. 

- 2 — 

- 0 

-2 — 

1 — 1 • r- i 1 

• « - ' • 

- J » 

; 
-

1 1 , 1 

/ • • ' . ' • : . 

t = 4000 

1 
V 1 -

2 4 6 
xi\D no3) 

Fig. 3-46. Simulation 
of a plasma slab ex
panding into a 
vacuum. 

3-51 



Laser-Plasma Theory and Simulation 

Fig. 3-47. Simulation 
of an electron current 
across a diode gap 
with plasma 
electrodes. 

A mass ratio m-/me = 900 is assumed 
with T/T(, = 10 2 and a collision time 
T,, = 0.528 «p ' (corresponding approxi
mately to a l-^m-thick foil with initial elec
tron density -MO23 cm "• and temperature 
~-500 eV). The slab is initially represented 
as fluids only, but energetic electrons be
come particles as they expanc'. into vacuum, 
as shown in the phase plot h Fig. 3-46 at 
t = 400 w '. The energetic electrons are 
trapped by strong electric fields near the 
plasma-vacuum boundary and oscillate 
across the slab, as shown in the phase plot 
at / = 4000 u)p '. During their transit across 
the slab, the electrons lose energy by colli
sions with thermal electrons so that some of 
them are reabsorbed into the fluid. 

The diode results, shown in Fig. 3-47, cor
respond to a system of length L = 1.96 
X 105 XD„ and a potential * = 2.3X 10'1 

Ttf/n (where Tt<) and \ D „ are electrode tem
perature and Debye length). The simulation 
is initialized with fluid electrons only, and 
particles are emitted as a pure electron gas 
is formed on the cathode surface (right). 
These electrons are accelerated across the 

gap and are absorbed as they reach the 
anode. Ohmic potential drops in the elec
trodes reduce the potential across the gap to 
1.65 X 10J T^/e, which corresponds to a 
Child-Langmuir limit / c , = 5.0 X 10~6 

f"ifl !'tho- , n m i s example, the diode current, 
/,. = 0.8 X 10 * etifi, *>,„(), is limited by the 
cathode resistivity, but the Child-Langmuir 
limit is approached in simulations with low 
electrode-collision frequency. 

The results, shown in Fig. 3-47, corre
spond to fixed ions and to constant tem
peratures. Si mil la l ions in which these 
constraints are removed, and in which the 
complete set of fluid equations is used, dis
play interesting features. For example, the 
phase plot of Fig. 3-48 shows a case in 
which energetic electrons have been emit
ted suddenly within the cathode. The sud
den emission occurs when the electrons in a 
slice of the cathode, near the surface, are 
sufficiently heated by ohmic losses to be
come collisionless. The emission is accom
panied by large electric fields generated by 
expansion of the hot electrons into the gap. 
When the sudden emission is inhibited by 
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lowering the emission threshold v,, the 
diode operates as in the case of Fig. 3-47, 
but ions are now pulled from the anode 
surface and begin to close the gap, as 
shown in Fig. 3-49. 

The time step in our simulations was 
adjusted dynamically to satisfy the condi
tions Ht,Af < 0.2Aj, ;>lhc,Al < 0.2A.V, 
(fE/mcAjr)1/2A/ < 0.2 (where H, and vlhi, are 
local fluid electron velocity and particle 
thermal velocity). For example, the time 
step for the case shown in Fig. 3-47 varied 
from UpAf = 2 to 10 (Av = L/100), but for 
some simulations these conditions can yield 
time steps wpA/ < 1. 

In addition to having the desirable fea
ture of a large time step, our simulation also 
has the ability to follow steep gradients 
with density ratios of several orders of mag
nitude across interfaces. Note, for example, 
the density ratio njn? of ~ 107 across the 
cathode surface in Fig. 3-47 and the ion 
density ratio of ~10 f across the anode sur
face in Fig. 3-49. We expect that such codes 
can be generalized to two dimensions and 
to formulations that include electromagnetic 
and relativistic effects. 

Author: J. Denavit 

Electromagnetic Direct-
Implicit Algorithm 

During 1982, we extended the "direct" im
plicit particle-in-cell (PIC) simulation ap
proach93"* to apply to simulations that 
include full electromagnetic fields. The new 
algorithm offers advantages relative to 
"moment" implicit electromagnetic algo
rithms'"' and may help in our quest for sim
pler, more robust implicit codes. 

Implicit fields reproduce electromagnetic 
waves at long wavelengths (»cAf). At short 
wavelengths, the electrostatic, magneto-
static, and inductive electric fields are re
tained, as in a "Darwin" code.9' At all 
wavelengths, Lar.gmuir waves are stabi
lized, as in a direct-implicit electrostatic 
code. The electrostatic fields are accurate for 
wavelengths longer than the electron transit 
distance (t>lcAZ). These properties make an 
implicit electromagnetic code attractive for 
modeling intense electron flow, which is 
subject to pinching, the Weibel instability, 
and other processes that generate mag

netic fields, which, in turn, alter the 
electron flow.98 

Implicit Time Differencing of the Par
ticle and Field Equations. To begin our 
outline of an implicit algorithm, we select 
the D, time-differencing scheme'19 for the 
particles 

(105a) M 

At 

= <?„ + -
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Desired features of the implicit differencing 
of the Maxwell equations include 
• Accuracy in dispersion, Re u(k), and weak 

damping (for example, Im w(k)/ck 
= O(d-Af)3, where k is the wave vector) at 
long wavelengths. 

• At short wavelengths ( ^ 2Ax), stability 
(preferably damping) despite c&t > A.Y 
(violation of the Courant condition for ex
plicit differencing), and dissipation of inac
curately calculated short wavelengths. 

• Compatibility with implicit particles. 
• Adaptability to general boundary 

conditions. 
• Simplicity. 
• Economy in storage. 
• Optional recoverability of the centered 

second-order scheme now commonly 
used for the fields. 

• Optional recoverability of the centered 
Darwin scheme.9' 
For the fields, we adapt implicit schemes 

developed for the particle equations of mo
tion. For example, in the particle equations 
in Eq. (105) we drop the t'XB term, replace_ 
x by £, v by r"XB, and a by - c 2 V x Vx VE 
to obtain the Maxwell equadons (in ratio
nalized cgs units) 

r V x B 1 K l / ! = / „ + 1 / 2 + : 
A/ 

and 

-cVxE„ = »n-i/2 - B . i - i / : 
Af 

where 

1/2[E„ + £„ 

(106a) 

(106b) 

(106c) 

is the result of a recursive low-pass filter 
with phase error 0(A(3). The phase error is 
an advance instead of the lag that we get if 
E„ + 1 is not used; it provides stability at 
ckM » 1. 

The code must solve the coupled set of 
Eqs. (105) and (106). A price we pay in em
ploying implicit differencing is that time-
cycle splitting of the particle and field-time 
advances is more complicated. To advance 
the field values implicitly, we eliminate 
£ „ + , or B „ + ] / 2 f r o m t n e coupled Eqs. (106a), 
(106b), and (106c) to obtain a single elliptic 
equation. Eliminating B „ + 1 / 2 to form an 

equation for E„ + 1 yields 

E„ t l + IrArTX^XE,, , , 

= £ „ - / „ i/2-i' 

+ <.-A/rx(B„ l / 2 - I r A t V x E , , , ) ; (107) 

alternatively, we can eliminate E„, , to form 
an equation for B,M l/2 such that 

1 
B -rA/ :V'H„ 

B„ ,,2 + ^cAtVxf/,,.,,.; 

(108) 

In either case, the right-hand side is com
posed of known fields, and the left-hand 
sides have well-behaved elliptic operators. 

To form a B„ fcr use in the particle 
mover, we use, for example, 

-Af <-VxE„ (109) 

The Direct Method for Implicit Parti
cles and Fields. The essence of the direct 
method is that we work directly with the 
particle equations of motion and the 
particle/field coupling equations. The equa
tions are linearized about an extrapolation 
estimate for their values at the new time 
level, « + 1. The future values of \x, v] are 
divided into two parts 
• Increments {dx, &v\, which depend on the 

(unknown) fields at the future time level 
n + 1. 

• Extrapolations {x{°]

+l, i'',0} 1 / 2 | , which incor
porate all other contributions to the equa
tion of motion. 

The increments {ox, 5v) are evaluated by lin
earization of each equation of motion93"*; 
here, we have 

6x„ 
A( = «"„ 

i»+*-(£K.<w - (110) 

where the operator R effects a rotation through 
angle —qB„At/mc. The corresponding 
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densities Ip',0!,, /<,°j,/2] and {dp, &j) are in
serted into Maxwell's equations. 

Evaluation of the Extrapolated Densi
ties. The extrapolated densities, {pfl,, /Jfj, ,2\, 
are evaluated as in explicit codes, such as 
ZOHAR (Ref. 100) and WAVE, from .r„ + 1, 
u« + i/2< ar>d x„. At the grid point located 
atX,, 

tfi. 

and 

y*s(x,-. on) 

/!:,i,/2 = x ^ . 0 ' . 

xs * - • £ ( * . + *?"!, (112a) 

u i J 

6/ = p 6r vxl/Xfal (115) 

for each species. This form for if trivially 
conserves charge: 6p + AfV • &] = 0. This 
property can easily be preserved In the spa
tial differencing of h]. 

The terms in Eq. (115) have both analytic 
and pictorio' justifications (see Fig. 3-50). A 
heuristic derivation of h] uses an analogy to 
magnetization current. The magnetic mo
ment of the current loop in the last diagram 
in Fig. 3-50 is 

m xXdx = —L-dxX\i'': 2cAf + 1/2' At) (116) 

= V qv n+1/2 , P l A , 

+ s(x, v(0) (112b) 

The current due to a density n of these 
terms is 

5/ = I'VXM 

= rVx H-^-feXt'!,"!,,,A( 
2cM • 

To correct the small error in V • /jj'j l / 2 

(due to the slightly nonconservative but 
otherwise beneficial method of collection of 
/ [Refs. 100 and 101]), we replace /<,°j ,,, 
with 

/;,+,/2 = /!,°+,/2-'w/Af 

where 

(113a) 

= |vx( 15.rXpt.!, 0!,, :) , (117) 

which leads to the last term in Eq. (115). 
We now have everything we need to 

write an equation for E„,,. On substituting 
our expressions for pi"!,, bp, ff\ 1 ; 2 , and 6/ 
into the field equations [Eqs. (106) and 
(107)], we have 

- V ^ „<"> V . (Af/lJ'i,,,, - E„ 
(113b) 

rVx 
2r 

Evaluation of the Increments Due to 
Future Fields. The care with which we ex
press the increments due to future fields, 

is a compromise between complexity 
and strong convergence.93''5 If necessary, we 
may evaluate increments rigorously as de
rivatives of Eqs. (Ill) and (112) ("strict dif
ferencing"93) or as simplified difference 
representations93* of 

dp -V • (pfa) (114) 

- / ; . i / 2 + rf\*«' + — 

and 

1 cVX|E„_, + £„. , 

Af 

A/ 
(118a) 

(118b) 

3-55 



Laser-Plasma Theory and Simulation 

The implicit terms ph< and JXox, with Eq. 
(110), are seen to be 

Pl,°> , * r 

and 

'-* lm. 2 
(119a) 

v hl^l2 1 
— 2ws 2 (/ + K.) 

(119b) 

Fig. 3-50. Geometric 
interpretation of the 
terms in / = /«» + ij. 

The square brackets indicate what must be 
collected from the particles of each species, 
s. if only the electrons are implicit, only 
they appear in Eq. (119). In this case, the 
terms in square brackets require only a 
knowledge of the electrons' p and I [in ad
dition to the net p and / used on the right 
side of Eq. (118a)]. 

The divergence of the Ampere-Maxwell 
equation recovers exactly our electrostatic 

While /„ + 1 / : corresponds to 1. motion from xn to x®\ 4 , , 
moving the particle directly from giving / l | n ) ,. ; 
xJt to*,, + 1 , it can be regarded as 
the sum of three motions: 

2. motion from x^ + , to x„ + ] , 3. plus a circulation term, 
giving pbv; -% V x (/ x tor), to cancel the 

"detour" tox'0^ + , . This is not 
needed to get p n + v but it does 
affect Band £ r 

implicit field equation,93'94 

(120) 

where the implicit susceptibility represented 
as x = {pfX i<?Af/2m) (7 + R)/2 is a tensor 
due to the rotation R induced by B. Equa
tions (118) and {V.9) are the simplest yet 
proposed for implicit field prediction, 
both in themselves and in what we must 
accumulate from the particles. 

Generalizations. To include relativity, we 
would linearize the relativistic particle equa
tion of motion.""11"1 Electron-ion collisions 
('' 5j -i/ ') may be added as an additional 
rotation in the equation of motion. 

If a component of the plasma is modeled 
by fluid equations, then those equations 
can be linearised to find {&p, 5/1 (see the 
previous article). Combining fluid and 
particle descriptions is difficult, but no 
more so in the direct method than in 
the moment method. 

Author: A. B. Langdon 

Implementation Issues in Direct-
Implicit Electrostatic Simulation 

The PIC computer codes for plasma simula
tion, which employ implicit finite differ
ences as approximations to the time 
derivatives in the particle equations of mo
tion, can be far more efficient than tradi
tional explicitly differenced codes. During 
the past year, we have further developed 
our direct method for implicit PIC simula
tions. Although our approach is very simple 
in concept, there are many important 
implementation issues that must be 
resolved in the construction of a practical 
computer code. 

A desirable property of any simr ji'on 
algorithm is that it algebraically pn.-"r>'e 
conservation of momentum. Here, we 
demonstrate the feasibility of momentum-
conserving direct-implicit schemes. In addi
tion, we describe a simple but efficient 
one-dimensional electrostatic simulation 
code that implements the momentum-
conserving algorithm. 

The basic concepts of the direct method 
we 
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summarize them briefly here. In the direct 
method, we write the future position of a 
particle, x"~', as the sum of an explicitly 
computable position I and a displacement 
6x due to the (as yet unknown) future field 
such that 

hx =x"-' - x = iSM-n"- (121) 

Use of (J,""' (i k) not <ij|'' (.vk' ') leads to 
errors of order wJV-lf", where •*:„ is the elec
trostatic trapping frequency. Using Eq. 
(126) in Eq. (125), we see that :he strict 
field equation is 

-V- ( 
V ? , k 

where 1/2 < ff < 1 is a constant of the 
time-differencing chosen. The charge den
sity is the sum of p from the x's and a 
correction 

p " ' 1 ~ p " - ' - T.{p"*'(x)bx(x)\ 

°-P"~' -V.[x(x)E"^(x)\ ; (122) 

X(v) = 8M2-3-p'- '(.v) = 0wi(x) St2 (123) 

is an effective susceptibility. The field equa
tion is therefore 

V-.l + X(x) £'"'(.v) \x) (124) 

Thus, by computation of J and accumula
tion of p" *' at the end of the particle step 
from x" ' to x", we can compute the field 
£""' one step before we know the .r"""1. 

The above direct-implicit equations could 
be differenced in a straightforward manner, 
yielding a tridiagonal field equation. The 
simplicity of such an approach recommends 
it for application to a two-dimensional or 
electromagnetic code. However, because of 
the finite size of the simulation particles, 
such a diffeiencing introduces errors at 
short wavelengths. Here, we describe a 
strict scheme with more desirable proper
ties At each cell j , 

!" = ^^K->) 

% + U\ (125) 

do 
+ f J A / ; V - j i ^ - ' , v k i . (127) 

r fek 

Introducing the finite-si,:^-p^.rtir|e shape 
function S, we write 

I'A = ?k " A.v 

(128) 

"i x, ) = 
<?k VS|.v k - x,)E'; 

and thus the second teim of the right mem
ber of Eq. (127) is just a linear operation 

r 

For the usual tent-function choice of S, W is 
pentadiagonal and nonsymmetric. 

The effective charge-deposition locations 
one time-step ahead are well-defined as x\?', 
where 5 associated with (linearized about) 
I k is used. If S is a one-dimensional tent 
function, linearization is exact, provided 
ffk'' does not induce a cell crossing. Thus, 
if we subsequently advance particles usmg 
.vk' *' ~— .vjj', we obtain exact charge predic
tion [equality in Eq. (125)] in the weak-field 
regime where cell-crossing errors are ab
sent. Moie significantly, we can obtain 
algebraic momentum conservation (with ar
bitrary field amplitude) by arranging that 
the field used to advance a particle be inter
polated at *he same place its charge is de
posited (to avoid a self-force) such that 

where Pjk = Pjk(̂ k) ' s 'he charge density in 
cell j due to particle k at * k. ^rom Eq. (121), 
we approximate 

* r ' - 4 1 ) = * k + ̂ 2«r'(*k) (126) 

S associated with.v k (129) 

i.e., a reinterpolation but still using cells 
nearest .fk. The result dors not depend 
upon S being a tent function and is 
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Fig. 3-51. Ion phase 
space (vx vs .v) at t = 
?OOU0u>' 

unaffected by cell crossings. Furthermore, 
tne S in the second equation of Eq. (128) 
need not even be the same 5 as all the oth
ers; use of nearest-grid-point weighting here 
can lead to a symmetric tridiagonal W, 
while retention of a tent function in Eq. 
(129) preserves smoothing. A spatial filter 
can be applied to the field used in Eq. (129) 
after the field solution is c -.mplete. While 
inconsistent (:rt the sense oi Ref. 105), such 
a filter need not destroy momentum con
servation. A truly consistent filter must be 
incorporated into the field solution itself; 
this may be implemented for an arbitrary 
filter with conjugate-gradient iterative tech 
niques, which are far easier to implement 
lur symmetric systems. 

From the above, we see that the 
momentum-conserving scheme (and in fact 
any one-pass scheme, since cell crossings 
will in general occur) does not lead to truly 
exact field prediction. Furthermore, the 
scheme is inexact in the sense that the 
equation of motion should ideally be 

pSt2a{'' (130) 

Equation (130) can only be nade to con
serve momentum by modifying the field 
equation so that the system becomes non
linear and intractable without multi;.' 
passes through the particles We have im
plemented a simple ccnvctor iteration,'•'•1 

which converges at least linearly to u solu
tion of Eq. (130), while conserving momen
tum at euch step. However, we ,iave foui.d 
that on most problems, corrector iterations 
are not necessary. 

We have developed a simple unmag-
netized simulation code using the methods 
outlined above and in the references. The 

code DIMPLES (for Direct IMPLicit Electro
static Simulation) implements the optimized 
C, scheme of Ref. 106 in a manner whereby 
all quantities are stored at integral time lev
els, and code start-up requires little special 
computation. The time differencing scheme 
in its original leapfrog form is 

.v" = x" ' + v" U2M +c„in" - a" 'L\f; 

+ i-|(«" ' - a" ; IA/ : , 

!•"' ' • - v" ' * + ,i"M . (131) 

The algorithmic steps, assuming V. t[| 
n. -, a n d ii. are known, are: 

1. r - . < ^ + v{ ' 4 (1/2 
- I'I "1! 

i.K 
1 1 " k 

2. ii" — q/m L" (.»•") . 
3. a" — q/m E" I.V" + i-„ S") (S associated 

with x"). 
4. x'l — x': + i'„ n" . 
5. vl-v{ ' + ( 1 / 2 ) K ' + "")• 
6. Store i>l ' in a'{ " array; store u" 

in iij ' array . 
7. i " ' -— .vi; + v'i + (1/2 + .-, - c-„K 

- ' ' l«i' ' • 
8. Deposits at ,v"' ' . 
9. Solve field equation . 

In the above, particle array quantities have 
the subscript k, and we have set At = 1. 
For -he optimized scheme, r„ = 0.302, r, = 
0.04. At time step n = 0, we set «" into the 

1 array and perform steps 7 through 9 
i ith i 0.25, , 0. 

Our coding is compaiable in complexity 
and length to that for an explicit rne-
dimensional magnetized code; DIMPLES 
runs essentially at the same .peed (<2.5ys 
per particle per time step) as an explicit 
unmagnetized code on a vector computer 
such as the Cray-1, since the same gather/ 
scatter vork is involved. 

DIMPLES uses either consistent local dig
ital filters for spatial smoothing of its field 
or a Fourier filter implemented by a func
tional iteration (net yet conjugate gradients), 
which converges for reasonably uniform 
systems. T'̂ e effect of consistent spatial fil
tering is altered for x » 1; the change is 
such that local digital filters yield an ade
quately smooth fall-off as a function of 
wavelength. Bo;h strict and simplified 

S-58 



Laser-Plasma Theory and Simulation 

(symmetric tridiagonal) field solutions have 
been implemented, and the results agree 
very closely with each other. 

As a practical example of code perfor
mance, we consider the free expansion of a 
plasma slab into vacuum.107 A rarefaction 
moves into the slab at the ion sound speed, 
while electrons and ions leave the slab in 
an ambipolar process. This problem was 
run on DIMPLES with moderately strong 
spatial filtering and the following param
eters: electron plasma frequency m = 1.0, 
time step A( = 8.0, number of cells i/R -
512, number of particles of each species 
N,, = Nj = 8192, miiss ratio m/w,. = 900, 
temperature ratio r,./T, = 10, ceil size A.v = 
20\ , (where X„ is the Debye length), sys
tem length /. = 1.0 = 10 240 XD, initial slab 
width L, = 2560 A0, electron thermal veloc
ity z\. = 9.8 X 10 s Lw , ion thermal ve
locity !', == 1.03 x 10 * LD , and ion 
sound speed r„ = 3.3 X 10 6 Lu> „. The 
problem was run until time fmil„ = 20 000 
w ,.' = 2500 A/ was reached. In Fig. 3-51, 
the ion phase space (i\ vs .r) at the end of 
the problem is shown. In Fig. 3-52, the ion 
charge density as a function of position x is 
shown at various problem times. At each 
side, the rarefaction can be seen to move 
inward to c srm a x = 0.066 L = 675 \ D by the 
end of the problem. During the run, the 
electrons give up about half their thermal 
energy to the ions, while the field energy is 
much smaller than electron or ion energies. 
Total energy was conserved within 2.5%; as 
expected, total momentum was conserved 
within roundoff tolerances. The run took 
slightly over two minutes of Cray-1 time. 

Authois: A. Friedman, A. B. Langdon, 
and B. I. Cohen 

Smoothing and Spatial Grid Effects 
in Direct-Implicit Particle 
Simulation 

The recently developed direct-implicit parti
cle Emulation method 1 0 8 1 0 9 relaxes the se
vere stability constraints on size of the time 
step that exist in explicit formulations (e.g., 
tepAt < 0(1), where u is the plasma fre
quency). This permits more efficient com
puter simulation of long-time-scale 
phenomena at long wavelengths. The time-
step constraints that do arise are much less 
stringent, having to do with accuracy of the 

particle orbits and of the plasma dielectric 
response.110 The direct-implicit method 
readily extends to a two-dimensional mag
netized algorithm111 and to an electromag
netic version (see "Electromagnetic Direct 
Implicit Algorithm," earlier in this section). 

Here, we investigate convergence and 
linear-dispersion properties in direct-implicit 
particle codes. We show that inconsistent 
spatial smoothing and simplified differenc
ing are closely related and that care must 
be exercised to avoid degradation of both 
convergence and stability. Our analysis has 
already been used to correct instability in 
practical applications."1 

The essence of the direct-implicit method 
is a linear expansion of the charge density 
around a known particle position plus an 
additional linear increment due to the accel
eration at the next time step. 1" 8 1 1" Moving 
the resulting charge-density increment to 
the left side of Poisson's equation gives an 
elliptic equation for the potential (j>, e.g., 

-V.|(l +X)V0„ ) 1 | : P„ • (132) 

where x a tf^CAf2 is the effective linear 
susceptibility, f) is a parameter controlling 
implicitness, and p„,, is the charge density 
at time level n + 1 computed from known 
particle data. The relative error in the ex
pansion is /3u>;rAf2 = jJijEA/VmL,, where u,>lr 

is the electrostatic trapping frequency and 
L, is the length scale over which E varies. 

Dispersion characteristics of time-
integration schemes are investigated in 

Hg. 3-52. Ion chargo 
density vs .v at various 
problem times it in 
units of u> '). 
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Ref. 110 for A.v = 0, and spatial differencing 
issues are examined in Ref. 109. Rigorous 
adherence to systematic and conservative 
differencing leads to good convergence and 
stability characteristics.109 Convergence and 
stability can be degraded by ad hoc spatial 
differencing and inconsistent spatial 
smoothing, which are related effects. 

In Ref. 109, Poisson's equation is cast in 
an iterative form, 

-v J l l + X " W ' "| = p<" + W",(133) 

where x (" is the effective susceptibility con-
sfucted from known data,'"" and r and 
r + 1 are iteration levels at time level 
n + 1. Convergence can be measured by 
calculating .'he ratio of successive residuals 
|p('' i) _ v.£" ' "|. When strict spatial dif
ferencing and a consistent formula for x ( , > 

are employed, the calculated residual van
ishes through 0(du):

rAf2) except for errors 
due to particles that cross cell boundaries.'"9 

All code applications so far have used a 
simplified susceptibility that omits a 
Newton-Raphson correction"19; this 
weakens convergence, and residuals 
scale as f)u2,At2. 

Consistent spatial filtering in the direct 
method'"'' takes the form 

-v.[(i + s 2 s l X " W " ] 

= I'V + V : ^ " , (134) 

where S, and S2 are smoothing operators, 
p, s S2S,p, and (0S, 50J s S2{<t>, 50) are 
smoothed quantities. Convergence is 
weaker for inconsistent smoothing, and, 
when simplified, ad hoc differencing 
schemes are employed to reduce the band
width of the matrix field equations.'"9 1" A 
representative calculation gives 

„ c - " - v . E c - i ) | 
|p(r)-V.E<"i 

l!Vx'"5E<M»y-v.x"'^"-"l 
|v.(i + xi")aE"">! "' ( ' 

where V-x<5E uses strict differencing a^d 
consistent spatial filtering, and ( )' indi
cates a simplified differencing version with 
the option of inconsistent spatial filtering. 
Rapid variations in the plasma density and 

the electric field degrade convergence via 
differences in x and field. 

Analysis of the difference equations for 
the particle equations of motion, as applied 
to the simple harmonic oscillator,"" gives 
information on stability at large uAt and ac
curacy at small uiA/. Consider implicit 
schemes with E[n], = 0 used in obtaining 
the right side of Eq. (132) or (133). For the 
two classes of time integration schemes in 
Ref. 110, 

X ' i <-; : ^ 
T = CU + — + - + . . . + 

A M2 Z r (; - \f 

or 

r ( : - 1) ^rf„ + ^ + - + ...I , 

(136) 

where (.v„, n„) = (X, A)z", z = exp ( — iuiAt), 
and d„ + dt + d2 + .. • — 1. Using the 
methods of Ref. 112, we obtain a dispersion 
relation for simulation of cold plasma, 

t = 1 + (X//1 A/ :)w2 At2 

X V kp *{kr) S;„ (kv)/K2 = 0 , (137) 

where kr = k — ;i/ri;, k% = 2TT/A.V, and 
— K2, »c(<r,), and S,„(fc ) are the Fourier trans
forms of tf/dx2, d/dx, and the mth order 
particle spline—e.g., 

S,„{k) = [sin {kAx/2)/(kAx/2)]'n' '. (138) 

For w2A/2 >'.,, krKS2„/K2 » 1, solutions of 
Eq. (137) are identical to those described in 
R 'f. 110 for w 2Ar —. co and kAx —. 0. For 
finite uilAt2, grid effects become increasingly 
important as k approaches ir/Ax (Ref. 112). 
When inconsistent spatial filtering or ad hoc 
spatial differencing is introduced and 
-V-[xU) ™<jS,M l ; ] in Eq. (133) is altered, the 
modified dispersion relation becomes 

t = ^ A/2 V (S - S')k,, 4k,,K (klt)/K2, 

(13V) 

where t is as given in Eq. (137), /? = c„ or 
dn ', and (S — S') is the Fourier transform 



LASNEX and Atomic Physics 
of the consistent smoothing operator minus 
the inconsistently smoothed operator, possi
bly with simplified differencing. The right 
side of Eq. (139), which would ideally be 
zero, is similar in form to the numerator of 
the right side of Eq. (135). 

An example of the resulting change in 
linear dispersion is given as follows. An ef
fective c0 can be calculated by subtracting 
the right side of Eq. (139) from the left side, 
and is reduced for positive (S — S'). Reduc
ing ca changes Re(w/wr), but not Im(u)A»p), 
for WpAf2 <sc 1 and lowers the w„Af2 instabil
ity threshold."" Quantitative predictions of 
Eqs. (137) and (139) have been confirmed in 
one-dimensional simulations. Wi. have ex
tended our analysis of linear dispersion to 
the effects of using a finite initial guess 
for £!,"] , 

Our analysis of inconsistent smoothing 
and ad hoc spatiai differencing, including 
code experimentation to study their effects, 
indicates that they can produce substantial 
changes in convergence and linear disper
sion. Code experience in one- and two-
dimensional applications at very large acAf2 

has been encouraging (see Ref. I l l and the 
preceding article). Analysis, as described 
here, continues to guide both algorithm de 
sign and code performance. 

Authors: B. I. Cohen, A. B. Langdon, and 
A. Friedman 

LASNEX and 
Atomic Physics 

Introduction 

The complexity of laser fusion target phys
ics requires that most target design and 
analysis of experiments be carried out using 
sophisticated computer simulations. Our 
continued development of trie LASNEX 
computer code consists of analyzing physi
cal processes, developing numerical models, 
and packaging the resulting algorithms so 
that they work together consistently and 
can De used easily. In 1982, we made im
portant improvements in several LASNE" 
models, including those for atomic physics, 
thermonuclear burn, and radiation trans
port. We summarize our improvements here 

and present greater detail in the following 
four articles 

LASNEX Upgrades. The degree of ion
ization of the target material is the single 
most important atomic-physics parameter. 
We have incorporated a Thomas-Fermi ion
ization model into LASNEX, resulting in a 
much improved degree of ionization for 
compressed matter. In addition, we have 
used the Thomas-Fermi atomic model to 
scale our equation-of-state tables so that 
they can be used for continually changing 
material compositions. 

The degree of ionization of laser fusion 
target material also strongly affects the 
energy-loss rate of suprathermal electrons. 
We have modified our electron-transport 
routines to account for this, and have found 
an increase in the fast-electron range in 
high-Z matter. We have also incorporated 
suprathermal-electron bremsstrahlung for
mulas that account for partial ionization; 
thus, LASNEX now produces the correct 
amount of bremsstrahlung when energetic 
electrons are injected into cold matter. 

We are investigating the possibility of us
ing spin-polarized DT fuel to enhance ther
monuclear reaction rates and lower the 
ignition threshold. It appears that if the fuel 
can be polarized, it will remain polarized 
throughout the implosion and burn. With 
complete polarization, DT reaction rates 
would be increased by about 50%; this 
change would mean a reduction in reactor-
driver energy requirements by a factor of 2 
to 3. We have not yet modified LASNEX to 
account for spin polarization; we have, 
however, added several packages that aid 
in diagnosing thermonuclear burn. Our 
packages include multigroup gamma diffu
sion, neutron pin.ex, ar.d spectral output. 

Radiative energy flow is one of the prin
cipal means of coupling laser energy to an 
imploding target. Because of its importance, 
we have concentrated on improving the 
LASNEX radiation-transport models. The 
multigroup-diffusion radiation model now 
uses an iterative scheme to couple energy to 
matter; the result is a coiu;,>.t.">nt matter tem
perature for all photon frequencies and an 
elimination of the error that used to domi
nate certain important radiation-flow prob
lems. We have also modified the diffusion 
and Monte-Carlo radiation routines so that 
they can be used simultaneously in differ
ent parts of the same problem; the primary 
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impact of this change is saving the enor
mous amount of computer time that would 
otherwise be wasted doing Monte-Carlo 
simulations in optically thick regions. 
Finally, we now have a new, operational 
package that solves the two-dimensional 
radiation-transport equation using the 
discrete-ordinate method. This package will 
not suffer from statistical noise problems, 
which can affect Monte-Carlo results. 

User Support. The LASNEX computer 
code is used by many people who are not 
involved with developing or maintaining 
the code. To allow them to work most effi
ciently, it is essential that the code be well 
documented and designed to minimize hu
man effort and chances of error. In 1982, 
we completely rewrote and published the 
LASNEX user's guide. We also designed 
and implemented an interactive graphics 
language that will provide a concise and 
consistent medium for users to set up prob
lems and analyze results. 

Author: G. B. Zimmerman 

Nuclear Spin-Polarized 
Fuel in Inertial Fusion 

tions required for polarizing the spins 
would themselves reduce target perfor
mance. We will not address these essen
tially technological questions, but will 
instead consider a more fundamental issue: 
whether an (assumed) initial spin-polarized 
state would survive the ICF conditions of 
target irradiation and implosion. 

The spin moment, Sj, of an individual 
nucleus precesses under the influence of the 
local magnetic field according to 

dSJttt = yS, X B , (140) 

where y = g 4800/(G-s), with g = 0.86 for 
deuterons and 5.9 for tritons (Ref. 115), and 
B = B[Rj((), /] is the magnetic field at the 
position Rj(f) of th" nucleus. For order-
of-magnitude estimates, we replace the vec
tor equation by a scalar equation for the ro
tational phase-accumulation A</), such that 

±4> = y l B d t . (141) 

If the magnetic field occurs as a pulse that 
obeys A<£ « 1, it is unable to depolarize 
the spins. 

In the following discussion, we consider 
various magnetic fields that arise in ICF. In 
general, there are fields on three size-scales: 
atomic fields arising in collisions, micro
scopic fields associated with surfacp insta
bilities, and macroscopic fields that extend 
throughout the target. 

Collisional depolarization during thermo
nuclear burn is discussed by Kulsrud 
et al ." 1 ' " ' A plasma particle (an ion or elec
tron) produces a large magnetic field either 
by its magnetic dipole moment, B = n/P, or 
by Lorentz transform of its electric field, 
B =» vc/cr2. This field acts over the collision 
duration, Af 2= r/v, where r is the classical 
or quantum distance of closest approach for 
ions or electrons, respectively. The depo
larization cross sections are readily esti
mated using Eq. (141) and a = (A^)2 ac, 
where a( ^ TIT" log A is the Coulomb cross 
section. (This method of obtaining spin-flip 
cross sections is a classical equivalent of 
the Coulomb-Bom approximation; in 
dense plasmas, In A = 1, and it does not 
matter whether In A is included in the 
cross section.) 

The use of spin-polarized DT fuel has 
been proposed for magnetic confinement 
fusion.m We are now examining the pos
sibility of using spin-polarized DT fuel for 
ICF. The increased thermonuclear reaction 
rate of spin-polarized fuel would improve 
target performance and reduce the tem
perature required for target ignition. A 
simple energy-scaling model proposed by 
Brueckner implies a driver energy 
proportional to (ov) ~' for constant target 
gain (assumed to be determined by the 
reactor configuration). Eve:i an incomplete 
spin-polarization giving a modest 25% 
increase in the fusion cross section 
would yield a 50% reduction in the size of 
the required laser driver. The specific 
numbers may be debated, but they indicate 
that spin-polarized ICF fuel offers 
significant advantages. 

One crucial practical question is how to 
achieve nuclear spin-polarization in a target 
suitable for laser irradiation. It is also im
portant to ask whether the target modifica-
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Our simple classical estimates are plotted 
for tritium in Fig. 3-53, which also shows a 
similar estimate of the cross section for 
quadrupolar depolarization of deuterons 
(tritium has no quadrupole moment). The 
spin-orbit cross section is the same for inci
dent electrons or ions. Both the spin-orbit 
and spin-spin cross sections are evaluated 
for tritium nuclei; the corresponding cross 
sections for deuterium are smaller. Because 
high-density ICF plasmas have small Cou
lomb logarithms, the spin-orbit cross sec
tion is about an order of magnitude smaller 
than those given by Ref. 113. For reason
able particle fluences, the cross sections are 
so small that collisional depolarization may 
be neglected. 

We next consider micrometer-scale 
inhomogeneities in B(r, ()• One question is 
whether two reacting nuclei might experi
ence sufficiently different B[(R(,'), t)] histories 
to acquire different spin directions. Using 
the ion-ion Coulomb cross section, we esti
mate the distance of ion diffusion in a time, 
t such that 

1.5 Mm (142) 

where kT is in keV, f is in ns, p is in g/cm1, 
and tl < 0.1 nm for most plausible target-
plasma conditions. 

A field inhomogeneity would have to be 
extremely strong to produce significant 
dephasing by this mechanism. The damp
ing time T = 47r<r (L/c)2 for a 1-̂ m field gra
dient in a kilovolt plasma is ~ 20 ps. 
Therefore, it would be difficult to sustain 
field inhomogeneities large enough to depo
larize reacting nuclei, except, perhaps, close 
to an unstable interface. Estimates of fie Js 
generated by the Rayleigh-Taylor instability 
range up to several MG (Ref. 118), which 
would be strong enough to depolarize spins 
of nuclei close to an unstable fuel-pusher 
interface. This fuel region is not likely to 
burn in any case, however, because of 
contamination by pusher material. 

We next consider nuclear spin-resonance 
as a depolarization mechanism. To address 
this issue, we consider a target subject to an 
initially uniform field, B0, and assume that 
the spins are initially polarized along B0. 
During implosion, the field is compressed; 
to estimate B(t) we employ Kidder's ideal

ized model of homogeneous, isentropic 
compression,119 which predicts a time-
dependent uniform field B(t) = A(t) Bg. The 
area compression factor, A{t) = l/h(t)~, is 
also the fractional increase in fuel areal 
density, pR. For the Kidder model, 

,„» = ( l - f 2 / / 5 ) H l (143) 

where f0 ' s t r , e total time until complete 
spherical collapse. This form applies only 
up to a final time, ff, determined by the 
symmetry of the implosion. The final field 
and its time integral are 

B^f) = ^ - ~ (144a) 

and 

fi 1 fn + 'r 
B(t)dl = - B 0 r 0 l o g - , (144b) 

la * <o - <t 

respectively. 
For an implosion that raises pR by a fac

tor of 100 with l„ = 1 ns and /, = 0.995(Q, 
we find that an initial field of 10 kG gives a 
large final field (~1 MG). Despite this large 
field, the phase integral, -V, remains small 
enough that the spins do not precess even 
one cycle. Assuming that this field is not 
exceeded by some other spontaneously gen
erated field, there is no spin-resonance. 

Finally, we must ask whether larger fields 
would be generated during the implosion 
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itself. There is no doubt that .he energy 
density in ICF plasmas is large enough to 
support enormous magnetic fields, but a 
target implosion with good spherical sym
metry will have no mechanism for generat
ing a large magnetic field. For a slightly 
unsymmetric implosion, on the other hand, 
we estimate the magnetic-field generation 
by integrating the rate of field generation"4 

^ = - V (*T) X VH of en (145) 

where H is the electron density. The 
density-temperature gradients of the ideal
ized isentropic-implosion model are purely 
radial so that the vector product is zero. An 
unsymmetric implosion may be modeled by 
using gradients from the isentropic flow so
lution and taking the vector product to be a 
constant fraction, a ~ 1/10, of the product 
of the absolute values (|VH| |VkT|). The field 
generated is then time-integrated along a 
particle track (the Lagrangian trajectory); the 
result is 

BO, OszaF (146) 

where the shape factor, F(r, I), is 

fit2 

F(r, t) = 3/8 
Pr* + IrRl 

3/3 . (14?) 

Here R0 is the initial target radius, r is the 
cuirent particle radius, c0 is the initial sound 
speed, Tc is the current temperature at the 
target center, h = h(t), and 0 = l/3(R,A.vi>)2 

describes the nature of the implosion. /3 « 1 
is a slow implosion, appropriate to a gas-
filled target, while j3 > 1 is a fast (sonic) or 
hollow-shell implosion. The formula pre
dicts fields ~ 50 kG, too small to have any 
significant effect. 

Our estimates indicate that an initial state 
of spin-polarization would have a reason
able likelihood of surviving implosion and 
fuel burn. Note that the analysis assumes 
that two essential conditions can be met 
• The spins must be initially polarized with

out adversely perturbing the target design. 
• Large magnetic fields produced directly by 

the laser must be kept out of the fuel ei
ther by screening the fuel with a conduct
ing pusher or by adoptirg a favorable 
target-irradiation geometry. 

Summary. Under ICF conditions, nuclear 
collisional-depolarization cross sections are 
reduced because of the smaller Coulomb 
logarithm. We do not encounter possible 
resonance-depolarization mechanisms (such 
as Doppler-shifted static-field inhomogen-
eities) for two reasons: the ions move diffu
sively, and, in any case, there is not enough 
tin ; during ICF implosions frr spin-
resonance to occur. In these two respects, 
the 1CF situation appears favorable for 
employing spin-polarization of DT fuel. 

Author: R. M. More 

Suprathermal-Electron 
Bremsstrahlung 

The laser fusion concept is based on irradi
ating solid or liquid targets with a laser to 
compress them to very high densities. Very 
hot, supratherma] electrons are created by 
the laser-plasma interactions occurring at 
and below the critical density (e.g., by the 
Raman instability, 2wpi, instability, and reso
nance absorption). Due to their long range, 
suprathermal electrons can preheat the fuel 
and prevent the achievement of the very 
large compressions necessary for thermonu
clear ignition and burn. Correctly simulating 
the suprathermal-"lectron physics has al
ways been an important part of our work. 
This year, we have improved our modeling 
of the suprathermal-electron bremsstrah
lung radiation and the resultant electron-
energy loss. 

For thermal electrons, the emission of 
bremsstrahlung radiation is normally calcu
lated by application of the classical Kramers 
formula, which gives a good approximation 
for slow-moving electrons in hyperbolic or
bits in the Coulomb field ZV/r of the ion 
effective charge, where Z* is the ionization 
state. A modest quantum correction is re
quired, and it is available in the form of the 
Karzas-Latter Gaunt factor. 

For suprathermal electrons, however, a 
more accurate treatment is needed. Such 
electrons may have relativistic energies, so 
that they often penetrate deeply into the 
bound electron distribution, where they see 
an effective charge larger than Z*. Hard 
x rays emitted by suprathermal electrons 
are an important diagnostic indicator for 
deteimining the number and energy of such 
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electrons—especially for plasmas produced 
by long-wavelength lasers, in which supra-
thermal electrons are more prominent. 

For laser-beam interaction with low-Z 
exploding-pusher targets, producing a fully 
ionized plasma, suprathermal bremsstrah-
lung can be adequately calculated from the 
Bethe-Heitler formula,120 which is derived 
by application of the relativistic Born ap
proximation for collisions with a pure 
Coulomb field. In this approximation, the 
bremsstrahlung-emisston cross section de
pends on plasma composition only through 
the facto. Z2, where Z is the atomic num
ber. In practice, one set of energy-
dependent cross sections for photon pro
duction (and electron downscatter) is calcu
lated at the generation of a problem. The 
Bethe-Heitler cross section is then adjusted 
to apply to the material in any zone by 
multiplying by the appropriate value of Z2. 

These cross sections have recently been 
improved by incorporating a parameterized 
fit to the bremsstrahlung spectrum devel
oped by Feng and Pratt.121 Their algorithm 
interpolates between cross sections for fully 
ionized and neutral atoms as follows 

T, = k + T2 , (149) 

where T2 is the kinetic energy of the scat
tered electron (again in units of mc1). The 
cross sections are split into the classical ap
proximation, which applies when 

T j ' 2 < 0.00737(1 (150) 

and the Born-Elwert approximation applies 
for higher incident kinetic energies. The 
classical approximation uses the expansions 
of Florescu and Costescu.122 The break 
point between their hard- or soft-photon 
approximation is 

— = 116.28 — 
r, z 

(151) 

The high-energy approximation recom
mended for fully stripped cross sections is 
the simplified nonrelativistic Born-Elwert 
equation, 1 1 B applied when 

T, < 4.54 X 108 Z4 = 2« 4 Z 4 (152) 

<r(Z,Z*) = (y) 3<7(Z,Z) 

m a(Z, 0) , (148) 

where a(Z, Z*) is the cross section for mate
rial with atomic number Z at ionization 
state Z*. Feng and Pratt compared their 
results from Eq. (148) with their ionic data 
obtained by detailed quantum-mechanical 
calculations and found the error to be 
no more than 15%, except for Mo and W 
at 1 keV. 

In Feng and Pratt's formulation, the Cou
lomb or fully ionized cross section a(Z, Z) is 
chosen from among four limiting forms ac
cording to the values of three parameters 

Z = nuclear charge of the fully stripped 
ion, 

T, = incident electron's kinetic energy 
(units of mc), 

k/Tf = fraction of initial energy transferred 
to photon of energy k. 

The energy conservation equation for the 
interaction is 

where a is the fine-structure constant. 
The Bethe-Heitler-Elwert (BHE) equation 

is used in the opposite (high energy) limit. 
It is the Bethe-Heitler formula corrected by 
the Elwert factor.123 

Screening due to atomic electrons causes 
the potential energy of an atom to drop off 
faster than 1/r. In the Thomas-Fermi model, 
the potential energy is approximated by 1 2 4 

(Zr/r) exp (—Qsr), where Q s is the inverse 
of the atomic radius, given by Z"Vl92 in 
units of inverse Compton wavelengths. 

Feng and Pratt recommend rep! icing Q5 

by an effective value three times as large, 
giving more screening. The enhanced 
screening is then used with the screened 
Elwert-Born form-factor approximation to 
obtain the neutral cross section, which is 
a function of only T,, k, and Z—just like 
the fully ionized cross section. 

The new bremsstrahlung cross sections 
have a more complex dependence on the 
nuclear charge than the simple Z2 depen
dence of the Bethe-Heitler approximation. 
Therefore we evaluate and store, at prob
lem generation time, the cross sections 
for all possible bremsstrahlung transi
tions determined by the structure of the 
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Fig. 3-54. Photon-
output spectrum from 
a thin, gold disk with 
a source of 150-keV 
electrons present, cal
culated using Bethe-
Heitler cross sections 
and Feng and Pratt's 
parameterized cross 
sections. 

suprathermal-electron bins and the photon 
groups in both the neutral and fully ionized 
limits for each material. At each time step, 
the photon-production and elecrron-
downscatter cross sections for a LASNEX 
zone are obtained by combining the cor
responding neutral and Coulomb cross 
sections for each material in the zone, 
according to Eq. (148) and the current Z*, 
and then averaging over all the materials 
present, weighted by the ion number density. 

A simple calculation illustrates the effect 
of these new cross sections. We modeled a 
thin, gold disk with a source of 150-keV 
electrons present with LASNEX using both 
new and old bremsstrahkmg cross sections. 
Figure 3-54 plots the photon-output spectra 
from our calculations. The old model calcu
lates too few photons, especially in the 
range of high photon energy. 

Authors: J. A. Harte and Y. T. Lee 

Suprathermal-Electron Energy Loss 
in Partially Ionized Matter 

Issues in atomic physics arise in every 
aspect of the dynamics of high-density 
inertial-fusion plasmas, especially for targets 
that contain materials of moderate (Z = 10 
to 15) to large (Z = 30) atomic number. As 
we continue to extend our understanding of 
atomic processes, we have made significant 
improvements in the ability of our LASNEX 
hydrodynamics code to describe the behav
ior of real materials, especially at plasma 
temperatures for which the atomic ioniza
tion remains incomplete. For heavy atoms, 
partial ionization occurs at all temperatures 
of practical interest. 
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Various workers at LLNL have com
mented on the discrepancy between 
LASNEX calculations of hot-electron x-ray 
production and well established experimen
tal data taken on cold, solid targets.125 Dur
ing 1982, we developed a practical solution 
to this difficulty. 

Analysis. Suprathermal electrons (with 
energies of 10 to 500 keV) are produced in 
the laser-plasma interaction and lose energy 
by Coulomb interactions with bound and 
free electrons of the target plasma. As the 
supra thermais slow down, they produce 
energetic x rays by scattering from ion 
cores.121' This suprathermal bremsstrahlung 
is an important practical diagnostic of the 
hot-electron number and energy. 

The fraction, /, of the initial energy E0 of 
a hot electron converted into hard x rays is 
known to be roughly 

f = ZE„/(900 MeV) (153) 

20 40 60 80 100 120 140 
hv (keV) 

for electrons stopping in cold matter.127 This 
fraction is sensitive to two atomic quantities: 
the bremsstrahlung cross section, and the 
atomic stopping power (dE/dx) that deter
mines the path length, or range, that an 
electron travels before stopping. The frac
tion f is an average of the ratio of these 
quantities: a longer electron range would 
allow the electron to produce more 
bremsstrahlung before stopping. 

The bremsstrahlung-emission cross sec
tions used by LASNEX now incorporate pa
rametrized fits to quantum-mechanical 
calculations (see the previous article). This 
change alters the spectrum of hard x rays 
while having little effect on the total 
emission fraction. 

The electron energy loss is approximately 
given by 

d£ ire4 

- 7 - = — i"lk + "bU) • (154) 
dx mv* 

where c, m, and v are the electron charge, 
mass, and velocity, respectively; nh and nf 

are the number densities of bound and free 
electrons; and Lb and Lf are the stopping 
numbers for bound and free electrons. 

In recent years, we used LASNEX to cal
culate dE/dx by ignoring electron binding, 
i.e., by taking nh = 0 and nf equal to the to
tal electron density. This apprr-dmation is 
reasonable in a hot plasma but not very ac
curate for cold matter. To improve on this 
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approximation, however, we require a prac
tical expression for Lb for arbitrary partially-
ionized target atoms. 

Adopting a result due to Bethe,128 we get 

(155) t b = l°g v?v 2HZ,Z*) 

where e is the natural base of logarithms. In 
Eq. (155), the essential atomic property is 
the mean excitation-ionization potential, 
/(Z, Z*), for ions of nuclear charge Z and 
ionization state Z*. This quantity is impor
tant for small ion charges (Z* « Z), where 
the bound-electron stopping is dominant. 

For J(Z, Z") we have a few quantum-
mechanical calculations performed by 
G. McGuire of Sandia National Labora
tory,12'1 and there are experimental data for 
many neutral atoms (Z* = 0). In addition, 
Thomas-Fermi theory gives approximate 
values for /(Z, Z*) for all atoms and ions.1 3 0 

We have fit the results of the Thomas-
Fermi theory with an approximate formula, 

With this improved stopping power, we 
find a significant increase in the calculated 
range of hot electrons and as much as a 
two-fold increase in the bremsstrahlung-
emission fraction, / (see Fig. 3-56). 

Conclusions. Although it is true that hot 
electrons are better able to penetrate push
ers or other shields with the coiTected AT fax 
formula, it would be an oversimplification 
to suggest that this change will always re
duce the predicted performance of lCF tar
gets. In many cases, the number of hot 
electrons has been inferred from the brems-
strahlung signal; the change in / described 
here will allow us to replicate observed 
x-ray signals using target calculations that 
assume fewer hot electrons and, hence, re
duced preheat levels. 

The new LASNEX stopping formula 
gives greatly improved agreement with 
both experiments on cold matter and with 
other (SANDYL) calculations of hot-electron 
bremsstrahlung. Further improvements may 

a Z exp 1.29411-
100 -

r~ 
V 1 Z (156) 

The numerical coefficient, a, is predicted to 
be 6.54 eV in the Thomas-Fermi theory, but 
experiments (with Z* = 0 and Z > 10) and 
McGuire's calculations are both best fit by 
taking a = 10 eV (see Fig. 3-55). 
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Fig. 3-55. Quantum-
mechanical calcula
tions of the mean 
excitation-ionization 
potential, t(Z, Z*), 
show good agreement 
with Thomas-Fermi 
theory. 

Fig. 3-56. LASNEX 
now includes atomic 
correction of 
supraihermal-electron 
energy loss, which im
proves our calculation 
of hard x-ray signals. 
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Fig. 3-57. First split
ting for a one-
dimensional problem 
with three photon 
groups and three 
zones: sparsity pat
terns of M[ and N t . 

include incorporating the effects of high-
density plasma conditions on the coupling 
of energetic electrons to partially ionized 
target material. 

Authors: J. A. Harte and R. M. More 

Fully Implicit Solution of Coupled 
Multigroup Radiation-Diffusion 
and Electron-Temperature 
Equations 

We have implemented a new algorithm for 
the solution of the coupled multigroup 
radiation-diffusion, electron-temperature 
equations in LASNEX. In our previous 
"partial temperature" scheme, large swings 
of the intermediate values of T,, during a 
single time step often led to nonphysical re
sults, necessitating an additional control on 
time-step size to limit the swings. Further
more, errors were often worst in steady-
state situations. Since the new scheme 
iterates to an implicit radiation distribution 
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and Tt„ it requires no limit on the time step, 
and it relaxes to the correct answer in 
steady state. 

The new implicit multigroup algorithm is 
related to a scheme of Axelrod and 
Dubois.111 It may be thought of as a form 
of alternating-direction implicit iteration, in 
which one direction corresponds to photon 
energy (group number) and the other to 
spatial location (zone number). Each step of 
the iteration consists of two substeps. In the 
first, an explicit gnoss for the T,, field deter
mines the source term for the implicit diffu
sion equation solved for each group. In the 
second, the off-diagonal diffusion terms are 
treated explicitly, and the electron temp
erature is solved for algebraically. A 
scheme similar to this second splitting 
has been employed in studies of LTE 
model atmospheres.132 

More precisely, the iteration is composed 
of two regular splittings133 performed alter 
nately. The vector of unknowns is 

x = ifn.fwhi'-
f\2- hi' fyii • 

r„ 
, T-2, .. y (157) 

where /,, is the radiation energy density 
per unit frequency interval in group i and 
zone j , and Tf is the electron temperature in 
zone j . The first splitting advances the 
unknowns from iteration level (k) to 
(it + 1/2) such that 

M, x" * 1 / 2 ) = b - N, (158) 

| M, • N, 

The sparsity patterns of M| and N, are indi
cated in Fig. 3-57 for a one-dimensional 
problem with three photon groups and 
three zones. In this splitting, couplings be
tween spatial zones are treated implicitly 
(they appear as nonzero elements of M,), 
while the intergroup couplings via Te are 
explicitly contained in N,. We solve only for 
the /|j and not the T,, since the latter are not 
needed for the second splitting. Note that 
no guess for fVl is needed in this step if the 
diffusion equations are solved by a direct 
method; since in two dimensions we solve 
them using an ICCG iteration,134 we find it 
useful to retain an updated guess. The user 
who wishes to do so can save storage by 
inhibiting retention of tnis latesi-iterate fa, 
at the expense of some ran time. 
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The second splitting advances the un
known to (k + 1), 

M I | X

( i + , ) = b -N„x< l + ! / 2 1 , (159) 

implicitly treating couplings between pho
ton groups (see Fig. 3-58). Here, the off-
diagonal part of the diffusion operator act
ing on /jj from the first substep is treated 
explicitly, and only the Tj are solved for, 
since the fa are not needed as input in 
substep (1). Compton scattering and electron 
and ion heat conduction are handled by 
operator splitting, as before. 

We introduce the notation /, = (/,,, / i 2, 
. . .), T s (T|, T2, • . .), etc. The equation 
solved in splitting ([) for each photon group 
i is then 

need never solve explicitly. The diffusion 
operator 3-, is written as the sum of a diag
onal operator S D i and an off-diagonal one 
2 ) O D i , and the diffusion equation becomes 

f" ~ /. 
A/ 

+ "V, 

#Di/i" + 2 W 

+ (T"-T)-^-f; (163) 

Using Eq. (160) to express 'Oonl,' in terms 
of 2)D i f{ and then solving Eq. (163) alge
braically for f," yields 

W = ft + (T" ~ T]G, , 

where 

(1641 

K ~ f, 
M 

+ 7, 

- 2 W 

Bi(T) + (T'-T)-t^-fi' 

where 

7i = CpK, 

, (160) 

(161) 

f-, is the radiation-energy-density field for 
group i at the beginning of the time step, f{ 
is the new iterate at level (k + 1/2) for 
which we solve, Af is the time step size, D 
is the diffusion operator for frequency 
group i (a function of /, or f{ to incorporate 
flux limitation), c is the speed of light, p 
is the mass densit", ^ is the opacity to 
photons in group i, 8j is the Planck func
tion, V is the most recent iterate of the 
electron temperature, 

T = aj' + (1 - a e)T (162) 

is the temperatut ibout which the Planck 
function is linearized, a c is a user-specified 
implicitness parameter for f, and T is the 
electron temperature at the beginning of the 
step. Equation (160) is solved in much the 
same manner as the corresponding equation 
in the partial-temperature method. 

For splitting (II). we solve for an im
proved level [k + 1) iterate T"; we also in
troduce a corresponding/", for which vve 

f)B, 

'~df 

^ - 2 > D l + , 
(165) 

Pig. 3-58. Serond split
ting: sparsity patterns 
of MJJ and N t | . 
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The denominator of G; is just the diagonal 
coefficient used in the ICCG solution of 
splitting (I). 

The equation for the time evolution of 
the electron temperature is 

V - T* 
Af 

- \M 

B, + ( r ' - 7 - ) - ^ (166) 

where Cv is the electron heat capacity, T* is 
the modified T field resulting from the ac
tion of other (nonradiation) sources, and AJ', 
is the frequency interval associated with 
group i. Using Eq. (164) for f" and solving 
Eq. (166) for V yields 

T " •• 

S, 
(167) 

where 

s , - c v £ + ^.a»,7i 

. 3B, 
/ , ' - G,r - B, + 7 W 

and 

S 2 ^ + y A , 7 ,U- G i ) . 

(168) 

(169) 

The sums Sj and S2 are accumulated as we 
pass through the groups in splitting (I). The 
improved values T" are used to replace the 
T values for the next iterate, using the 
samu storage. 

To achieve algebraic energy conservation, 
we could arrange that any change in the ra
diation energy be accompanied by a cor

responding opposite change in the energy 
associated with the electron temperature 
field actually produced as output. To this 
end, we can explicitly compute a tempera
ture T m p , from the implicit /,' at earh itera
tion, using 

T* 
Af - - Y X l 

B; + {V -T "af (170) 

However, since T | is generally a much 
poorer estimate of the true temperature 
than is V, we choose T" to be the final re
sult and return the discrepancy 

Yc v i (r„ p l -r) (171) 

in a new row of the energy-balance di
agnostic. This discrepancy can be made ar
bitrarily small by choice of a stringent 
relative-convergence test (at present, applied 
to the L2-norm of the difference between 
iterates). 

Our new method is more efficient than 
the partial-temperature algorithm on many 
problems and is always more reliable and 
robust. Convergence is rapid when the 
characteristic time scales for transport (T,) 
and coupling (rc) differ greatly, or when Af 
is less than the maximum of T,, TC. or 
Q.T C./C R, where CR is the radiarion heat 
capacity. 

We are considering various techniques to 
speed the rate of convergence of the itera
tion, a refir.t'rtient that is expected to be 
useful onlv on unusually stiff problems. On 
most problems, our present procedure 
achieves convergence to one part in 104 

within 10 iterations. 

Authors: A. Friedman and D. S. Kershaw 
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The automated sphere mapping 
(ASM) system is used to provide 
graphic displays of the exterior of 
spherical objects with resolution 
capabilities of 0.2 urn in height and 
2.0 Mm in lateral dimensions. The 
ASM uses a phase-reference system 
with a computer-contrj-Jled sphere 
manipulator to provide the automated 
data collection and display. 
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Target Fabrication 
Introduction I. F. Stowers 

The Fusion Target Fabrication program's primary responsibility is the construction 
of targets for current research. Our effort, of necessity, entails constant develop
ment of fabrication technology, which includes synthesis and handling of target 
materials, assembly, inspection, and characterization. The required precision and 
microscopic scale of inertial confinement fusion (ICF) target fabrication has led 
to a significant investment in manpower and facilities. Program personnel now 
include materials scientists, physicists, chemists, mathematicians, engineers, and 
a large staff of skil ls mechanical, electronics, and chemical technicians. The 
new fusion target development facility (FTDF) was completed during 1982, for 
the first time housing all technical personnel and equipment under one roof. 

Historically, glass fuel balls have contained only the DT fuel for implosion 
experiments. More recently, we have been requested to deliver DT fuel balls 
also containing small amounts of tracer gases such a.s Ar, Br, or Kr. We have 
developed an ion-drilling technr ;y that will allow us to place virtually anv 
tracer material in glass balls. 

During 1982, we developed an analytical model to better understand the 
microsphere-formation process occurring in a drop tower. The model predicts 
the final diameter and wall thickness of spheres when given the temperature 
profile of the furnace and the initial liquid content of the glass-forming 
materials. 

We completed construction of the automated sphere mapping (ASM) system 
that has been under development for several years, and we have successfully 
measured the topography of a nominally smooth sphere. The ASM instrument 
maps the full surface area of a sphere with high accuracy. In the final articles of 
this section, we discuss target assembly and specifically address soft x-ray laser 
targets constructed for testing on Novette and an improved technique for 
hemishell inspection. 

Fuel Container 
Introduction 

The major objective of our fuel-container 
effort is to develop and maintain the tech
nology necessary for the fabrication and fill
ing of fuel capsules. In general, the 
processes we develop must be flexible 
enough to handle the various materia! and 
size requirements of the ICF program. Our 
daily production rate must be quite high 
(sever?! thousand target-quality spheres per 
day) to meet the demands ••>f both target 
production and other R&D efforts within 
the Target Fabrication program. 

During W82, our unclassified .ictiviiies 
focused on three areas 
• Routine production of target-quality 

batches of glass microspheres to support 
upcoming Novette activities. 

• Development of a computer model to 
simulate drying and microsphere forma
tion in the droplet column. 

• Design and start of fabrication of an ion-
beam drill for drilling submicrometer 
holes in target-sphere materials. 
The work leading to the current method 

of routine glass-sphere production has been 
discussed in depth elsewhere.1 In the arti
cles that follow, we discuss our wrork on 
computer modeling and development of the 
ion-beam drill. 
Author: J. H. Campbell 



Fuel Container 

Fig. 4-1. Schematic 
representation of the 
different stages in the 
drying process for a 
droplet of alkali sili
cate glass solution in a 
droplet column. 

Modeling Microsphere Formation 
in a Droplet Drying Column 

The method we commonly use for the 
preparation of glass microspheres involves 
drying and fusing droplets of glass solution 
in a vertical oven.1"3 This method has also 
been used by Kool et al.4 at KMS Fusion, 
Inc. (KMSF), for making polymeric shells. 
The initial step involves the drying of liquid 
droplets containing dissolved solids of ei
ther inorganic glass formers or, in the case 
of the KMSF work, organic polymers. If 
proper drying conditions are used and if the 
material properties meet certain criteria, a 
hollow sphere is produced at the end of the 
drying step. In the case of glass micro
spheres, the dried, hollow spheres are sub
sequently fused at high temperatures 
(1500"C) into the final glass product. 

We must optimize several experimental 
parameters to produce target-quality shells 
from any given material. In the past, we 
used a largely empirical approach to deter
mine the proper tower operating condi-

rinal dry 
(ur.fused) sphere 

tions and droplet composition. Although 
successful, the empirical method was time-
consuming and manpower-intensive. 

To help guide and interpret our current 
experimental work on glass microspheres 
and other materials, we developed a simple 
one-dimensional numerical model to simu
late the droplet drying and initial sphere-
formation process. In brief, the model treats 
the simultaneous heat and mass transport 
to and from a liquid droplet containing 
some level of dissolved solids. The model is 
based largely on earlier investigations of the 
fundamental aspects of spray drying (for 
example, see Refs. 5 and 6). 

Model Description. A schematic repre
sentation of the drying process is given in 
Fig. 4-1. The first step treated by the model 
is evaporation during the droplet decelera
tion period, i.e., between leaving the droplet 
generator and reaching terminal velocity. 
Significant evaporation can occur during the 
deceleration period if the gas temperature is 
above 150°C. 

Having reached terminal velocity, the 
droplet enters the period of drying during 
which the moisture flux from the droplet 
surface is approximately constant [(Fig. 
4-l(a)]. During this first stage of drying, the 
droplet temperature remains at the adiabatic 
saturation temperature, and a dynamic 
equilibrium is established between the rates 
of heat (Q) and mass transport (M H i 0 ) . As 
evaporation continues, the droplet con
centration reaches a critical value. The 
evaporation rate from the particle surface is 
equivalent to the sensible heat supplied by 
the surrounding gas. Eventually the mois
ture content of the particle diminishes to 
the so-called critical concentration6 and a 
surface film forms [Fig. 4-1 (b)]; this initiates 
the next drying step treated by the model. 

At this point the evaporation rate begins 
to drop due to the added resistance of the 
film to mass transfer. As a consequence, the 
temperature of the droplet begins to in
crease, and ultimately reaches the solution 
boiling point. The temperature of the drop
let remains at the boiling point as the bal
ance of the free moisture evaporates, 
forriing a hollow shell [Fig. 4-l(c)]. This pe
riod of drying is perhaps the most critical. 
Wh _-ther an unruptured, hollow sphere 
forms depends strongly on the type and 
strength of the surface film formed and its 
permeability to water vapor and the furnace 
purge gas. The hollow sphere, containing 
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gas at pressure P B , begins to grow and ulti
mately produces a large, thin-walled, 
hollow sphere of unfused silica glass con
taining a gas at pressure Pg. Finally, once all 
the free water has been removed from the 
droplet, the shell heats rapidly to the tem
perature of the furnace [Fig. 4-1(d)]. 

The basic equations used to calculate the 
droplet velocity and rates of heat and mass 
transfer are summarized in Table 4-1. Also 
given are brief physical descriptions of the 
corresponding drying conditions. The vari
ables and dimensionless numbers used in 
our calculations are defined in Table 4-2. 

The evaporation rate for a droplet in a 
moving gas stream is simply a product of 
the mass-transfer coefficient, h^, the droplet 
surface area, and the difference in vapor 
pressure across the gas boundary layer 

A similar equation also describes the rate 
of heat transport 

dQ 
dt (2) 

where the driving force is the temperature 
drop, AT, across the boundary layer, anc hq 

is the heat-transfer coefficient. 
Both heat- and mass-transport coefficients 

can be represented in terms of the dimen
sionless Nusselt (Nu) and Sherwood (Sh) 
numbers 

Nu = /i„ - £ 
1 k, 

and 

(3) 

dm 
~dl 

7 A P v 
= hm irDl — 

m p gj-

M „ (1) Sh = /> m - ^ 

Drying stage Physical description Governing equations 

saturation temperature. 

(4) 

Unsaturated solution; droplet deceleration dV 3 Cdpg v2 

to verminal velocity; droplet at adiabatic Deceleration: - — = 4 D p 

Mass transfer: 

Heat transfer: 

A/> V M V 

dQ vDp k,Sh (AT) 

Table 4-1. Summary 
of drying stages and 
governing equations 
used in model 
calculations. 

lb Unsaturated solution; droplet at terminal 
velocity and adiabatic saturation Velocity: i>T = 
temperature. 

Mass transfer: 

Heat transfei : 

4 (P P ~ P 6 )X 
225 P g „ 

• Same as step la 

Saturated solution; skin-formation occurs; Velocity: same as. in step lb 
mass-Uansfer rate decreases. 

Mass transfer: 
, (APv M w ) 

dt ° p FT 

Heat transfer: same as in step la 

Membrane encloses vapor and liquid 
phases. Tempeiature as boiling point of 
solution. 

Velocity: same as in step lb 
Mass transfer: same as in step 2 
Heat transfer: 

Liquid evaporation complete; particle heats Velocity: same as in step lb 
to furnace temperature. Mass transfer: dm/dl = 0 

Heat transfer: same as in step la 
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Table 4-2. Nomenclature. 

Substitution of the dimensionless groups 
into Eqs. (1) and (2) leads to the expressions 
given in Table 4-1. 

Numerous experimental measurements of 
heat- and mass-transfer rates under differ
ent stream conditions have established the 
following well known empirical correlations 
for the Nusselt and Sherwood numbers in 
terms of other dimensionless groups6 ,7 

Nu = 2 + 0.6(Re) , / 2(Pr)"- 1 (5) 

and 

Sh = 2 + 0.6 (Re)"2 (Sc) 1" . (6) 

The Reynolds, Prandtl, and Schmidt num
bers in Eqs. (5) and (6) are defined, 

Q 
Q 

<tyf 

N-J 

Pr 
Re 
Sc 
Sh 

Effective surface area for heat transfer (cm2) 
Drag coefficient (dimensionless) 
Heat capacity (cal/g-K) 
Droplet diameter (cm) 
Vapor diffus'vity (cm 2/s) 

Gravitational constant (cm/s 2) 
Mass-transfer roefficient through barrier fcm/s) 
Mas:, transfer coefficient (cm/s) 
Overall mass-transfer coefficient (cm/s) 
Heat-transfer coefficient (cat/cm 2-s-K) 

K Membrane permeability (cm3(STP) • cm/cm 2 • s • atm] 
k{ Thermal conductivity of gas boundary layer (cal/cm - s • K) 
/ Membrane thickness (cm) 
m Mass (g) 
M H i C Rate of water vapor loss for unsaturated solution (g/s) 

Kate of water vapor loss through film (g/s) 
Gram molecular weight (g/g-mole) 
Gas pressure in hollow sphere (atm) 
Energy (cal) 
Ktite of energy transport (cal/s) 

Gas constant (cnv'.irm/g-mole-K) 
Temperature (K) 
Time (s) 
Droplet velocity (cm/s) 
Droplet terminal velocity (cm/s) 

Latent heat of vaporization (cal/g) 
Vapor pressure driving force across film membrane (atm) 
Vapor pressure driving force across boundary layer (atm) 
Viscosity of drying medium (P) 
Density of drying medium (g/cm 3) 
Particle density (g/cm 3) 

Dimensionless numbers: 

Nusselt number 
Prandtl number 
Reynolds n rtber 
Schmidt number 
Sherwood number 

respectively, as 

R e -

and 

S c •• 

CP 

DVP, 

(7) 

(8) 

(9) 

Using Eqs. (5) through (9), it is now 
possible to calculate the heat- and mass-
transfer rates from measured physical prop
erties of the system. 

During the initial drying stages (before a 
film formr around the droplet), the rates of 
heat and mass transport are in dynamic 
equilibrium. Under these conditions, the 
particle temperature remains at the adia-
batic saturation value, and the rate of 
evaporation is simply 

dm 
~~d7 

1 (dQ 
AH„ I dt (10) 

where AHP is the latent heat of 
vaporization. 

Once the droplet solution reaches the 
critical concentration and the film begins *o 
form, the mass-transfer rate begins to drop 
dramatically due to the vapor barrier 
formed by the film. During this drying 
stage, the rate of mass transport is calcu
lated using an overall mass-transfer coef
ficient, h0. given by 

>'„ = • 
''m + /!,, 

(11) 

where hb is the mass-transfer coefficient 
across the barrier membrane of thicknebS, 
/, g>en by 

KAf^ 
I 

(12) 

As the liquid continues to evaporate, a 
gas bubble begins to form inside the film 
membrane (provided the membrane perme
ability is low enough). As a consequence, 
the effective area for heat transfer, Aell, is 
equivalent to the area of .he spherical seg
ment containing the remaining liquid (see 

4-4 



Fuel Container 

Table 4-1 and Fig. 4-1). Mass transfer, how
ever, continues over the entire droplet 
surface. 

Model Results. Input to the model In
cludes the column length and temperature 
profile; purge-gas composition and flow 
rate; and initial temperature, size, compo
sition, and velocity of the droplet. Basic 
physical and transport properties of the in
dividual components are also input as func
tions of temperature. These properties are 
used with well-established empirical cor
relations to estimate the effective heat-, 
mass-, and momentv m-transfer rates in the 
system; the critical concentration for film 
formation was determined from indepen
dent laboratory experiments on bulk glass 
solutions. 

Output from the calculations includes the 
droplet temperature, size, velocity, and 
composition as functions of time and dis
tance down the column. Typical examples 
of output for droplet dryir ; in Ar are plot
ted in Fig. 4-2 for a 230-Mm-diam droplet of 
our standard alkali silicate glass solution 
containing 18 wt% solids. The furnace tem
perature over the first 2 ft of the column is 
~260°C, decreasing slightly for the remain
ing length of the drying section. 

The initial droplet velocity is about 500 
cm/s as it leaves the generator. The v<, «ty 
rapidly decelerates to terminal velocity over 
about the first half meter, as shown in 
Fig. 4-2. During this time, the droplet de
creases from 230 to about 150 >im in diame
ter and remains at an adiabatic saturation 

temperature of from 40 to 45°C. The tem
perature slowly increases as the solution 
concentration increases. 

After the droplet has fallen roughly 
1.2 m, the solution concentration reaches 
saturation, and a film begins to form. 
Figure 4-2 clearly shows the increase in 
droplet temperature and diameter. As the 
droplet begins to grow, the terminal veloc
ity falls off dramatically. 

As the surface filrr> reduces the mass-
transfer rate, the temperature of the droplet 
increases from the adiabatic saturation tem
perature to the solution boiling point. Once 
ai! the water has been evaporated, ,he 
sphere diameter stops changing and the 
tempi rature increases to that of the sur-
rounuing gas. 

We have found that the results ol our 
model calculations agree we!l with the ex
perimental observations reported by 
Rosencwaig et al.1 Both the column length 
needed to dry the spheres and the nea-
sured residence time of the drople • s in the 
drying section agree with cur calculations. 
Wc have measured the diamc lei if the hol
low spheres produced at the end of the 
drying section of th.? column and found 
they range from about 130" to 1450 imi 
•vith an aveirtge of 1385 nm (for an initial 
230-^m droplet with 18 wt% solic's). The 
model predicts a hollow-sphere size of 
1300 tin. 

\V» are .ontinuing to use the mode1, for 
designing an- analyzing our droplet column 
e-periments. It has been used also to 

Fî . 4-2. Results from 
droplet drying calcula
tions showing the di
ameter, velocity, and 
temperature of the 
droplet as a function 
of time. 

120 
Distance (cm) 



Target and Mate-ial Measurement 

Fig. 4-3. Completed 
ASM system. 

evaluate the effects of droplet size, solvent 
systems, purge gas, and thermal profiles on 
the sphere-formation process. Finally, work 
is under way to extend the model to simu
late the glass-fusion process that occurs 
after the drying section. 

Authors: J. H. Campbell and J. Z. Grens 

Major Contributor: J. F. Poco 

Target and Material 
Measurement 
Introduction 

both the quality of targets product i for 
inertial-confinement fusion experiments and 
the rate of progress in development of ad
vanced targets depend di-ectly upon our 
ability to perform measurements on the tar
gets and the materials used in construction. 

During 1982, we added new capabilities 
to the wide range of physical measurements 
and material analyses we routinely apply. 

We completed construction of our auto
mated sphere mapping device, and success
fully measured sphere surfaces with a 
precision never before possible. In the fol
lowing two articles, we describe these new 
developments in target characterization. 

Author: W. G. Halsey 

Automated Sphere Mapping 

During 1982, we completed construction of 
our automated sphere- mapping (ASM) sys
tem,8 thp design of which has been thor
oughly described elsewhere.''"" The ASM 
performed very well in start-up testing and 
preliminary applications; its implementation 
opens a new eta in target-characterization 
accuracy and resolution. 

The completed ASM, including the optics 
table, interferometer, and precision sphere 
rotator, is shown in Fig. 4-3. During final 
construction, we solved problems with the 
sphere rotator having to do with long-term 
drift; tha mechanical system is now stable 
to ~10jum for 1 h of continuous operation. 
With the optical interferometer, we have 
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Target and Material Measurement 
achieved excellent stability, 200-A vertical 
(height) sensitivity, and a spatial (horizon
tal) resolution of — 3^m. Timing errors in 
phase-shift detection currently limit data ac
quisition to 104 samples/s. Figure 4-4 shows 
sample data for a test sphere having a few 
defects in the 10-/um range. 

Application of the ASM is illustrated in 
Fig. 4-5. In the two graphs, the solid lines 
represent the range of typical limits for 
sphere-surface defect heights; the shaded 
regions show the ranges for which various 
characterization techniques can detect the 
indicated defects. The contribution of the 
ASM to sphere characterization is apparent. 

Author: W. G. Halsey 

Major Contributors: A. Hernandez, G. F. 
Jacobson, A. L. Richmond, M. D. Saculla, 
R. L. Thombley, B. W. Weinstein, and 
K. R. Zeringue 

Improved Measurement 
Capabilities 

Our ability to provide timely measurements 
of target materials and dimensions is a key 
factor in the development and delivery of 
laser targets. Our analytical capabilities 
must constantly be expanded and upgi'aded 
to keep pa>.a with evolving target fabrica
tion requirements. During 1982, we added 
several new measurement systems to com
plement our existing capabilities1313 in opti
cal and electron microscopy, interferometry, 

radiography, microanalysis, and surface 
analysis. 

With our newly installed x-ray diffraction 
machine, we can examine the crystal struc
ture of target materials to assist in process 
development and optimization. X-ray dif
fraction provides information on material 
grain size, composition, and crystal orienta
tion. To complement scructure-of-material 
measurements, we have designed a system 
to measure thin-film strength. A new 
ellipsometer has also been installed to mea
sure film thickness and refractive index. 

By the end of the year, the FTDF com
puter system, a VAX-750, was installed and 
functioning as a control simulator for 
Novette experiments. Because the VAX al
lows for extraction of more information Pig. 4-4. Sampl" ASM 

data. 

72 108 
9 (degrees) 

Fig. 4-5. Application of ASM to sphere 
characterization: solid curve tbjws 
critical defect dimension. 
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Target Assembly and Microfabrication 

from radiographs, we also installed a code 
to analyze information for the x-ray micro
radiography sysi.em.14 Other applications 
are under development 

Au.hor: W. O. Halsey 

Target Assembly 
and Mkrofabrication 

IntrodurHon 

The requirements for producing wr^rts 
were grep l̂y reduced during 1982 shit ."• both 
the Argus and Shiva lasers had been dis
mantled in 1981. However. a number of tar
gets wpre required foi use in developing 
target-fabrication technology. We prepared 
several flat-disk targets of glass, parylene, 
and gold to obtain data for the ion-drilling 
project, and we constructed ball-on-fiJm 
.and ball-on-stalk targets to evaluate the 
properties of DT fuel in glass and coated 
glass *iells. 

In October, we initialed n majcr develop
ment effort to build a short-waveler.gth, 
low-energy x-ray laser cavity. As a test bed 
for determining the flashlamp to be used 
with the lasing cavity, we coated several 
candidate materials such as manganese, 
nickel, chromium, and iron onto thin- 'Urn 
polymeric substrates. The films were sup
ported on plastic washers and mounted for 
irradiation by the Novette laser. Our efforts 
are described in the following article. 

An improved measurement device for 
evaluating target homishells was developed 
at Rocky Flats. This device, described in the 
final article in this section, is based on an 
air-spindle movement and white-light inter
ference techniques; for target hemishells, it 
measures the surface contour, the surface 
finish, the true dimensions, and the devi
ation of contour. 

Author: C. W. Catcher 

X-ray Laser Targets 

The construction of targets for x-ray laser 
experiments iequired development of new 
fixture and assembly techniques. The 
target—actually a lasing cavity—is a long, 
narrow slit measuring 14 by 0.05 mm. The 

slit is bounded on two facing sides by me
tallic knife edges and on the perpendicular 
sides by thin, composite films of Formvar 
and a metallic element; the ends are closed 
with thin films of Formvar. The lasing cav
ity is supported by an aluminum housing 
(Fig. 4-6), which also provides a connection 
to the target positioner and the lasing gas 
supply. 

The knife edges for the laser cavity are 
made from 60-jun-thick gold foil, 1 cm wide 
by 1.4 cm loi'g. Each knife blade has a 60° 
predsion-Iapped angle on one long edge; all 
lapping is done on a cast-iron lap using 
0.1-Mm-thick diamond lapping paste. Typi
cal finished blades have less than a 5-iim 
radius on the finished edge and are straight 
within 3 jcim over the entire 1.4-crn length. 
One blade of each set has a slot, 200 nm 
wide and 30 ton deep, milled on the center 
line and per t cndicular to the lapped edge. 
The slot provides the connecting passage 
between the lading chamber and the c .ter-
nal gas supply. 

The thin substrate foils and output win
dows (Fig. 4-o) are prepared by techniques 
used routinely by manufacturers of inte
grated circuits. The Formvar film is coated 
onto a glass slide and removed by Rotation 
on distilled water. The film is removed 
from the water using a wire-locp support; 
the wire loop supporting the film is then 
placed in a vacuum vapor-deposition coater 
where the appropriate flashlamp or window 
material is applied by RF sputtering or ther
mal vaporization. 

The gold collimating pinholes are pro
duced by machining a copper mandrel to 
the required dimensions (Fig. 4-7). The 
mandrel is then electroplated with gold to 
the desired thickness. The cylinders are 
scribed at thfc desired length and sub
merged in a nitric acid bath. When the 
supporting copper mandrel is removed, a 
cylindrical tube with a closed end having a 
small (100-^m-diam) pinhole is produced 
(Fig. 4-6). 

The vacuum holding fixture (Fij- 4-8) 
used to locate the knife blades is .jbricated 
from a precision lapped brass block. Ma
chined into the lapped surface are two rect
angular grooves, each 1 mm deep, 1 cm 
long, and 0.7 cm wide. A 2-mm-diam hole 
intersects each groove from the bottc. to 
provide a vacuum pumping port. The t..o 
rectangular grooves are located parallel to 
each other and are separated by a 1-mm 
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1500-A-thick output 
window on thin gold or 
aluminum plate 
(one at each end) 

1500-A-thick 
Formvar film on 
wire loop support 

Two halves of 
the aluminum 
target body 

Bayonet target mount 
and g^s-fill manifold 

slot through the brass biock; this slot allows 
light to pass through from below to aid in 
the blade-alignment procedure. Perpendicu
lar to the ends of each of the rectangles is a 
line-bored 3-rnm-diam round slot used to 
precisely locate the gap alignment spacer 
(Fig. 4-9) during the assembly procedure. 

Prior to assembly, all pieces are debuned 
and cleaned in the ultrasonic cleaner using 
chloroform and alcohol. After cleaning, all 
parts are inspected using a binocular micro
scope. The first step in assembly is placing 
the finished knife blades on the vacuum 
holding fixture (Fig. 4-8). The gap between 
the blades is determined by sliding each 
blade lightly a;-. .ist a precision-machined 
spacer of the proper *hickness (Fig. 4-9). 
As each piece is brought into numinal 

3-mm-i 
diam 

T 3.175-mm 
diam . 
J k 

r 
hole / 

(—B 

Copper mandrel- Gold cylinder-^ 

Vdcuum 

Fig. 4-6. Short-
wavelength, high-
energy x-ray laser cav
ity and components. 

Fig. 1-7. Pinhole 
mandiel. 

Fig. 4-8. Vacuum 
holding fixture with 
ore blade in place. 
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contact with the spacer, the vacuum valve 
is opened and the blade is firmly held in 
place. The tolerance on gap spacing and 
parallelism is ±2 /im. A bridge consisting 
of a gold foil measuring 300 X 100 X 5 ̂ m 
is bonded across the gap at each end of the 
blade to maintain the gap spacing. A 0.15-
Mm-thick Formvar film is bonded over the 
blades to form one side of the pressure 
chamber; this film must be wrinkle and 
pinhole free. One half of the aluminum 
body is now attached to the assembly. After 
the assembly is turned over, the remaining 
gold bridges and Fbrmvar film are bonded 
over the blades. The gas chamber is now 
complete, with the exception of the end 
caps and output windows. 

Output windows for the high-energy tar
get consist of 0.15-^m-thick Formvar films 

Fig. 4-9. Detail of gap-
alignment spacer. —-I 1000 | — 

Fig. 4-10. Schematic of 
the improved noncon-
tact measuring device. 

500 iim 3000- /im 
diam 

30 jim 1 

mounted on an aluminum framework hav
ing a 100-Mm-diam hole. Because the hole 
will serve as the laser output window, it 
must be accurately located on the axis of 
the knife blades so that any output from 
the lasing cavity remains unobscured. The 
cylindrical 3-mm-diam body containing the 
100-jum-diam pinholes is now located on 
the same axis and attached to the alumi
num body. The second half of the alumi
num body is then placed over the 
assembly. 

Each target is tested prior to any subse
quent operations to ensure that it meets 
pressure and vacuum specifications. After 
testing, the flashlamp material is vacuum-
deposited on the Formvar films. After depo
sition, the optical alignment aids, consisting 
of mirrors and gold washers, are attached, 
and the target is mounted to its bayonet 
base. The base serves as a mechanical 
mount in the target chamber and also 
serves as a gas feedline through which the 
proper mixture of lasing gases is fed into 
the cavity. 

Author: C. tV. Hatcher 

Major Con! ibutor: J. F. Wengert 

TV camera 
Light source-

Base 
Rotary air bearing 
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Improved Noncontact 
Measuring Device 

We designed, fabricated, and used an im
proved noncontact measuring device to 
measure the physical characteristics of 
inertial-fusion target hemishell components. 
The noncontact nature of the device is im
portant due to the fragile nature of target 
components. Our improvements permit 
concurrent inside and outside contour mea
surements and protect against outside 
thermal effects. 

The improved noncontact measuring 
device is shown in Hg. 4-10. It uses two 
white-light interference microscopes as null 
positioners against master-reference stan
dards. We use digital measuring probes to 

measure the deviation from the standards, 
with a resolution of 0.1 Mm. The measuring 
device is operated by manipulation of the 
part to be inspected on a vertical-axis air-
bearing spindle. Interferomelric microscopes 
permit us to examine the surface finish and 
to measure surface defects concurrently 
with the contour. Any component that has 
a surface sufficiently reflective to provide 
interferometric fringes in the microscope 
can be measured along the axis of the inter
ferometers. Components from 100 urn to 
4 mm in diameter can be characteri7.ed. 
The accuracy of the device is ±0.25 «m 
in contour. 

Author: C. W. Hatcher 

Major Contributor: C. W. Durbin 
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Shown is a color-enhanced x-ray 
micrograph of the imploding core of a 
glass microballoon irradiated by the 
Shiva laser. The line profile shows the 
intensity at the location along the 
horizontal line. 
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Fusion Experiments Program 
Introduction L. W. Colemai 

Our experimental program relies on state-of-the-art diagnostics and utilizes 
modern methods for timely and accurate reduction and analysis of data to inter
pret experiments. We report here on progress and accomplishments in these 
areas of our program in 1982. 

Diagnostics 
Fusion Experiments Diagnostics 

With no experimental laser facilities active 
during 1982, we concentrated on the final 
reduction and analysis of Argus and Shiva 
data. In addition, we have been upgrading 
our diagnostics capabilities in preparation 
for Novette, and assessing and beginning 
work toward future diagnostics needs. 
Our work was comprised of the following 
major efforts 
• Evaluating low-energ\ x-ray spectroscopy 

by grouping instruments according to 
their prime applications, to obtain in
formation on initial laser-plasma 
conditions. 

• Focusing more resources on the advanced 
stages of the laser fusion process (implo
sion dynamics and final fuel conditions) 
where diagnostics are sparse. 

• Developing new instruments to diagnose 
the x-ray laser experiments to be con
ducted on Novette. 
Toward these ends, we improved existing 

high-priority x-ray spectrometers so that 
they can be used more accurately and rou
tinely. In addition, we set out in new direc
tions with regard to developing diagnostics 
that will shed light on more advanced 
problem areas. 

We have developed a sequence of sophis
ticated x-ray spectrometers for measuring 
subkilovolt x rays. Our x-ray streak camera 
has been used with various x-ray energy-
dispersing elements as both a detection and 
recording medium for each spectrometer. 
T' advantages of high temporal resolution 
and multichannel recording provided by 
this instrument became obvious during the 
development program. This year, we made 
final improvements in the x-ray streak cam
era systems to achieve easier and more reli

able use and better spatial resolution. With 
this capability, combined with the simplicity 
and absolute calibration of the improved 
Dante spectrometers, we will routinely pro
duce accurate x rav spectra as a function 
of time. 

I.I.NI. has pioneered x-ray microscopy for 
ultra-high-resolution x-ray imaging of tar-
pets irradiated by lasers. Similarly, we are at 
the forefront of one-dimensional, time-
resolved imaging with our streak-camera 
technology. Now we are focusing attention 
on the more difficult problems of two-
dimensional dynamic imaging. We have 
generated several promising designs for a 
gated ulrrafiit-framing Cuineia In the next 
two years, we anticipate a physi -s and 
engineering effort that will culminate in 
high-spatial-resolution, subnanosecond, 
two-dimensional snapshots. This year, we 
were successful in developing thick zone 
plates for time-integrated imaging of high-
energy x rays and charged particles. Our 
cameras will play an importan, role in di
agnosing final fuel conditions for targets of 
intermediate density on Novette. 

The initial Novette 1 .ser shots will be de
voted to x-ray laser experiments. During 
1982, we developed three new instruments 
for diagnosing the experiments. A high-
resolution crystal streak camera was built to 
time-resolve the x-ray pump lines. Two 
other low-energy instruments were also 
developed to measure the actual laser out
put energy. 

We have met the challenges of the past 
by providing ample diagnostics for the ini
tial stage of the laser fusion process. Now, 
we are proceeding with confidence toward 
narrowing our optior in the developed di
agnostics areas t . meet the challenges of 
new and difficult diagnostics regimes. 

Authors: L. W. Coleman and V. W. 
Slivinsky 
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Fig. 5-1. Cross section 
of model 2 soft x-ray 
streak camera. 

Development of Soft X-ray 
Streak Cameras 

The first soft x-ray streak camera developed 
at LLNL was described in previous Annual 
Reports and in Ref. 1. This camera ("model 
1") was used in Shiva and Argus experi
ments as the detector for spectrometers (dif
fraction gratings, crystal, and filter-mirror 
combinations) and axisymmetric reflection 
and pinhole microscopes. 

A program to improve the camera's per 
fornv.nce and reliability and to simplify its 
construction and operation rer.u'ted in two 
new soft x-rav streak cameras: model 2, for 
general use, and model 3, best adapted to 
crystal spectrometers (see Figs. 5-1 and 5-2). 
The new cameras use the same streak tube 
and similar transmission photocathodes as 
model 1. 

The Model 2 Camera. Figure 5-3 shows 
a cross section of the model 2 camera and 
the two valves used to pump down the 

camera and to vent it to atmospheric pres
sure with dry nitrogen. A mechanism posi
tions the fragile transmission photocathode 
so that it is no longer a pressure barrier be
tween the streak tube and the front of the 
camera. The photocathode is positioned in 
the streak tube only during data collection, 
when both streak tube and camera front are 
at high vacuum. At other times the photo
cathode is retracted to a position behind a 
window, where it can be inspected without 
affecting the camera vacuum. This window 
also permits observation of the photocath
ode when it is inserted in the streak tube, 
simplifying optical alignment of the camera. 

The photocathode can be extracted 
through the winJ.-'w port after the camera 
is vented to atmospheric pressure. The cam
era is not moved during this process, so it 
need not be realigned. The front valve that 
connects the streak camera with the associ
ated instrument has a glass window, and 
another transparent valve connects the in
strument to the target chamber; these 

-Extracted cathode 
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valves permit optical alignment of the entire 
instrument independent of the vacuum con
dition of the target chamber, instrument, 
and camera. 

The photocathode positioner, front valve, 
vacuum valve, and venl v a h e are operated 
with elecr-ical motors, rather than with 
pneumatic actuators. This simplifies installa
tion and removal and also simplifies the 
transportation and storage of the camera 
when it is under vacuum. 

An electronic controller permits martial 
or remote camera operation. 

The spatial resolution of the model 2 
camera was optimized bv modifying the 
geometry "f the electron optics and the 
voltages of the focusing electrodes, Mea 
surements of spatial resolution give 
10"o modulation for ten line-pairs per 
millimeter.' 

The Model 3 Camera. The model 3 cam 
era was designed to operate in conjunction 
with a crystal spectrometer. Its main charac
teristics are a cathode-to-front-flange dis
tance of 73 mm, a Ml acceptance angle, 
and a 25-mm-long cathode slit; correspond 
ing values for the model 2 are 300 mm, 12 , 
and 13 mm. 

Alignment of X-ray-lmaging Pinholes. 
Closely related to the work on soft \ rav 
streak cameras was the development of a 
technique to align pinholes for v rav imag 
ing. A typical pinhole microscope used to 
studv laser-irradiated targets has a target 
to-camera distance of several meters and 
an imaging pinhole a few tens ot micro 
meters in diameter; the target si/e is a few 
hundred micrometers. 

A satisfactory alignment procedure must 
place the pinhole on the straight line con 
necting the target and the photocathode slii 
to within a fraction of the pinhole diameter 
The difficult of this task is compounded 
bv the need to perform frequent adjuM 
ments to oven.ome mechanical anil vacuum 
drifts, bv the restricted environment ol the 
laser facililv, and hv the use ol grazing 
incidence mirrors along the \ rav beam tor 
spectral discrimination 

The alignment technique, whkh permits 
location of the pinhole to within a few 
micrometers ol the lens optical axis. consists 
oi mounting the imaging pinhole at the op 
tical center oi tm optical lens whose total 
length proiects an image ot the target on 
the photocathode slii. figure 3 4 illustrates 

Pi 
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! if,, s-.l. View of 
model * c.imer.i. 

the concept, which amounts to two coaxial 
cameras, one for x rays (using the pinhole) 
and the other for visible light (using the 
lens). Both images of the target are coin-

I ijv T-4. Alignment nf 
pinhole for \-ray 
i "Lining. 

cident in location and orientation, even if 
x-ray grazing-incidence mirrors are used. 
An orifice is drilled on the lens in cor
respondence to the pinhole to allow propa
gation of the soft x-rav beam defined by 
the pinhole. 

With this implementation, a backlit target 
provides a dark profile on a bright field in 
correspondence with the photocathode. The 
pinhole-lens combination is moved to 
achieve the desired position of the target 
image on the photocathode slit. 

Author: H. Medecki 

Time-Resolved Spectroscopic 
Measurements Using X-ray 
Transmission Gratings 

We have developed a time-resolved x-ray 
spectrometer in which a free-standing x-ray 
transmission grating is coupled to a soft 
x-ray streak camera. The instrument yields 
continuous x-ray spectra with 20-ps time 
resolution and moderate spectral resolution 
(AA £ 1 A) over a broad spectral range (0.1 
to 5 keV) with high sensitivity and large 
information-recording capacity. The spec
trometer's capabilities are well suited to the 
investigation of laser-generated plasmas, 
and they nicely complement other tech
niques for time-resolved spectroscopy. The 

X-rav beam 

Orifice ^Optica] beam 

-Target 
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spectrometer has been used on a variety of 
laser-plasma experiments, many of which 
have been reported.1 ̂  

In the spectrometer" an entrance aperture 
(a narrow slit parallel to the grating lines) 
limits the divergence of incoming x rays. An 
x-ray transmission grating immediately be 
hind the slit disperses the x-ray spectrum 
along the streak-camera entrance slit, which 
is aligned pei-pendicular to the grating lines. 
The dispersed spectrum is streaked to pro
duce a time-resolved x-ray spectrum. 

To assess the impact of the transmission-
grating spectrometer on the diagnosis of 
laser-produced plasmas, it is instructive to 
compare its characteristics with those of 
other instruments currently being used for 
the time-resolved spectral analysis "f laser 
plasmas. This comparison illustrates the 
complementary nature of the different mea
surement techniques and indicates the most 
appropriate operating regime for each. A 
rigorous, quantitative comparison of instru
mental capabilities is not easv, because 
manv parameters of interest varv with ex
perimental configuration. Nevertheless, 
Table 5-1 lists reasonable representations of 
the capabilities of the transmission-grating 
streak camera, a crystal streak camera, and 
two fast multichannel analyzers (a multi
layer-mirror streak camera and the 
Dante diagnostic). 

A number of features in Table 5-1 are 
noteworthy. The crystal streak camera, be
cause of its high linear dispersion, has a 

spectral resolution about 2 orders of magni
tude greater, and a spectral range 2 orders 
of magnitude less, than the other instru
ments listed. (It also operates at higher 
x-ray energies than the others, for the 
same reason.) 

The Dante multichannel analyzer has 
the poorest time resolution, because of 
the limitations of x-ray diodes and of 
oscilloscope readout. 

Because they provide continuous spectral 
readouts, the transmission-grating and crys
tal spectrometers have a much higher 
information-recording capacity than either 
of the multichannel analyzers. [The 
information-recording capacity, which we 
define as the number of dislim t resolution 
elements in a data record, is the product 
of two quotients' the duration of the x-ray 
signal (which we arbitrarily set at 2.5 ns) 
divided by the time resolution, and 
the full spectral range divided by the 
spectral resolution.] 

The transmission-grating and crystal 
spectrometers, the only instruments that 
combine high time resolution with continu
ous spectral coverage, complement each 
other nicely. The transmission-grating spec
trometer operates with moderate spectral 
resolution over a broad spectral range at 
low x-ray energies. The crystal spectrometer 
< perates with high spectral resolution over 
o narrow spectral range at higher energies. 
The relatively high sensitivities of the 
transmission-grating spectrometer and the 

Instrument Spectral 
Time 

resolution 
Spectral 
range 

Approximate 
information Relative 

Table s-l. Character
istics (if inslruments 
for tiliu'-resnlved 

description resolution (ps) (A) capacity1 sensitivity spectroscopic investi 

Tran smission-
grating streak 

1-2 A 20 AAR = 120 
( 2 - 1 2 4 A) 

1(V High Ration of laser-
generated plasmas. 

camera 
Crystal streak 0.02 A 70 A*R = 1-2 3000 1 mv 
camera 
Multilaver- AAA = 0.1 20 X\K = 120 600 Hinh 
mirror streak (2 _ 124 A) 
camera'-' (5 channels) 
Mirror-filter AAA = 0.2-1 200-500'" AAR = 50 50 1 o\v 
pairs with 
x-rav diodes 

(8 — 6(1 A) 
(10 channels) 

(Dante) b 

n Thc information capacity of the instrument is defined as the iotal number of distinct resolution elements in a 
data record. For this calculation a data record 2.5 ms long is assvimed. 

''For these instruments AA typically varies with the channel rellector chosen. Rough values for spectral resolv
ing power are provided. 

c ln a typical Dante, only one channel has a fast scope recorder (Af s. 200 ps); other channels typical!)' have 
~-500 ps time resolution. ' 
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multilayer analv/cr arise from their moder
ate spectral resolution, their good deteelor 
efficiency (because lliev use streak lanv 
eras). and the high efficiency of the disper-
si\e element (grating) or filter (nutltilaver 
mirror). The lower sensitivity oi the crystal 
spectrometer results from its very high 
spoitral resolution (i.e., the high dispersion 
ot its crystal). The lower sensitivity of the 
Dante system, on the other hand, results 
Irojn the lower response function (in 
t /keY) ol its detectors. 

We have used the time resolved 
transmission grating speclroivelcr in the 

1'usion Hxperiments program to investigate 
rapidly carving laser-generated plasmas. 
The laser pulses were short (100 lo 700 ps), 
of high intensity (10 1 ' to 10"' W/cnr), and 
at three wavelengths. 1.06, 0.53, and 
( U T nm. We irradiated various targets in 
studies of \-rav conversion efficiency, line 
production, and plasma transport effects. To 
demonstrate the capabilities of the spec
trometer, we dismss data from an experi
mental series on the Argus laser facility, 

figure T I shows data Irom a shot in 
which a gold disk target was illuminated at 
.1 v | 0 n W'/cnv'. 1 he laser parameters for 

lime (ps) 

-/croth order 

,-Gold hand ( 20A) 

Wavelength 
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this shut were as follows: wavelength, 
0.53 Mm; pulse duration (I-'WHM). - 7 0 0 ps; 
energy on target, 147J; nominal laser-spot 
diameter, 350 tim. In Fig. 5-5(a), the photo
graphic record of the time-resolved spec
trum, we see the bright, zeroth-order 
(undiffracted) component, with its long tail 
of low-energv emission, and a discontinuity 
at the 44-A C K absorption edge of the 
parvlene cathode window. 

Figure 5-5(b) shows the time histories of 
the emissions in zeroth order and in spec 
tral h-.nds centered at 15(1 eV ( - 8 3 A) and 
50(1 eV ( — 25 A). Bolh the -eroth-ordei 
emission and the I5(l-eV continuum have 
I'WHMs of about 830 ps; long residual 
emission tails extend for almost 2 ns be 
vond the peaks. The similar shapes of these 
two spectra illustrate the extent to which 
the /crotli-nirdiT component is dominated 
hv the low-energy continuum. The 500 eY 
emission more closely follows the shape ot 
the incident laser pulse in time. It has a 
l-'VVHM of about 700 ps, and no discernible 
residual emission. The emission at higher 
energy responds more rapidly to cooling 
processes in the plasma. 

The principal spectral features of 
Fig. 5-5(a) are easily identified in Fig. 5-5(c), 
which shows the raw spectral data at I 0 
(pulse peak), / = 300 ps, and / --- 400 ps. 
More subtle features, one centered at 83 A 
(15(1 eV) and another in a band at around 
2(1 A (500 to 600 eV), are also visible. The 
spectral shape of the emission does not 
change appreciably over the 70(1 ps span 
shown, although (as might be expected) the 
band emission at around 20 A is stronger at 
the peak of the emission, when the plasma 
is hoi est. 

Low-energy features of the emission are 
more easily seen in the unfolded x-ray 
spectrum in Fig. 5-5(ct), which shows rela
tive x-ray intensity at / -- 0 and I --- 400 ps. 
The dominant feature is the continuum 
peak at 150 eV. Other notable features are 
the gold band structures at around 250 and 
500 eV. As noted above, 'he higher-energy 
band structure becomes less prominent as 
the plasma cools. 

An x-rav transmission grating, coupled 
with a fast, spatially discriminating x-ray 
detector, can provide a powerful, versatile 
spectroscopic capability. With this detector 
we have obtained the first time-resolved, 
continuous soft x-ray spectra from laser 

irradiated targets MK\ have made the first 
time resolved measurement of the low 
energy band structure of a multiply ionized 
high-/ plasma. Instrument calibration de 
tails -uch as grating effiuemv. multiple dif 
fraction orders, str> ik-camera window 
absorption, and pljotocathod< response 
were appropriately handled.' I hese nn a 
suremeiils presage a new generation 
of experiments that will exploit this 
powerful spectroscopy eapabilitv lot ime-
ligaling the properties ot rapidh \ j n i v . 
laser generated plasmas. 

Authors: N. M. Ceglio, R. 1. kauff man. 
A. M. l lawryluk, and II. Mvdecki 

Major CoiilrilHilor-i: (i. 1 . Howe and 
G. I. Stone 

Fabrication of Very-Thick-
Zone-Plate COQLJ Apertures 

Free standing gold I resiicl /o^f platis tot 
coded-aperture imaging ot xravs L^r,^ par'i 
cles have been produced in the past with 
thickness up to 38 inn (Rel. 8) using ion \cn 
tional UV photoresist i '\hnologv. I .old 
/one plates up to 75 jnn thii k will be 
needed to image the high encrgi \ ra\s and 
charged particles horn future laser fusion 
targets. 1 his article describe-, the laNiiahon 
of 75 ;nn thick /one plate.', the nexl aituli 
describes the results ol imaging lesjs on 
these /one plates. 

The fahrkation ot thick gold /Lmv [Mates 
involves a number ol steps, which are 
shown in Fig. 5 h. Briefly, the proiess i. 
volves creating a /one plate mold in a lave 
of polymer on a flex glass substrate mu re 
plating gold into the mold, attaining a -up 
port ring, and chemical!-, dissolving the 
mold and the substrate. 

As shown in step I in 1 ig 5 n. the gl.v— 
substrate is coated with a ihromc adhesion 
layer, a gold plating base and a ihrome 
"etch-stop' layer (required tor wmr.mhilitv 
with subsequent steps). A polymer lavei ot 
Spurr low-viscosity embedding matetia! 
(Sl.VfM).'" somewhat tniiker than Tie de 
sired /one plate, is added. A metal laver. 
typically . luminum, is thermally evaporated 
onto the polymer MI^ coated with a L'V-
sensitive photoresist. 

file:///jniv
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OE: 

© 
-1 jam photoresist 

0.5-2 Mm Al I 
50-200 i±m SLVEM or polymide 
200A Cr, 1000-5000A Au, 3000A Cr 
0.5 mm float glass 

© 

RflR FRF 
RIE SLVEM or polymide 

RF 

©, RRR . F f f l 

• Expose photomask 

Develop photoresist 
Chemical etch Al pattern 

I II II I I 

© 

© 

3no a floEl 

B n a m 

• Ion-beam etch 3000A Cr 
• Chemical etch Al mask 
• Electroplate gold 

• Dissolve SLVEM 
or plasma ash polymide 

• Attach ring holder 

> Dissolve support glass 
Ion-beam etch plating 
base from rear 

I if*. S-h. Procedures 
used in in,ikin|', tliir\, 
free-standing gold 
/mie pl.ites using RIE 
and gu'd-inicropLilinH 
lechnalngien. 

l i A 75-ti in-
thick, 12-irim-di.im 
j^dld /one pl.ife nude 
.is described in l-i|;. 
S-fi. II has 1110 7on.es 
.ind J 30-/ini mini-
nuini yone width. 

I :ig. s-S. I'lugressive 
taper of polymer side 
iv.ills durini; Rll can 
le.id tn collapse of 
thin yoi.. ..ills. 

In step 2, the /one-plate pattern is ex
posed into the resist. In step 3, the resist is 
developed and the uncovered portions of 
the aluminum layer are removed, leaving 
an aluminum/resist zone-plate pattern on 
top of the polymer. In step 4, the pattern 
is etched through the exposed polymer 
layer to the chrome etch-stop layer by 
reactive-ion etching (RIE) in an oxygen-
discharge plasma. 

In step 5, the aluminum mask is re
moved, as is the etch-stop layer (to uncover 
the gold plating base). The polymer pattern 
is then plated to the desired thickness in a 
gold electroplating bath. 

In step 6, the polymer pattern and the 
plating base are removed. A ring holder is 
attached to facilitate handling of the 
zone plate. 

Finally, in step 7, the glass support sub
strate is dissolved in hydrofluoric acid 

Figure 5-7 shows a 7:<-/um-thick, 12-mm-
diam gold /one plate made in this way. It 
has 100 zones and a minimum zone width 
of 30 urn. 

The production of these thick apertures 
required deeper reactive-ion etching and 
thicker electroplating than in previous zone-
plate work, and involved the use of a novel 
material (SI.VEM) for this application. As a 
result, wo encountered a variety of new 
phenomena that made the work quite chal
lenging. The phenomena fall into five 
categories: 
1. Sidewalls of thick, high-aspect-ratio poly

mer structures can become tapered dur
ing RIE, leading to wall collapse (see 
Fig. 5-8). 

2. RIE etching of the polymer is faster in 
wider zones; the etch-stop layer prevc its 
sputtering of the gold pla'ing base from 
wide zones. 

3. Spikes of polvmer ("grass") can form on 
the polymer surface during RIE; embed
ded in the gold zone plate, "grass" re
duces the plated density and thus 

5-8 
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increases the signal-to-noise ratio in 
coded images. 

4. Zones in the polymer mold may be un
dercut rind lifted off during removal of 
the chromium etch-stop layer. 

5. Stresses in thick plated gold are high 
enough to pull up portions of the glass 
substrate. 
Techniques developed to meet these diffi

culties are discussed in detail in Refs. I'i 
and 12. 

Author: G. F. Stone (KG&G/San Ramon) 

Major Contributors: N. M. Ceglio, G. L. 
Howe, and D. R. Ciarlo 

Tests of High-Energy X-ray and 
Proton Imaging 

As target performance continues to im
prove, charged-particle imaging schemes 
that relv on relatively low-energy particles 
(such as 3.5-MeV DT alphas or 3-MeV DD 
protons) lose their usefulness because such 
particles do not escape higher-densitv tar
gets. Hence it becomes necessary to look 
toward particles and photons of higher en
ergy on which to do compression diagnos
tics. Zone-plate-coded imaging (ZPCI) 1 ' of 
particles and photons al these higher ener
gies can increase the collection solid angle 
by as much as 104 ovei pinhole cameras of 
equivalent resolution. We have extended 
ZrCI to energies of 100 keV for x rays and 
to 6 MeV for protons. 

We conducted ZPCI experiments for sim
ulated point sources of 100-keV xrays and 

6- and IO-MeV piotons. (We used nonpoint 
x-rav and proton sources to make contact 
radiographs of the zone plate; the resulting 
images are the same as would be produced 
bv a point source.) For the experiments re
ported here we made zone plates whose 
thickness and zone width: meet the energy 
and resolution requirements of future la-c-r 
fusion experiments (see the preceding arti
cle). The resolution of the ZPC1 technique is 
approximately equal to the minimum /one 
width (i.e., that of the outermost /one). We 
also developed techniques tor recording 
multi-MeV protons, using solid stale 
particle-track detectors." 

Figure 5-9 shows the /.one-plate shadow 
graphs. Optical reionstruction of Ihc-e 
coded images gives the point response ol 
the zone-plate camera to the various, 
sources. Figure 5-10 shows ps, mlo-thrcc 
dimensional plots and lineouts through im
age maxima for the first-order reconstructed 
data. The FW'HM values of the point 
response distributions are as follows 
• 100-keV xrays, 37f/m. 
• h-MeV protons, 37 tim. 
• 10-MeV protons, 47fim. 

The high quality of the coded images for 
100-keV x ravs and 6-MeV protons n-..id.' 
possible the reconstruction of the data in 
higher order with improved point response. 
Figure 5-11 shows the results; the FWI1M 
valla's are 
• 100-keV \ rays (7th order), 4 ,uin. 
• 6-MeV protons (3rd order). 9/urn. 
• 10-MeV protons (3rd order). 28 jim. 

The poorer resolution at 10 MeV than at 
6 MeV, in both the first- and third order re 
constructed images, is due to the use of an 

I if;. s.M. /oni ' -pbt i ' 
sh.ulim p.itti'rils ri'-
.ordi'd iisini; (.1) IUI1-
k . \ \ i.ns, ihl h . \ l , . \ 
['nitons, and Id 111-
McV nrolons. 
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absorber toil to match the ahsorher-plus-
/one plate thickness io the proton range at 
lOMt'V. Protons scattered in the foil blurred 
the shadows ol the narrower (outer) /ones, 
therein reducing the shadowgraph resolu
tion and degrading the point response of 
the system. 

I hese experiments give us initial esti
mates of the target vicld required lor prolon 
imaging of the thermonuclear burn region 
in laser fusion targets, ['he proton data 
shown in |-igs. 5-4 through 5 11 simulate 
exposures from an isolropic fioinl source ol 
5 X 1(1" protons at a souive-to-detector dis
tance of 3 cm. Data taken at m equivalent 
target yield of 3 X 10' protons produced 
images of insufficient signal-lo-noisc ratio 
tor high-resolution imaging. Analvsis of im 
age data at an equivalent vield ol about 
5 X 10" protons is continuing. 

These results indicate that zone-plate 
coded imaging is possible, with the resolu
tions indicated above, at vrav energies up 
to JOOkeY and prolon energies up lo 
b MeV. Thicker apertures (250 to 300 ( im | 
will be needed to image protons o\ higher 
energy (e.g., 14.7-MeV DHe' protons). 

Authors: N. M. Ceglio and G.!-. Stone 

Major Contributor,- G. L. Howe 

Soft X-ray S p e c t r o g r a p h / 
R a d i o g r a p h w i t h Large A n g u l a r 
A c c e p t a n c e and D y n a m i c R a n g e 

On the basis ol schemes proposed bv 
I lagelstein. 1 ' we are searching for v r av 
lasers at wavelengths ol 51b. 7x0. 110,0 
and 153.0 e\ al the Niovetle facilitv. In con
nection wilh this search, we have designed 
and built a versatile diagnostic svstem 
(uilled the "bail Safe" svslem) of large an-
gular acceplance an^i large dvnamic range. 
I he svstcni can be used as a medium- or 
high-resolution grating spectrograph or as a 
broadband v rav radiograph. 

Large angular acceptance is important in 
this application because oi the uncertaintv 
in the x rav laser direction arising from pos
sible errors in large! alignment and from 
possible nonuniforniitv in the lasing me
dium. Die abiliiv of this svstem to cope 
with a relatively large directional uncer-
taintv in the v r av laser led lo the name 
'Tail Safe " 

Large dvnamic range, important because 
of uncerlaintv in the total output energy of 
the v rav laser, is obtained by employing a 
microchanncl plate for v rav detection, lor 
uniform vrav flux, the dynamic range ob
tainable with a microchannel plate opcr..ied 
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in single-photon detection mode is given by 
the number of available channels multiplied 
by the dynamic range of individual chan
nels, which is about 100. Thus for an x-ray 
laser uniformly illuminating an area con
taining 101 microchannels, and assuming 
negligible background, the microchannel 
plate can be operated linearly for 1/q to 
10' 'q incident photons, where q is the 
quantum efficiency. The total output of the 
microchannel plate is of course the sum of 
the outputs of individual channels, regard
less of whether the output is obtained by 
integrating electronically or by integrating 
the density on the film of individual chan
nels. A further advantage of the micro-
channel plate over x-ray film is that it is 
very sensitive to x rays and that its gain is 
adjustable. In this report we present an 
overview of the diagnostic system and its 
most important features. 

Figure 5-12 shows the layout of the di
agnostic system. An adjustable slit deter
mines the angular acceptance. Appropriate 
absorption filters are used to transmit en
ergy regions of interest (and at the same 
time to reduce contributions from higher-
order diffraction), and to attenuate the x-ray 
intensity to desirable levels. Depending on 
the choice of component A or B (see Fig. 
5-12). any of three options can be realized. 

Option 1 — Medium-Resolution Spec
trograph. In this option, component A 
is a plane grating and component B is the 
x-ray detector, a microchannel plate coupled 
to a phosphor screen that is ,-iewed bv an 
optical camera. A plane grating having 1200 
to 3600 lines/mm will s?ive an energy reso
lution of 1 to 3 eV for 50- to 150-eV x rays. 
This simple option permits measurement of 
the two-dimensional beam profile and the 
total laser output energy. With a 100-eV 
blackbody background, the instrument can 
detect a laser gain-length product, «/., of 
about 7. Concave gratings reduce the geo
metrical divergence of the beam and im
prove the energy resolution bv a factor of 4 
to 5. (Note that this configuration is nol a 
conventional grazing-incidence spectrograph 
with components on the Rowland circle.) 

Option 2—High-Resolution Spectro
graph. In this option, component A is a 
spherical mirror that astigmaticallv focuses 
the x ravs onto the entrance slit of compo
nent B, a Spectral Precision model 1000S 
1-m grazing-incidence spectrograph. This 
spectrograph is upgraded with a gated, 
curved microchannel plate that is coupled 
to a phosphor screen and imaged onto an 
optical film bv fiber optics. With a 3600-
line/mm grating, this system can give a 
resolution of 0.03 eV, thus lowering the 

fig. 5-11. Higher-
order reconstructed 
point-response images. 
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Component B 

Options 
1 and 3 

Component A 
Option I: dil traction grating 
Option 2: spherical mirror 
Option 3: plane mirror 

l i B . S-12. The "I ail 
Safe" diagnostic 
svslem. 

detection threshold to <i7. ~- 4 to 5 for a 
100-eV blackbody background. 

Option 3 —Broadband X-ray Radio
graph. In this option, component A is a 
plane x-rav mirror and component B is 
identical to that of option 1. With proper 
combination of the filter absorption and 
the critical reflection of the mirror, it is 
possible to obtain a 30-eV bandpass. This 
option is useful only when the output of 
the x-rav laser is high. The detection 
threshold is «/. = 10 for a 100-eV 
hlackbody background. 

Authors: C. L. Wang and G. R. Leipelt 

Major Contributors: J. H. Underwood, 
M. J. Eckhardt, V. W. Slivinsky, D. G. 
Nilson, S. W. Thomas, J. D. Wiedwald, 
T. C. Brown, R. H. Price, K. G. Tirsell, 
D. L. Matthews, H. Medecki, C. K. 
Bennett, D. A. Aguiar, K. L. Andrus, and 
D. T. Attwood 

Summary of Novette Diagnostics 

We have assembled a large complement of 
diagnostics for Novette, using equipment 
from Shiva and Argus along with several 

new instrumems. Details of the Argus and 
Shiva diagnostics were described in the 
1979, 1980. and 1981 Annual Reports; the 
new diagnostics are discussed in the previ
ous articles, above. Here we briefly list the 
diagnostics planned for the first six to nine 
months of Novelte operations. (I'igure5-13 
shows a Novette target chamber map, with 
the port locations ot each diagnostic.) These 
instruments will allow us to test l.ASNEX 
predictions and theoretical predictions of 
laser-plasma coupling, x-rav production, 
and other key issues for laser fusion. 

X-ray Diagnostics. X-ray diagnostics 
serve two purposes. First, we use them to 
make measurements related to radiation-
driven targets, which we prefer for ineriial 
confinement fusion. Second, we use them 
to make detailed measurements of x-ray 
spectra in order to determine the electron 
density and temperature in the plasma pro
duced at the target. 

Our \-ray diagnostics include the follow
ing instruments: 

1. Dante. Two absolutely calibrated 10-
channel soft *-ray spectrometers "s mea
sure the soft x-ray spectrum from 0.1 to 
1.5 keV. Time resolution is —400 ps 
( — 150 ps if Thomson oscilloscopes 
are used) and energy resolution is 
UAE - 3. 
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South 

8x 8x microscope SC SCS 
® Blocked' SA SCS alignment 
CR 
CR 

CR-39 knockon detector 
CR-39 track detector 

CR 
CR 

CR-39 knockon detector 
CR-39 track detector DS SDSS 

Cu Cu activation DS SDSS alignment 

CL Cryo laser LC SLS light collector 
CV Cryo viewer ST 

Tl 
Targ pos 

Streaked transmission 
Target illuminator 
Target positioner 

grating 

RS DCRf 

ST 
Tl 
Targ pos 

Streaked transmission 
Target illuminator 
Target positioner 

DA Dante A TV Target viewer 
DH Dante H Top port Top port 
E 
FF 

Energy-balance measurement 
FFLEX 

E 
FF 

Energy-balance measurement 
FFLEX UV UV probe in 

HI 
H2 

Henway #1 
Henway #2 

UV UV probe out HI 
H2 

Henway #1 
Henway #2 

N2 Njfill Zone plate alignment 
NA Near-axis imaging 

Neutron time of flight 
Zone-plate earner*. Near-axis imaging 

Neutron time of flight 
OX OX-2 
Casstcl Optical-imaging Cassegrainiah telescope 
Pb Pb counter 
PH Pinhole camera 
RC Radiation-chemistry diagnostic 

2. FFLEX. The absolutely calibrated, 18-
channel filter-fluorescer spectrometer1, l s 

measures the x-ray spectrum from 
3keV to over 250 keV. 

3. 22X microscope. This diagnostic'"2" 
uses Wolter axisymmetric or multilayer-
coated Kirkpatrick-Baez x-ray mirrors to 
image the x rays from a target with a 
magnification of 22X. It has one energy 
channel, whose location (within the 
range 0.2 to 10 keV) is selected by the 
mirror and a filter. 

4. 8X microscopes. These two micro
scopes21 (magnification 8X! use 

Kirkpatrick-Baez mirrors to produce 
four x-ray images of the target with en
ergy channels from 1 to 5 keV. 
SDSS. The spatially discriminating 
s'reaked spectrometer (SDSS)": has two 
configurations. It can use several filters 
to measure time-resolved soft x-rav 
spectra from 0.1 to 1,2 keV, or it can use 
a pinhole and one filler (or two pin
holes and two filters) to obtain a time-
resolved one-dimensional image of the 
target in a chosen energy range (see 
"Development of Soft X-ray Streak 
Cameras," earlier in this section). 

N K . 5- 1.1. \ i V t l ' t.ir-
s>pt ch n i l bi ' i 11 •'1 N i t h 
port 1 I d Mi l s it . i l l 
d iagn is l i rs. 
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6. Transmission-grating spectrometer. This 
diagnostic' 1 , uses state-of-the-art trans
mission grat'ngs coupled to an l.l.NL 
soft x-ray streak camera to obtain a 
continuous time-resolved y.-f* x-r?.; 
spectrum. It should produce a more 
complete spectral shape and better lime 
resolution than Dante, but it is not 
yet absolutely calibrated (see "Time-
Resolved Spectroscopic Measurements 
Using X-ray Transmission Gratings,'' 
earlier in this section). 

? Crystal streak spectrometer. An vray 
streak camera is attached to a I3ragg 
crystal spectrograph to give high 
resolution, time-resolved x-ray spectra 
for energies above 800 eV. This diagnos 
tic is particularly useful for measuring 
electron temperature, mass ablation 
rates, and radiative preheat, all of which 
may be time-dependent. 

8. 'Tail Safe" diagnostic. This diagnostic 
(see the previous article) uses a large-
acceptance-angle reflection grating and 
a large (7,5-cm-diam) microchannel 
plate to measure the time-integrated 
x-ray spectrum in the vicinity of pro
posed laser transitions (50 to 150 eV) 
during x-ray laser experiments. I w fu
ture experiments it can be converted 
into a high-resolution, time-integrating 
spectrograph or a high-sensitivity pin
hole camera. 

9. Zone-plate cameras. These cameras"'1 

produi e time-integrated, two-
dimensional images of target x-ray 
emissions in several energy bands be
tween 3 and 100 l.eV. The images have 
a spatial resolution a» g.iod as 1 /jm, 
and a field of view of up to a few milli
meters (these performance limits cannot 
be obtained simiiltc. • jusly). 

10. Crystal spectrographs. Three absolutely 
Calibrated crystal spectrographs 2 ,~ h give 
time-integrated x-ray spectra. They can 
measure x-ray line emissions for plasma 
diagnostics and can measure x rays re
lated to radiation drive and preheat. 

11. Pinhole cameras. We use x-ray pinhole 
cameras to obtain time-integrated, two-
dimensional images of x rays emitted 
from the target. K-edge filters are used 
to select the x-ray energies. 

In addition to the diagnostics described 
above, we are installing an x-ray backlight
ing source, to be driven by a laser pulse 

from an independent oscillator copropa-
gated down one of the Movette chains. We 
expect to illuminate a backlighter disk with 
- 3 0 0 GW of 0.53-jirr (2u.') light. The hack-
ligl-'iiig x uivs will be used to obtain one-
dimensional and two-dimensional images of 
implodi.ig capsules and planar foils. 

Energy-Balance Diagnost ic . To com
press targets efficiently or to produce 
enough \ ravs for radiation drive, laser en
ergy must be efficiently absorbed by the 
target. We measure the incident, reflected, 
and scattered energies to determine the ab
sorption and to understand the physics of 
laser-target coupling. 

Our energy-balance diagnostics include: 
1. Incident and reflected energy. These di

agnostics'" are part of the Novette laser 
system. They use diodes and imaging 
optics to provide absolute measurements 
of the 2»; energy incident on and re
flected from the target. 

2. Incident laser-light time history. A streak 
camera," located in the output sensor 
package, is used for this measurement. 

3. Reflected-2a- time history. A streak cam
era," located in the diagnostic sensor, is 
used for this measurement. 

4. Imaged incident and reflected laser light. 
A time-integrated, two-dimensional im
age (somewhat degraded by the KDr 
crystal array) is recorded on film in the 
beam diagnostic system." 

5. Scattered-2u; photodiodes. An array of 46 
2a' photodiodes (using bandpass filters 
and pin diodes) measures the energy 
fluence and angular distribution of the 
2u; light scattered from the target. (Refer-
ence 28 shows a sketch of similar photo
diodes used on Shiva. The other 
photodiodes mentioned below differ 
from these only in choice of filters.) 

6. Plasma calorimeters. To complement 
the photodiodes, 22 type LC-27 plasma 
calorimeters 2 ' ' measure the energy 
of the plasma and x rays produced by 
the target. 

7. Raman-light photodiodes. Raman scatter
ing from some targets is significant. An 
array of 31 photodiodes measures the 
energy fluence and angular distribution 
of these emissions. 

8. 3u;/2 photodiodes. Seventeen photodi
odes measure the 3o-'/2 emissions, which 
indicate the presence of plasmons near 
quarter-critical density (1 /4H V ) . 



Data Management and Analysis 

Laser-Plasma Interaction Diagnostics. 
Additional optical diagnostics for measuring 
the plasma profile and coupling physics in
clude the following: 
1. Holographic UV probe. We are produc

ing a high-quality 296-nm probe beam to 
measure the plasma-density profile by 
holographic interferometry.2"''" The beam 
may also be used for Faraday rotation 
and other optical measurements. 

2. Optical/x-ray streak camera. This di
agnostic (the OX-2)' 1 measures the rela
tive timing and magnitude of incident 
laser light, 25- (o 60-keV x rays, scattered 
2a' light, Raman-scattered light, and 3u.-/2 
light. It will help determine which insta
bilities produce hot electrons. 

3. Sea tiered-light streak and integrating 
spectrometers. To detect the optical sig
natures of plasma instabilities, we use 
standard optical spectrometers, with or 
without optical streak cameras, to mea
sure visible-light spectra produced bv 
the target. 

4. Optical-imaging Cassograinian telescope. 
This diagnostic measures light with 
wavelengths between 170 and 3000 nm 
emitted in the horizontal plane and at 
right angles to the laser beam. It uses f/5 
optics and has a magnification of 8 x . 
It can obtain time-integrated, two-
dimensional images or time-resolved, 
one-dimensional images. It can measure 
emissions arising from plasma instabil
ities or from heating of a target bv shock 
waves or preheat. 

5. Raman discrete-channel spectrometers. 
These two diagnostics each use eight 
photodiodes (with narrow-bandpass fil
ters) to measure the cnergv and spec
trum of the Raman light emitted from 
the plasma, both in and out of the plane 
of polarization of the laser light. 

r\ \ ea r -a \ i s imaging svstem. This diagnos
tic, with a magnification of 10x, will use 
f/10 optics to obtain a time-integrated, 
two dimensional image of light scattered 
from the target in the range 200 to 
101)11 nm. 1; will be located on or near the 
laser-beam a\is. The optical system is 
achromatic and has a near-diffraction-
limited design. 
Neutron Diagnostics. We diagnose im

plosions using v rav diagnostics and using 
the neutron^ produced hv thermonuclear 
fusion of the compressed DT. We determine 

the vield and other important characteristics 
of the compressed target by measuring the 
number and the effects of the neutrons. 

Our neutron diagnostics include: 
1. Copper neutron-activation counter. This 

diagnostic'" determines total target neu
tron yield by measuring the radioactive 
decav of neutron-induced activations in 
copper. Its threshold vield is 5 X 111* 
neutrons per shot. 

2. Three-tube scintillation detectors. Tin -c 
two diagnostics" determine neutron 
vields between It)1 and 10 i ; by measur 
ing the scintillations produced by neu
trons in plastic. The diagnostic uses three 
photornultiplier lubes per detector. 

3. Lead neutron-activation counter. This 
diagnostic" determines neutron vields 
above 7 X 10' bv the same principle as 
the copper neutron-activation counter. 

4. Silicon activation svslem. This diagnos
tic" determines the areal densit, .if the 
glass pusher that surrounds the fuel in 
an implosion target, bv measuring the 
activation of the silicon in the glass. 

3. Neutron-track detector. Using neutron-
track detectors, we are developing 
diagnostic techniques that will enable us 
to measure the spectra of neutrons emit
ted by compressed targets. l;or suffi-
cientlv dense targets and sufficientlv high 
vield, this spectrum contains information 
on the fuel ;». (The areal densitv, or pr, 
of high-performance Niovelte targets will 
be roughlv 1"<> of that required to stop a 
14-MeV neutron.) 

Author: R. P. Drake 

Data Management and 
Analysis 
In troduct ion 

Our experiments on target irradiat'on are 
designed to develop an understanding of 
1CI' target phvsics. The design ol Inline ex 
periments is stronglv based oi~\ the outcome 
of previous efforts. I bus. data from ea*h 
target experiment must be analv/ed 
promptlv, accuratelv, and completelv so 
that correlation with other experiments 
simulations, and theories am proceed in a 
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timely fashion. The procedures used to treat 
raw data, calibrations, experimental param
eters, and results determine the quality of 
the data available for shot-to-shot correla
tions and comparisons. The procedures also 
affect our abilitv to reprocess data in light 
of future discoveries. 

Our goal in the management and analy
sis of data is to streamline the processes 
through which wc develop an understand 
ing of ICF target behavior. We accomplish 
the goal through design, development, utili 
zation, aim maintenance of resources thai 
enhanie our access to target results, ensure 
inhumation quality, and reduce tedious in 
volvement in the mechanics of data man 
agement and analysis. Recently, we have 
been automating many of our repetitive and 
mechanical tasks to make interactive func
tions friendlier to the experimenter. 

In 1982, we made substantial progress in 
the development and implementation of 
hardware and software for data manage
ment and analysis. We completed the 
fusion experiments analysis facility (FEAF), 
a 2500-fr addition to Bldg. 381. The VAX 
11/780 computer system was moved from 
its temporary site to the permanent and 
centralized FEAF addition. The system was 
certified for classified operations, remote 
graphics terminals were added in staff of
fices to improve accessibility, and an image 
digitizer was received and installed. 

We developed and implemented a one
way data-communications link. This link 
transfers raw data from the Novette control 
computer to the FEAF system, where com
plete analysis is performed and results are 
archived. For the first time, we have a hard
ware and operating environment that per
mits collection and analysis of data from all 
of our target experiments without the time-
consuming transfer of data between labora
tory computer systems via magnetic tape. 
We can, within minutes after a shot, collect 
experimental data, transfer it to FEAF for 
analysis, and then make results available 
to experimenters. 

Our ability to manage data depends upon 
the integration of software and procedures 
with the hardware and physical environ
ment. We have acquired commercial soft
ware packages that were selected to aid us 
with system development, applications. 

analysis, and user interaction. This war. we 
installed major new relea^'s ol our opera' 
i n h .ystem. a data-base management sys 
tern, graphics packages, and programming 
languages. Our new software includes a 
command line editor, t u o additional pro
gramming languages, and two mathematics 
and statistics subroutine libraries. 

We developed procedures and software 
for storage, resource management, and se-
curitv. The procedures permit us to operate 
the system in an efficient, reliable, consis
tent, and secure manner. \lovette-to-ITAI 
data-transfer procedures and software, used 
with the one-way link, were operational for 
the first Novette target shots. We continue 
to add to our base of data-analysis soft
ware, and in 1982, we added several pro 
cessing codes for x-ray diagnostics. 

The future poses a continuing challenge, 
We have excellent resources; a modern fa
cility with extensive hardware capability; 
and powerful system, application, and anal
ysis software. Now we must continue to de
velop user-interface software that permits 
ea w access to manipulation of target data. 

Authors: L. W. Coleman, R. A. Lerche, 
and J. M. Auerbach 

Fusion Experiments Analysis 
Facility 

The fusion experiments analysis facility 
(FEAF)1" is an integrated computer system 
for collecting, reducing, analyzing, and ar
chiving inertial-confinement fusion (ICF) 
data obtained from unclassified and classi
fied experiments conducted at the Novette 
and Nova laser facilities. 

FEAF's primary purpose is to increase the 
productivity of the fusion experiments pro
gram staff by 
• Reducing time spent on routine tasks 

such data collection and shot-book 
preparation. 

• Improving shot-data turnaround time, 
accuracy, and readability. 

• Supporting automatic shot archiving, shot-
book preparation, data correlation, and 
shot-to-shot comparisons. 
The facility also provides general-purpose 

computing capability for tasks related to 
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Image digitizer area 

laser fusion experiments and diagnostic 
design. 

FEAF was designed to be user-oriented, 
rather than development-oriented. FEAF is 
intended to provide continuous timeshare 
operation 24 hours a day, 7 days a week ex
cept for scheduled maintenance, installa
tions, and backups. FEAF permits an 
experimenter to examine target results in 
his office minutes after a shot. 

Hardware and the New Facility. Con
struction of the 2500-ft- FEAF addition to 

our office building (Bldg. 381) was com
pleted in September, 1982. The facility has 
an independent air conditioning system, a 
centralized computer power center with 
clean power, fire and thermal protection, 
raised computer floors, and wirewavs for 
cabling. FEAF supports terminals in users' 
offices, and line printers nearby. 

As shown in Fig. r>-14, FEAF' comprises a 
computer room, a workroom, and a docu
ment vault. The computer room is a vault-
type room housing the main lomputer 

MR. S. M. I In- fusn.il 
OXpiM'illH'IltS .IH.lhsis 
ficilih (II All. 
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hardware and all system storage devices. 
The workroom is equipped with user work 
stations and output and reception areas; 
CRT terminals, color monitors, a digitizing 
tablet, an image digitizer, and hard copy 
output are available. Noisy computer hard
ware and I/O equipment are conveniently 
located, but acoustically separated from the 
work stations. 

The FEAE computer system consists of 
three major subsystems: the host computer, 
an image digitizer, and a one-way data link 
from the Novette control-system computer. 
Provisions have been made to include a 
"born classified" data link in the future. 

The host computer (l-'jg. 5-15), a DEC 
VAX 11/780, supports timeshare, batch, and 
real-time operations. Timeshare users inter
act with the system from CRT terminals at 
II) work stations (l'ig. 5-16) in the work
room and in 16 staff offices. Office termi
nals are connected to the computer over a 
multiplexed fiber-optic link. A second mul
tiplexer, to support 16 more office terminals, 
is being installed. 

L'^er terminals provide graphics for view
ing and analyzing target shot data. The 

standard monochrome user terminal is the 
DEC VT100, upgraded with 480-X 640-
element Retro-Graphics 640 graphics hard
ware. Color graphics are displayed on three 
Ramtek GM859 color monitors (with 512-
V 640-element capability) attached to two 
Ramlek 9400 display processors. Other out
put devices provide flexibility in output 
presentation. They include 
• Three Versalec model 1200 high-speed 

line-printer/plotters. 
• A letter-quality printer. 
• A color hard copy unit equipped for 

35-mm film and 4- X 5-in. and 8- X 
10-in. Polaroids, color negatives, and 
transparencies. 

• A Versatec V80 printer/plotter with trans
parency capability. 
To permit easy transfer of information 

between I-EAI-" and other computer systems, 
we maintain a variety of I/O devices, in
cluding tlie following 
• An 8-in. double-density floppy disk drive. 
• A 10-Mbyte RI.02 disk'drive. ' 
• Two 9-track magnetic tape drives. 

Devices for diieci data transfer between 
the If" AI VAX and other machines include 
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the one-way link (discussed below) and a 
connection to a WANG Office Information 
System (being installed). 

Images from diagnostic instruments that 
record information on photographic film 
must be digitized and analyzed quickly. 
This year we installed an Eikonix 785 Image 
Digitizer, which can digitize an image of up 
to 2048 X 2048 elements in 1 min. The digi
tizer is controlled by a DEC PDP 11/34 
computer, which has the following storage 
devices 
• Two 10-Mbyte RL02 disk drives. 
• An 8-in. floppy disk drive. 
• A 9-track magnetic tape drive. 

The system is undergoing testing and 
program development. We will use 
DECNET to transfer digitized data between 
the PDP 11/34 and the VAX, where final 
image analysis is carried out. 

One-Way Link. A communications link 
speeds the transfer of shot data from the 
Novette VAX to the FEAF VAX for analysis. 
A one-way data channel is needed because 
the FEAF VAX produces classified informa
tion, while the Novette VAX can handle 
only unclassified data. The link ensures uni
directional data flow no matter what appli
cations software resides at either end of 
the link. 

In our design, an I.SJ-11 in the FEAF 
computer vault, running a ROM-based pro
gram, acts as a third-party message arbi
trator between the two VAX computers. 
The hardware link between the l.Sl-11 and 
the VAX computers is achieved with fiber
optic cables and a communications protocol 
called NOVALINK. The software used to 
implement the one-way link consists of 
hardware device drivers to interface hard
ware for reading and writing data from the 
NOVALINK and a "one-way" policy algo
rithm that controls data flow through 
the LSI-11. 

The one-way !ink allows transfer of un
structured data objects from the Novette 
VAX to the FEAF VAX. Software on the 
two VAX computers permits the transfer of 
structured objects such as VAX files. A 
transmitter program on the Novette VAX 
disassembles a file-structured object iniO a 
bit stream, which it sends across the link. A 
receiver program in the FFAF VAX rebuilds 
the bit stream into a file-structured object 

of the same form as the original file. We 
can transfer files of all types and formats 
including sequential, direct-access, and in
dexed. Although developed specifically for 
the one-way link, our file-transport soft
ware can be generalized to transfer files be
tween any two VAX computers connected 
with NOVALINK hardware. The one-way 
link was fully operational for the first 
Novette target shot. 

Security. During 1982 we developed and 
implemented a security plan for the FEAT 
computer system. We established special 
hardware and procedures for our operations 
to permit remote terminals lo have 24 hour 
acci. to classified data. 

Unattended terminals are disconnected 
from the computer after normal work 
hours. Specially designed hardware 
disconnect units permit the system operator 
to connect or disconnect all terminals by 
entering a preset number into a local 
kevpad. Momentary-contact switches permit 
users who access the computer vault after 
work hours to connect and disconnect 
individual terminals. 

The FEAF operating system normally 
spools computer files to system printers 
when instructed to do so by users. We have 
developed software, hardware, and proce
dures to prevent spooling of classified files 
to unattended printers. When such output is 
requested, a random number is returned to 
the terminal screen. To initiate output, the 
user goes to an output area and kevs this 
number into a keypad attached to a printer. 

Before obtaining a system account, a user 
must attend a one-hour security briefing, 
which gives an overview of i'EAF, discusses 
the nature of the classified data on the ma 
chine, and details procedures to be followed 
when working with the system. 

System Software and Procedures. We 
have acquired software and have developed 
operating procedures that maintain effective 
utilization of our hardware system while 
providing improved capabilities for our 
users. The l-EAF system includes com
mercial software packages and hardware 
devices that provide excellent data-
management and data-analysis capahilitv. 
To maintain a robust, reliable, user-friendlv 
software environment, we must have w oil-
defined system management and operating 
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procedures and good softivare tools for data 
management and analysis. 

In 1982 « ' developed operating proce
dures that control system resources effi
ciently and with little impact on users. 
Improved periodic disk-file backups im
prove system reliability and reduce down 
time. Backups are done often and generally 
do not interrupt system operation. System 
accounting procedures now include well 
defined user accounts and detailed audit 
trails ol mmputer utilization. With these 
lools we can better understand user requite 
menls and can make adjustments to acconi 
modate (hanging demands on the system 
New policies define computer an ess, user 
privileges, storage allocation, and protess 
priorities. 

Our policies and procedures are docu 
merited in a manual, 11 .Al (>/vralm\; I'nm 
ftirrs,1 which describes the responsibilities 

of FEAF operating personnel and the poli
cies and procedures relating to system 
maintenance, supplies, start-up, shutdown, 
backups, accounting, security, hardware and 
software installation and documentation., 
and general operation. The manual is useful 
to persons involved with the day-to-day 
operation of the FEAF computer system. 

We have also increased the availability 
and extent of system documentation. A 
library of software and hardware manuals 
is available in the FEAF work area, and ex
tra copies of documentation can be checked 
out. Further documentation exists in on-line 
help packages, which include FEAF-specific 
information. An on-line inventory of FEAF-
related hardware and software includes 
locations, dates, and pointers to more 
detailed documentation. A H Al' User's 
GHU/I'1* gives an overview of the FEAF 
computer system and references to more 
detailed documentation. 

Software maintenance contracts provide 
revisions, upgrades, and telephone con
sultation service. Upgrades are installed 
promptly. The benefits of maintaining cur
rency in our softivare system more *han 
outweigh the expense of software mainte
nance contracts a; d the effort required to 
perform the upgrades. Below we give brief 
functional descriptions of commercial soft
ware available at FEAF. 

VAX I VMS Operating Si/stc/it. Interaction 
between computer and user is controlled bv 
an operating system. Utility programs pro
vide users with general service functions. 

The FEAF operating system, called VAX/ 
VMS (Virtual Address Extension/Virtual 
Memory System), supports multi-user inter
active and batch operations. The VAX/VMS 
operating system includes utility programs 
to aid the user with program development 
and file management. We have used the 
powerful VAX/VMS command language in 
the development of nearly all of our operat
ing procedures. We upgraded VAX/VMS 
during the year to version 3.(1 

{'rnimu'iil line I ililor. We purchased a 
ommand line editor for interactively 

editing the Digital Command Language 
(IXT ). Ihc line editor allows correction o f 

typographical errors without retyping an 
entire > mimand siring. It also stores up to 
20 of the mosi incn l uimmands in a buffer 
for easy recall and submittal. Editing 
characteristics are based on our standaid 
text editor, EOT, making use of the line 
editor easy 

I'rograinnmig /.imyitiiycs. We upgraded 
VAX-11 Fortran during the year to version 
.10. We added VAX-11 Pascal V1.2, VAX-11 
C Vl. l , and VAX-11 Basic VI.4 to the 
system. 

Graphic'' Sii/finirc /VCA'HJJCS. TWO ISSCO 
softivare packages for graphics-related data 
analysis are available on the FEAF. The 
first, called DISSPI.A, comprises a variety of 
graphics subroutines callable from Fortran, 
Pascal, or C. DISSPI.A presents a high-level 
language interface to the FEAF graphics 
hardware. We upgraded DISSPLA to ver
sion 9.0 during the year. The second pack
age, called TEL1.-A-GRAF, is an easy-to-use 
conversational computer-graphics system 
that accepts English-like commands to cre
ate graphs using automatic scaling, layout, 
and annotation. TEL1.-A-GRAF interfaces 
with all the FEAF graphics hardware. We 
upgraded TEl.L-A-GRAF to version 4.0 
during the vear. An extension to TELL-A-
GRAF, called CUECHART, allows 
generation of .stencils and templates for 
standardization of graphical output, and 
speeds up the generation process. 

Mnlhvtmtticf Packages. FEAF maintains 
several libraries of subroutines for scientific 
programming. The DEC RT-11 Scientific 
Subroutine Package provides users with 
more than 100 mathematical and statistical 
routines. During 1982 we added the Inter
national Mathematical and Statistical 
Library (IMSL), a large, widely used set 
of Fortran mathematical and statistical 
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subroutines for single- and double-precision 
arithmetic, and upgraded this package to 
version 9.0. 

Data-Base Management System. Our data-
management strategies are based on the 
powerful ORACLE data-base management 
system. ORACLE is based on the relational 
data model and has excellent user-interface 
features. We upgraded ORACLE to version 
3.0 in 1982. 

Summary. This past year we merged our 
computer hardware, system software, and 
operating environment into a computer sys
tem that has great potential, ^he s cm 
has already significantly enhanced our 
staff's capabilities. Raw data from each 
1,1' -i l i l ' i i u i r * p e l i i m - n l i'. n o w tl'.TP 

ferred directly to FEAF for analysis. Experi
menters can display and analyze the results 
on CRT terminals in their offices. High-
quality output of physics results can be 
generated quickly and easily. 

With FEAF we can logically centralize 
data analysis, archive raw and processed 
data, and easily access, manipulate, and dis
play shot results and summaries. To make 
the system more effective, we continue to 
design our applications software packages 
so that the boundaries between our data
base, graphics, scientific-calculation, and 
system-utility programs are transparent to 
users. Our goal is to combine hardware, 
system and applications software, operating 
environment, and user requirements into a 
system that relieves the staff of the need to 
know the details of the components of the 
system. To do this in an efficient and or
derly way while meeting user requirements 
represents a significant challenge for 
the future. 

Authors: R. A. Lerche, R. W. Carey, and 
J. M. Auerbach 

Major Contributers: M. L. Atkinson, C. E. 
Cole, B. J. DeMartini, R. L. Hanks, B. A. 
Jones, R. A. McCardle, T. P. Mason (Con
sultant), and R. A. Schmidt 

Processing of Novette 
Shot-Data Files 

Structure and Contents of Novette Raw 
Shot-Data Files. We have completed and 
implemented the format for raw shot-data 
files. The raw data is put in twr. files, one 

holding raw data from CAMAC-based in
strumentation on the Novette target data 
acquisition system, .he other holding raw-
data from charge-coupled devices. 

The design for the CAMAC data file was 
based on three requirements: 
1. The file contents must be written in for

matted ASCII. This allows direct reading 
of the file and permits the use of text 
editors to correct incorrect character pat
terns caused by a processing malfunc 
tion. (With text editors we can recover 
data that would bo lost if the file format 
was unformatted binary.) 

2. The file contents must contain param 
eters that specify the setup of the olec 

"<>' ' in i hc il.i'.! . lrqui '-ition 
system for a particular experiment. These 
parameters can he used to reinitialize the 
data-acquisition system to the conditions 
for that experiment at any later time. 

3. Each item of data must be preceded by a 
label. This makes it possible to n-.iVe 
random searches of data and to make 
additions to the file without changing 
routines that reaci the da.a. 
Table 5-2 shows how the setup param

eters and data for a typical module appear 
in the shot file. The Novettc targe'-data-
acquisition system1" collects and organizes 
data according to electronic module 
(module-label and id), front-end processor 
(node), and CAMAC crate and station. 1 he 
setup consists of the position data (node, 
crate, and station) and the instrumen'. 

/ / Descriplion of modulo 
$$iin'i(V/i'-fa/'i'i 

xxxx 
" i d 

xxxx 
•'node 

xxxx 
"Vrale » 

xxxx 
•'station 

xxxx 
"operatiop-stnfiis 

xxxx 
""error-status 

xxxx 
"setting-vvt 

xxxx 
•*soltings-rd 

xxxx 
"data-rd 

table s-2. Generic 
foriTi.it for a set of 
electronic-module da:, 
in Hie f.nvcttc shot-
djl.i file fur CW1 U 
based insfi'iiiient.i! >'• i 
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lig. S-17. Color-
enhanced image fur 
Ihc contents of .1 CCD 
data file lor the 
Novette input streak 
camera. 

settings. Organizing the data according 10 
diagnostic system would be slower, because 
diagnostic detectors are connected to vari
ous modules in various crates. We relate 
data for Lnis file to the corresponding di
agnostics by a mapping (described in the 
next article), using the module id as a 
primary index. 

As Table 5-2 shows, each data item or 
parameter is preceded by a label record. 
This allows the file to be modified without 
requiring modification of programs that 
read the file. That is, the software looks for 
a particular label when reading the file, and 
does not depend on the order of the data. 

All data values in the file are written in a 
format appropriate for the data type. In sev
eral instances the 16-bit pattern, and not the 
number, is significant for data processing. 
l:or example, for the calltt module (which 
represents a 16-channel calorimeter wave
form digitizer), each 16-bit data word con 
tains two important numbers. Bits ! to 12 
contain the digitized waveform value 
(0-4095) and bits 13 to 16 contain the 
digitizer channel number (0-15). 

A typical shot file for a Novelte experi
ment is 200 blocks long (512 bytes/block). 
A file this size can be transmitted over the 
one-way link from Novette to FEAF in 
about 20 s. 

The second type of file contains readouts 
from arrays of charge-coupled devices 

(CCDs). CCD arrays are used to record the 
outputs of optical and x-ray streak cameras; 
we plan to use them '"r digital imaging of 
laser-beam profiles as .oil. CCD arrays are 
of two sizes: 320- X 512-element arrays, 
used for streak cameras, and 320- X 
256-element arrays, used for imaging cam
eras. The data are written in an unformat
ted file. Each CCD-element data value is 
contained in 1 byte. CCD data files are 
transported across the one-way link in 20 to 
30 s. Various codes at FEAF display and 
manipulate the data. Figure 5-17 shows the 
result of a FEAF program that produced a 
color-enhanced image of the CCD array on 
the Novette input streak camera. 
Author: J. M. Auerbach 

Major Contributors: J. R. Severyn and 
D. J. Kroepfl 

ORACLE Data-Base Management System 
at FEAF. We have begun to real'ze the 
potential of the new ORACLE data-base 
management system4" for processing and 
analyzing experimental data. 

ORACLE already plays a major role in 
converting raw data into the forms in which 
it is used to interpret experiments. We have 
begun work on an ORACLE-based 'elec
tronic shot book," which will be imple
mented in 1983. The electronic shot book 
will allow an experimenter to display and 
correlate data from selected experiments on 
a computer terminal, instead of requiring 
searches th.ough hard-copy shot books. 

Our first application of ORACLE has 
been to implement a data base containing a 
diagnostic-instrument-to-electronic-mooule 
mapping. This mapping specifies the con
nection between a cable on a diagnostic de
tector and the corresponding channel of an 
electronic module (analog-to-digital con
verter, amplifier, or power supply). The 
module is part of a CAMAC crate, which in 
turn is connected to a front-end processor. 

The mapping data base is used exten
sively by data-processing software to extract 
data from shot files (described in the 
preceding article). Data in a shot file are 
labeled by CAMAC parameters and 
electronic-module ID. Such a labeling is 
efficient for a data-acquisition system, but it 
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is inconvenient for the experimenter, who 
needs to label data by tii. 'ostic system 
and detector. This conflict gives rise to the 
need for a mapping. 

Figure 5-18 shows the mapping. A single 
piece of data is identified as passing 
through the connection between a detector 
and a single input/output (I/O) channel of 
an electronic module, which is connected to 
a station in a CAMAC crate. When a mod
ule has only a single output, the mapping 
locates the output by the connection num
ber in the station called a UNIT. When a 
module has multiple outputs, the I/O chan
nel of the module is used to label the 
corresponding data. 

The mapping is easily implemented into 
an ORACLE data base. As explained in 
Ref. 40, ORACLE is a relational data base, 
in which the relations between quantities 
can be visualized as tables. Each column of 
the table holds quantities of the same type; 
each row holds quantities related in some 
unique way. 

We have created two tables for the map
ping. In the MODULES table [Fig. 5-19(a)[, 
an electronic module is identified by type 
(MODULE-TYPE) and by an identification 
number (ID). The rest of the entry gives, 
the node, CAMAC crate, station, and unit 
to which the module is connected. In 
effect, the relationship expressed in the 
MODULES table answers the question, "to 

what node, crate, station and unit is a speci
fied electronic module connected?" 

In the DIAGNOSTIC-LINK table [Fig. 
5-19(b)] a detector I/O connection is identi
fied by a diagnostic system label, or name 
(DIAG-SYM), a detector number, and a de
tector I/O number (DET-OUTPU I -NO) 
that identifies the connections to a detector 
ADC-CHANNEL gives the number ol the 
module I/O channel to which the dcteilot 
output is connected. TOTAL-ATTEN Mid 
TOTAL-DELAY give the total attenuation 
and time delav along the signal path. In 
this table, the relationship expressed an 
swers the question, to which electronic 
module I/O channel is the I/O of .1 
specified detector of a specified diagnostic 
connected, and what is the total attenuation 
and delav a'ong the signal path '" 

The entries MODULE-TYPE and ID are 
common to both tables. ORACLE, allows 
the two tables to be "joined" with these 
common entries, allowing the user to obtain 
CAMAC location parameters (node, crate, 
station, and unit), which are entries in the 
MODULE table, by specifying diagnostu 
name (DIAG-SYM) and detector number 
which are entries in the DIAGNOSTIC 
LINK table. 

Processing software, using the 
MODl'I .Es 'and DIAGNOSTIC LINK 
tables, performs the following lunction- to 
map shot data: 
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(.1) Table MODULES >vith sample entries 

MODULE-TYPE ID NODE CRATE STATION UNIT ON-LINE 

r7912 5 201 3 15 0 Yes fc 

Is2249 3 203 5 12 Yes 

Additional columns 
for supplementary 

-information 

N l.ibk- DIAGNOSTIC -LINK with sample entries 

MAC.-SYM DET-NO DET-OUTPUT-NO MODULE-TYPE ID ADC-CHANNEL TOTAL-ATTEN TOTAL-DELAY 

I-1-I.I--.X1 12 2 1s2249 3 7 100 11.5 

DANTE 5 1 r7912 5 10 2.5 

i.-^S-l'). OKAOII 
dato-h.isi- l.ibk's 
(lit di.i|;nostii-ti>-
ekctronic-mciduk 
mapping. 

• When the experimenter specifies a 
diagnostic system, the software, using 
ORACLE interface routines, retrieves from 
the mapping data base the identities of all 
modules that collect data for that diagnos
tic, and the corresponding CAMAC 
parameters. 

• Using the CAMAC parameters and mod
ule names as keys, the soltware extracts 
the data from the shot file and stores it in 
memory in the same form as it is stored 
in the module (by ADC-CHANNEL 
number). 

• Using the mapping relationships in the 
DIAGNOSTIC-LINK table, the software 
gets the module name, iD, and ADC-
CHANNEL for the data corresponding to 
a specified diagnostic detector output, uses 
the module parameters as indexes to get 
the data, and stores the data in memory 
or in a file indexed by diagnostic detector. 
Mapping operations with data in memory 

are extremely fast. The advantage of putting 
the mapping information in ORACLE is 
that the data may be entered in any order, 
but can be rapidly and easily extracted in 
the desired order using the query languige 
in ORACLE. Otherwise, FEAF programmers 
would have to set up mapping data files 
and write extensive software for such tasks 
as sorting. The query language also makes 
it easy to display the mapping data in the 
many forms in which it is needed by ex
perimenters, engineers, and technicians. 

After raw shot data are processed to the 
level where they become a set of analog 
signals (e.g., voltage or charge) organized 

by diagnostic detector output, the}- are pro
cessed further to become true "physics 
data." This processing requires a large set of 
detector calibration and response values. 

Some of these values are measured; 
others must be calculated from a large set 
of detector-component parameters. Storage 
and manipulation of these parameters are 
greatly simplified when the parameters are 
implemented into an ORACLE data base. 
As an example of this implementation, 
we describe tables in the ORACLE data 
base that are used to process data from 
scattered-light photodiodes. A more exten
sive application, involving x-ray detectors, is 
described in "Calculation of Response Func
tions for Dante X-ray Detectors" later in 
this section. 

Figure !i-2(l shows the arrangement of a 
typical scattered-light photodiode, and de
fines some important parameters. Photodi-
odes around the target chamber measure 
the light energy scattered and emitted by 
the target within wavelength ranges deter
mined by filters. The scattered-light energy 
distribution (energy/solid angle) depends on 
the diode's sensitivity, S,„ its position (r, I). 
</)) with respect to the target, and the trans
mission, 7", of the filter window. 

Each photodiode assembly (diode and 
filter) is assigned an identification number. 
A given array of photodiodes is used for 
many experiments; it is therefore efficient to 
associate each photodiode in an array with 
the corresponding configuration ID number, 
and to associate a shot with a configuration 
ID rather than with a list of photodiodes. 
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Photodiode with sensitivity f0 

Filter with transmission T 

Detector at target chamber 
coordinates 0, c/> 

I'ig. 3-20. Parameters 
relevant lit analysis of 
data from scattered-
light photodiodes. 

Target 
emission 

(a) Table PD-CONF1G wi h sample entries 

PD-CONFIG-ID PD-ID THETA PHI R-DIST 

PDAAOl 
PDAAOl 

100 
105 

120. 
135. 

250. 
90. 

51.0 
51.0 

li(>. 5-21. OKAC1 1 
data-base tables for 
pholodmde con figura
tion and calibration 
data. 

(b) Table PD-CALiB with sample entries 
CALIBRATION 

DATA 

PD-ID SENS FILTER-TRANS FILTER-WAVELENGTH MO DY YR 

100 
105 

1.2E + 04 
1.6E + 04 

.92 

.95 
.53 
.53 

06 
04 

23 
18 

82 
82 

A photodiode can be moved to many po
sitions without changing its sensitivity, and 
different filters can be used with a given 
pliotodiode. It is therefore logical to store 
diode position data (uniquely related to ar
ray configuration) and sensitivity and trans
mission d.ta in separate data-base tables. 

The PD-CONFIG table [Fig.5-21(a)| con
tains the position data, indexed by PD-
CONF1G-1D (the photodiode configuration 
ID just described) and PD-ID, the photodi
ode identification number. THETA, PHI, 
and R-DIST denote the quantities I), tp, 
and r defined in Fig. 5-20. Values in the 
PD-ID column correspond to values in the 
DET-NO column of the DJAGNOST1C-

l.INK table: this correspondence allows the 
processing soitware to correlate shot data 
with calibration parameters. 

The PD-CAI.1B table |f-ig. >21(b)j con 
tains the diode sensitivity and filter charai 
teristics, indexed by photodiode ID (PD-ID). 

The ORACLE query lar,,;uage makes it 
possible i-> arrange photodiode data irom 
tables PD-CONI-TG and PD-CAI.II3 in 
many ways, such as by PD-ID, H, or <;>. 

The scattered-light energy distribution 
that is output by the photodiode processing 
software is stored in another ORACLE 
data-base table, which contains the shot 
number, photodiode ID, and energy value 
for each photodiode. These data are used 
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for further analysis, such as determining en
ergy balance and correlating scattered-light 
distributions tor several shots. 

The ORACLE data-base management 
system is invaluable in the processing of ex
perimental data. Calibration and diagnostic 
data can be accessed easily by different pro
grammers, all using the same software. 
ORAC1 E speeds up data storage and ac
cess. This experience leads us to expect that 
an ORACl.E-based "electronic shot book" 
will give experimenters a versatile tool for 
organizing and analyzing their data. 

Author: |. M. Auerbach 

Major Contributors: R. W. Carey and 
B. J. DcMartini 

Software on the FEAF VAX 

Calculation of X-ray Reflectivity. Data on 
x-ray reflectivity for a wide variety of ma
terials are necessarv in both the design ot 
inanv x-rav diagnostics and the subsequent 
analysis of data. This vear, to support data 
processing of x-ray diagnostics on the EEAr 
VAX, we have set up a library of the atomic 
scattering factors, (, and /-,, for 94 elements 
and for the x-ray energy range from 0.1 to 
2.0 keV. Reflectivities arr easily calculated 
from J | and /,, which are a function of the 
material and photon energy. They are re
lated to the photoelectric cross section. n[i.), 
where I. is the photon energy calculated by 

M O _ 2 +_J_r^jp>4£ a) 
T''n'«" Jn !:' - !'/' 

and 

/ - ( ' ) In (C) 
2r„ he 

where r„ is the classical electron radius, // is 
Planck's constant, c is the speed of light, 
and Z is the atomic number. 

Whereas ; : is easily calculated from the 
cross section, calculations of ft for hundreds 
of energy values involve many thousands 
of integration steps. Calculation of the inte
gral every time a value of reflectivity is 
needed would result in long program-

execution times (many minutes) and a large 
burden for a moderate computer system 
like VAX. While the scheme for reflectivity 
calculations is presently implemented on 
the Octopus system, calculating the reflec
tivity for hundreds of energy values takes 
minutes even on that large system. To opti
mize the situation, we have set up a library 
on the VAX consisting of /, and f2 values 
for CM elements and a wide energy range. 
Thus, the integral for f, need only be calcu
lated once. For energy values not in the 
library, lt and I, can he calculated by either 
linear or logarithmic interpolation. Once t\ 
and I, are extracted from the library, reflec
tivity can be calculated in a few microsec
onds of computer time. The result is that 
each time a refeclivity calculation program 
is run, execution time is a few seconds 
rather than a few minutes. 

The l-TAI- VAX library on the atomic 
scattering factor is contained in a keyed-
access file. Data are grouped by lt and /_. 
values for the energy range from (1.1 to 2.0 
keV. The key for each data set is the atomic 
symbol of the element corresponding to the 
data. Only data for elements are contained 
in the library. The (, and f: data for com
pounds are calculated by 

- V N , , , 

and 

h = - V N. h, 

(3) 

(4) 

where N is the total atoms per molecule 
and N, is the atoms per molecule of 
element ;'. 

Because our present range of data for /, 
and / ;, with respect to energy coverage, is 
insufficient for some applications, we will 
extend the library's upper limit of photon 
energy coverage. The present data were ob
tained from a compilation of atomic scatter
ing factors," which contained energy 
coverage to only 2 keV. In expanding our 
coverage to 10 keV, we will use the same 
method of computation and the same 
photoelectric cross sections. 
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A Ibrtran subroutine has been written, 
which allows programmers to extract all /, 
and f2 data on a specified element for use 
by diagnostic data-processing programs. 
Our new software has been incorporated 
into software that allows the user to calcu
late response functions of x-ray detector 
channels with mirrors. Applications of our 
software include channel design of both 
the x-ray streak camera and the mirror 
Dante low-energy spectrometer. With the 
response-function software, the user need 
only specif) the mirror material, the grazing 
angle of incidence, and an energy range for 
which the response function is to he calcu
lated. 1 ne software automatically extracts 
the /, and /, data, calculates the reflectivity, 
and displays the results, I-'igure ^-22 shows 
the reflectivity of a nickel minor with a 4 l 

grazing angle of incidence. ligure.S-23 
shows the response of an x-ray streak-
camera channel consisting of a carbon 
mirror with a 4 grazing angle and a 
3-fim-thiek carbon filter, both of which 
are folded with the streak-camera 
photocathode response. 

Author: J. M. Auerbach 

Major Contributor: K. G. Tirsell 

Calculation of Response Functions for 
Dante X-ray Detectors. The Dante \-rav 
detector system is a spectrometer designed 
to measure suh-keV x ravs emitted by laser-
irradiated targets. The system comprises 
several channels, each consisting of an 
x-ray diode (XKD) and appropriate filters. In 
response to a source spectrum, /"(/), the 
output charge, (A,, from the nth channel is 

0, in:) Rjriiir (?) 

where f\\(D is the channel response func
tion (the charge produced per unit energy 
interval centered at / for a unit input 
spectrum level). 

The Dante data-analvsis problem is to 
obtain /'(/') bv unfolding liq. (5) for each ac
tive channel. Here we describe an auto
mated method of calculating the response 
functions R,(/.'); the method requires only 
that the user enter a channel name. 

Nickel mirror 
at 4° grazing angle 

0.4 0.H 1.2 l.h 

Photon energy (keY) 

111 T T 

Carbon mirror 
at 4' grazing angle 

.Vfui i - th ick carbon filter 

(t.-l (I..N I J I (, 

Photon eneiiiv (kc\ j 

Individual i hanncl - .'mpo-'e-Ms ( \Kps 
and fillers) AW i;i\en idcnttfh .^..ui numbers 
and corresponding uilihralion data .ur 
stored using the OR AO I dala base man 
agement system (MV OR \ t I I Data Base 
Management Svslem ,]t I I A! ' earlier in 
this section) installed on the I 1 Al VAX 
When a channel 's designed, the appropri 
ate XRD and filter iden'ttuation numbers, 
and a name and oilier data identifying the 
channel, are entered in another table An 
example is shown in I ig. 3 24 

l-or each channel, R is caicula'ed at e.uh 
(>f 231) equally spaced energies between 0 I 
aiui 2 keY. Let / denote line ol these rnei 
gies, '/'(/ ) be the net \ rav transmi-s!,- -
of all the filters in the channel, and s v; . b, 
the sensitivity of Ihe channel XRD (lor tlat 
its1, we have dropped the channel identiher 
»). Then the response function at / is 

l iu . 1-23, K f t l i v lm 
nt'.i nick!'] mirror I 
\ r.us in the r.inm' 
0.1 l.i :.ll ki-V. 

In ; '-. ! ' . U.-.; 
11 s| | i-.lk v 

i h . i n i i . 

1 • 1 1 > - r 

1 U i l l l .1 , 
JIHl l . l l l n i 

K I D = sir i 'in ("> 
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***** DANTE CHANNEL CONFIGURATION FORM ***** 

CHN.ID 

THETA PHI AREA DIST 

CATHODE EDCE FILTER1 FILTERS FILTER3 FILTER4 MIR 
aaa «a jflffitf 3ZHEI I B S 

l iS. 5-25. Calculated 
Final response func
tion for Dante XKD 
channel DTOG0601. 

Char Hode: Replace Count: 6 

SHOT NUMBER 
3IO32013 

tWHCL 1.0. 
D1060601 
CATHODE cn.it). DHIE 

V21/8D 

S 3. : 

PHOTON ENCRSYCKEV) 

The net transmission, T(£), is given by 

TIE,) = Y[T ( £ ' J • ( 7 ) 

where T,(£,) is the transmission of the /th 
filler in the channel. The transmission of an 
individual filter depends on the (energy-
independent) transmission, T,'"'"'S of its 

supporting mask (if any), on its total x-ray 
cross section, (ix//>)„, and on its areal 
density, (pA),: 

T((£,J = 7','" exp | ~<n/l>\, 7'Ai, (8) 

If the filter foil is a chemical compound, its 
total x-ray cross section is given by 

'/*//»'„ = V IV l 4 i/i/pi,, (9) 

where VV,t is the weight fraction of the Mi 
elemental constituent of the filter, and 
(n/!>),!. is the total x-ray cross section of that 
element at £,. 

Some of the quantities needed for the 
transmission calculations (the identities and 
areal densities of the filters, and the mask 
transmission factors) are stored in the data 
base. If the filter is a chemical compound, 
the software extracts the identities of the 
constituent elements and their correspond
ing weight fractions from a COMPOUND 
table. Cross sections are calculated directly 
from data in the FEAF version of the x-ray 
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cross-section library CSLOW, using log-log 
interpolation to find the cross section at 
E. from values defined on the CSLOW 
energy grid. 

The XRD sensitivity data comprise a set 
of calibration values (in units of pC/keV) at 
selected energies between 0.1 and 9 keV. 
These data are interpolated to give sensitiv
ities, S(E), at the desired energies. An exam
ple of a raw calculated response function is 
shown in Fig. 5-25. 

One more step may be performed. An 
XRD channel may be used many times to 
take data between calibrations. The detector 
response may vary with time, as indicated 
by the calibrations. If both pre- and post-
calibrations exist for an XRD, with respect 
to the time of the data collection, the pre 
and post-calibration response functions are 
both generated and a linear interpolation is 
performed to get as accurate a response 
function as possible. If only one calibration 
is available, the response function closest to 
the time of the experiment is used. 

Authors: B. J. DeMartini and 
J. M. Auerbach 

Major Contributor: E. W. McCauley 

Processing of 22X Microscope Data. We 
made extensive use of the 22 X streaked 
x-ray microscope12 in the first x-rav back
lighting experiments at Shiva. Data were 
obtained for backlighted accelerating-slab 
targets and for imploding fuel-capsule tar
gets. The data consisted of spatially re
solved streak records recorded on film. We 
wrote software to obtain position-vs-time 
data from the streak records. This article de
scribes the digitized data and the functions 
of the processing software. 

Developed film records from the 22X mi
croscope are digitized with a photometric 
densitometer system (PDS). Besides the 
streak image, the film also contains an im
age of a step wedge. This portion of tru' 
film is also digitized to relate film density to 
relative exposure, which in turn can be re
lated to x-ray source strength. 

The digitized data from the PDS are 
transported on magnetic tape to the FEAF 
VAX, where the data are read, converted to 

VAX-compatible format, and stored on the 
FEAF- data disks. 

The software for analyzing the 22 X mi
croscope data allows the user to carry out 
the following functions 
o Process the film-calibration data to obtain 

a density-log exposure (D-log L) table. 
• Obtain a color-enhanced image of the 

streak record. 
• Take vertical and horizontal lineouis of 

the streak image and make lineouts from 
averages of selected regions of the image 
to reduce film noise. 

• Combine lineout data with camera streak 
speed, magnification, and the D-log / 
table, to obtain spatial and temporal pro 
files of the source. 
Program output consists of the following 

items 
• A color-enhanced image of the digitized 

streak record on a Ramtek color monitor. 
• A hard-copy contour plot of the streak 

image with time and distance scales based 
on calibration of the \-ray microscope and 
camera. Locations of all lineouts are indi 
rated on the contour plot. 

• A plot of the film-calibration step-wedge 
data (film density vs relative exposure). 

• For each vertical lineout, a plot of relative 
x-ray '. •!-.isilv vs time. 

• !" " .ich selected horizontal lineoul. a plot 
v i r'lari' o x-rav intensity vs position. 

Author: J. M. Auerbach 

Major Contributor: R. H. Price 

Processing of X-ray Filter Transmission 
Data. We have developed a routine to ex 
pedite the analysis of filter-transmission 
calibration data using the FEAF' VAN com
puter and its ORACLE data-base manage 
ment system. The routine presently handles 
monoenergetic x-ray transmission data trom 
the LLNI. 10NAC ca'ihiation facility, but 
data from other monoenergetic sources can 
be easily accommodated. 

Tables have been developed using 
ORACLE to facilitate entering the transmis
sion data and composition of each filter. A 
table has been established to store specifica
tions of frequently used compounds. Thus, 
both pure elements and complex materials 
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Cdn bo easily used as components in a spe
cific filter. Each data set for a given com
pound is keyed by a three-character 
identification. For example, PYN indexes 
the nominal density of parylene-N together 
uilh the atomic symbols and weight frac
tion-, of each of its constituent elements. 

Afi.T receiving a filter identification num 
bet, :he processing routine first interrogates 
the data base tables (or the symbols of 
all ii'iistituenl elements, and then extracts 
the necessary element cross section values 
hum the CM OW library. (Hased on data 
oblanted trom l.l.NI. I Division. CSI.OW 
lias been installed on the VAX as a keyed 
.lues-, library.) Iotal cross sections for com 
pounds are computed from weight fractions 
obtained from the standard compound 
table. The process coco then uses the 
compound or element cross section to gen 

erate a least-squares theoretical fit to the 
appropriate transmission data, with the 
areal density of each constituent as a fitted 
parameter. The calculated areal densities are 
automatically stored in the corresponding 
filter-specification table. 

figure 5-26 shows theoretical fits for a 
few fillers used in a Dante x-ray spectrom
eter. Areal density (/ug/cnr) and filter thick-
ties'- (fim) are given for the specific filter 
lomponcnt, as determined by the code. 
Results shown in Fig. 5-2h(a), consisting of 
parvlene K mounted on nickel mesh, are 
typical of the blast shields employed for 
nearly every Dante channel. When the 
mesh optical transmission value of 86% is 
used along with the standard parylene ma 
tcrial specification, an excellent fit is ob
tained for all IONAC transmission points. 
The thickness value of 0.20 ntn returned by 

0.9 

O.d 

0.3 

(a) 1 1 1 1 1 
86% mesh transmission 

Filter I.D. /^g/cm 2 fim 
PY-9999-101 I 'YN 0.22E i 02 0.20E +00 

f\ rff°"^ keV Wt* 
7 / 0.183 1 -

/ / 0.277 1 
/ 0.452 0 
I 0.510 1 

0.574 1 
0.704 1 
0.932 1 

1 1 1 1 1 

(b) i i—i r 
Filter I.D. ftg/cm- ju.ni 
FV-l-f.K FVR0.74Et02 0.60E t 00 

J I 

0.3 

(0 1 1 I l 
Filter I.D. jLtg/cm2 ^ m 
CO-2058-103 CO 0.58E H13 0.65E+00 

COO0.32Q+02 0.53E-01 

keV Wt* 

i y 

0.183 0 — 
0.277 0 
0.452 0 
0.510 1 
0.574 1 ~ 
0.704 1 
0.932 0 

1 __U 

(d) i—i i—r 
Filter I.D. ng/cm- îm 
CU-1081-78 CU 0.80E+03 0.90E+00 

CUO0.58E +02 0.91E -01 

1. 

keV Wt* 
0.183 0 
0.277 0 
0.452 0 
0.510 1 
0.574 1 
0.704 1 
0.932 0 

0 0.2 0.4 0.6 0.8 1.0 

*If the statistical weight 

0 0.2 0.4 0.6 0.8 1.0 
Photon energy (keV) 

0, that data point is not used in the filter-thickness calculation. 
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the code is in good agreement with the 
value quoted by the vendor. 

The results shown in l-'ig. 5 26(b) suggest 
that our adopted standard specification for 
l-ormva r is reasonable, since a good fit is 
obtained for all data points except those on 
either side of the oxvgen K-edge. (The dis
agreement of two data points is most prob 
ably due to the slight spread of IONAC 
source 1.-lines extending across the edge.) 

Figures _S-2f>(c) and 5-26(d) show the re 
suits for cobalt and copper, respectivelv. We 
have found that the best results are ob
tained by specifying the element anil its 
oxide, while excluding the unreliable data 
points falling on Ihe filter absorption edge. 
The best fit for oxide-thickness values de 
tcrmined bv the code are quite reasonable. 
A modification is planned that will provide 
a weighted least-squares fit to the transnvs 
sion data; this modification will more rigor-
ouslv take into account experimental errors 
and permit the use of marginal data with 
significantly reduced weights. 

Authors: K. G. Tirscll and J. M. 
Auerbach 

Major Contributors: R. L. Kauffman, B. 1. 
DeMartini, and L. W. McCaulev 

Experiments and 
Analysis 
Introduction 

During 1482, we completed the reduction 
and analysis of data from Argus and Shiva 
experiment1-, in addition, we have devoted 
efforts to planning and preparing lor 
\ ove t t e experiments. 

With respect to Argus the wavelength 
scaling of laser plasma coupling was a 
major area ol experimental study. We con
ducted experiments at irradiating wave
lengths of lu.\ 2a-, and .V. Our absorption 
measurements have shown the dominant 
role of inverse bremsstrahlung as the laser 
wavelength is decreased and the target Z is 
increased. The suprathermal-electron pro

duction, as inferred from high energv x ra\ 
measurements, also decreases with decreas 
ing wavelength for fixed irradiation c<ndi 
tions. Optical measurements shou thai a 
small fraction of the incident energy is urn 
pled into plasma instabilitii s. consistent 
with the limited laser energv and plasma 
si/e in the Argus experiments. While the et 
liciencv of conversion ol incident laser light 
to thermal x ravs generally increases al 
shorter wavelengths, we- have not vet ex 
plained the unexpected decrease m comet 
sion at intensities on the target below Id" 
W/cnr. In addition, layered target electron 
transport experiments at lu and 2y have 
shown that Ihe results cannot be mi l ihed 
with modeling in terms of a single 
flux limiter. 

One of our final experimental series with 
Shiva was io studv x yov line emission from 
foil targets as candidate flashiamps for an 
x-rav laser. We characterized the intensity 
and angular distribution of the candidate 
x-rav spectrum and verified that uniform 
irradiation of the flashlamp foils produces 
uniform x-ra\ emission. We also measured 
the \ ray line energies, the duration of the 
line emission, and demonstrated thai Ihe 
line brightness achieved in these experi
ments was nearly that required for Ihe pro 
posed photo-pumped x rav laser schemes. 

During the last experiments on Shiva, we 
collaborated with the \ a v a l Kesearc h l a b 
orator\- to examine target hydrodynamics 
and the interaction ot king laser pulses with 
long scale length plasmas. In addition to 
the customary optical and x rav diagnostics, 
i c made time-resolved measurements with 
x rav backlighting and double toil targets :o 
measure target velocities. 

\ rav spectroscopy will plav an important 
role in understanding the processes 
involved in the large-corona plasmas ot 
future targets. We participated in prelum 
nary experiments at the Rutherford 
Applelon Laboratory, which were designed 
to evaluate the diagnostic promise ol x ra\ 
spectroscopy. Streaked x rav spec I rose op\ 
together with multicomponon! disk targets 
provided us with measurements ot line 
widths and intensity ratios for anahsis. 

Authors: L. W. Coleman and E. M. 
Campbell 
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Wavelength-Scaling on Argus 

Shorter laser wavelengths should improve 
inertial-confinement fusion performance by 
reducing the number of suprathermal elec
trons and thus reducing target preheat. 
Other benefits should include slightly 
higher absorption and slightly higher x-ray 
conversion efficiency. We completed the 
analysis of I he four Argus wavolonglh-
scaling experiments during 1982. The ex
periments were conducted al the following 
laser wavelengths and maximum energies; 
0.53 um (2a-), 40 I; 0.35 pm (3a), 40 |, 1 .Oh iiin 
(la), 90 I; and 2a, 200 1. The first two seg
ments won 1 reported in the 1980 and 1981 
Annual Repor t s . ' ' ' ' Last year's Annual 
Report 1 , also contained preliminary results 
from the la- and high-energy 2a- experi
ments. In this report we discuss the final 
results of these two experiments. Ibr details 
see Refs. 43 through 46. 

X-ray Conversion Efficiency. The x-ray 
conversion efficiency, which we define as 
the ratio of the energy emitted in x rays to 
the absorbed laser energy, is a sensitive test 
of our ability to model correctly the com
plicated radiation-physics and energy-
transport processes taking place during the 
irradiation of high-Z disk targets. The ma
jority of the x-ray energy is emitted in the 
spectral region 0.1 < /»• < 1.5 keV. We used 
two Dante systems, the eight-channel "T" 
and the five-channel "1 . , " to measure the 
x-ray energy over this spectral range at four 
different angular locations. Rather than 
move the diagnostics, we rotated the targets 
12' or 30" with respect to the laser beam. 4 ' 
We assumed that this would not signifi
cantly affect the physics; various mea
surements support this assumption. For 
example, the absorption was measured for 
both orientations'1"' and found not to change 
for these small tilts. The angular distribu
tion of x-ray energy was built up over a 
number of shots; the integral overall solid 
angle gives the total x-ray energy. These 
measurements were performed for nominal 
incident intensities of 3 X 10". 3 X 10", 
and 1 0 b WVcnr. The results are summa
rized in Fig. 5-27. This figure includes data 
from the first three experimental series, 
which used laser energies of up to 40 J at 
2o) and 3w and up to 90 J al ia. LASNEX 
predictions are also shown. 

In the 40-] (low-energy) 2a; experi
ments , 4 ' 4 ' ' which necessarily used small 
spots (down to 80 nm), the x-ray conversion 
efficiency from gold-disk targets stayed con
stant, or increased slightly, as the laser in
tensity was increased from 3 X 10' to 
3 >•' 10" W/cnr. t h i s icsult is contrary to 
I.ASNEX predictions. These conversion ef
ficiencies were checked at larger spot sizes 
during the Argus high-energy 2a experi
ments. This check consisted of two shots at 
each of the Iwo intensities, with the target 
at 30 to the laser, using the Dante T only. 
No laser absorption measurements were 
made, but the fractional backscatter through 
the f/2 lens was similar to the low-energy 
results. The focal spot size was 350/jin for 
all shots. Laser energy was 22 J for I he 
3 X 10" W/cnr shots (similar measure
ments were taken during the low-energy 
experiments), and 170J for the 3 X 10" 
W/cnr shots. Assuming that the x-ray an
gular distribution and the laser-light absorp
tion were the same as in the low-energy 
experiments, we find the conversion effi
ciency at 3 X 10" W/cnr to be 48 ± 3% 
(the low-energy value was 45%—see Fig. 
5-27); at 3 X 10" W/cnr the efficiency was 
again 48 ± 2% (the low-energy value was 
53%). The uncertainties represent onlv the 
spread between the two shots; no other er
rors are included. Because of the assump
tions just mentioned, especially those 
concerning the angular distributions, we es
timate the relative accuracy (compared to 
previous experiments) lo be no better than 
20% of the stated number. 

The large-spot data support the conclu
sions from the small-spot data; for 2a- light, 
at incident intensities of 3 X 10" W/cnr, 
there is a substantial difference between the 
I.ASNFX-calculated and measured x-ray 
conversion efficiencies. The reasons for this 
discrepancy are being investigated. Areas 
under consideration include 
• Emission from material at density near n, , 

the critical electron density for laser light. 
• Laser light absorption in the corona at 

densities below » . 
• Non Maxwellian eleitron distributions. 
• Improved modeling of the opacity. 
• Improved modeling of electron transport. 

Hard X-ray Measurements. Measure
ments of hard x rays (liv .- 10 koV) reveal 
the typical energy and level (total energy) 
of suprathermal electrons, which are 
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Hi;, s-27. I he data 
points show measured 
\-rav conversion ef
ficiencies at various 
incident intensities for 
the three laser wave
lengths. Soiici lines 
show I i S M \ 
calculations. 

Laser intensity (W/cm2) 

lift. 1-2fl. Hard x i.1 s 
spectra from >;old-disk 
targets for la and 2i.: 
average intensities are 
i n " W/cm'. / 1 <>C1 > 
1 he la- data Kirs, 
showing the range of 
values obtained in 
five shots, indicate ex
cellent reproducibility. 

responsible for target preheat. Figure 5-28 
shows the hard x-ray spectra recorded in 
high-intensity (10'^ W/cm") irradiations of 
gold-disk targets at l u and 2OJ. Except for 
differences in the beam profile, the irradia
tion conditions were the same for both 
wavelengths. Since the high-energy slopes 
of the x-ray distribution functions (which 
correspond to "hot temperatures" of about 
18 keV) are nearly the same, the fluence of 
suprathermal electrons is immediately seen 
to be reduced by approximately a factor of 
10 at the shorter wavelength, despite the 
fact that the 2u> beam contained more "hot 
spots" (regions of very high intensity) than 
did the la; beam. The decreased level of 
suprathermal electrons is attributed to the 
reduction of parametric instabilities with the 
shorter-vvavelength light. 

The hot-electron temperatures indicated 
by the measured hard x-ray spectra do not 
scale with the most straightforward expecta
tions for resonance absorp t ion . 4 M g Theory 
and collisionless-plasma simulations have 
suggested that 

40 
Energy (keV! 

Thn - 'IX2 (10) 

for the hot electrons produced by resonance 
absorption. Previous short-pulse experi
ments at 1.06 /jm have supported this inten
sity scaling/" However, in the \rgus 

wavelength-scaling experiments, we do not 
observe this wavelength-dependence for 
T h l„. This indicates either thai the resonance 
absorption scaling is complicated bv the 
beam nonuniform it v, or by processes ;uch 
as filamentation of the laser light, or that 
other processes, such as parametric instabil
ities, are responsible for the small hot-
electron populations observed here. 

Stimulated Raman Scattering Stimu
lated Raman scattering (SRS), a potential 
source of preheat, can occur at wavelengths 
between A and 2\, where A is the laser 
wavelength. This region is difficult to cover 
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in ILC experiments because oi the relative 
insensitivitv of the available diagnostics 
(see Kef 51, however). During the high-
energv 2u.' experiments, we were able to ob
tain, for the tirst time, spectra of Raman-
siattered light with good time resolution 
( - 111 ps). We were able to detect SRS onlv 
at the higheM irradiation intensities (average 
intensities of - r i >. ]() r ' W/cnr) Details of 
these measurements are reported in \ivi. 52. 
I igures 52s 1 and 5•.!() show examples of the 
dala obtained Irom 'hese shots on disk 
targets The time integrated spectra are 
similar to those obtained at oilier v\ t Jve 
lengths, 1 " " ^u^\ show the preseiue ol the 

convecthe Raman instability. If we assume 
that the corona temperature is about 2 keV, 
the observed spectral range corresponds to 
densities from 0.04 to 0.16 »,. 

The time resolution in these spectra re
veals that the emission occurs in rapid pul
sations over a wide range of wavelengths. 
This is most obvious in I'ig. 5-2V, but it also 
can be seen bv close examination of the 
original data for the other shots. The origin 
oi these pulsations is unknown; thev could 
be produced bv plasma processes leading to 
unstable wave structures or bv nonsteady 
hydrodvnamic lUiws. Hxamples are lilament 
formation ^\^\ collapse, or chaotic Brillouin 
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scattering (see ' \ons teady Stimulated 
Brillouin Scatter Induced by a Relecth e 
Critical Surface" in Section 3), or nonsteady 
density-gradient steepening near the criti
cal'" or quarter-critical surfaces.' Some 
plasma profiles may be intrinsically non-
steady as well" These or similar processes 
could modulate the Raman behavior by 
modifying the plasma conditions on a short 
time scale. 

However, the idea of large-scale profile 
modification, at densities of 1/4);, or greater, 
has several problems. First, any profile 
modification must occur at speeds well 
above the ion-acouslic speed, or else the 
unmodified profile must be steeper 
(/. — 10/iin) than believed. We infer this bv 
no,: " the apparent,.' simultaneous (within 
abou, 30 ps) pulsation over a wide spectral 
(and, by inference, density) range. Second, 
tim,'-resolved measurements of the 3u;/2 
harmonic, believed to be emitted from 
near 1/4(1, , do not show pulsations on 
these shots. 

The other interesting feature of these data 
is the absolute timing of Hie signal. The 
zero time on the figures corresponds (to 
within about 100 ps) to the peak of the inci
dent laser pulse. The Raman light does not 
begin until near the peak of the laser pulse. 
This is in reasonable agreement with hydro-
dynamic calculations, which show that it 
takes about this much time for the density 
profile to evolve to a relatively long scale 
length ( — 150 wavelengths). The fact that 
the scattering continues, even while the in
cident intensity drops, may indicate that fil-
amentation is occurring in the plasma. 
Filamentation could provide locally higher 
intensities (this instability is well seeded by 
the i l r c d y highly nonuniform beam). 
While we have no direct ?vidence for 
this instability, \-rav photographs and 
backscattered-light pictures showing "hot 
spots' (which are different from the inci
dent beam) suggest i;-, presence. J ' 4 ' 

The Raman spectra show only the con-
veetive instability with no evidence of scat
tered light coming from densities between 
0.2 and 0.24 i:. The usual assumption" is 
that the density profile in this region has 
been steepened bv the two-plasmon decay 
instability. Scale lengths of 10i/m or less 
should inhibit SRS, even in the most in
tense hot spots measured for our incident 
laser beam. We have no direct experimental 

measurements of such steepening; howc. r, 
measurements showing the presence of 
the two-plasmon decay instability are 
discussed below. 

The energy in Raman-scattered 'light 
(spectrally integrated from ! 2 to 2 limes the 
laser wavelength) was measure! at onlv a 
few angles, inaki;,;; estimates of total SRs 
en'-rgy acciu to only to an order oi magni 
tude. Furthermore, these levels flinluat''d 
strongly with small variations in incident 
energy. Rir the 2u.- experiments. approxi 
match 10 ' of the 'laser energy was de 
tected as Raman scattered lighl when the 
median incident in t ens i ty"" ' " was III' 
W/cnr. At five limes higher median mien 
sity, the SRS fractional energy was upn. i lh 
2 X 10 ' Beuuise of the strong inti nsil\ 
dependence, comparison with data :MITI 
other experiments is dilfieult. However, the 
most comparable In.- experiments, those at 
10 1 ' W/cnr, seem to show about an order 
of magnitude more energy in he emitted 
Raman light. 

Two-Plasmon Decay In the two 
plasmon decay instability (another source 'it 
suprathermal electrons) the '.indent laser 
light decays into two plasma waves in the 
vicinity of 1/4;/,. Fvidence for the wo 
plasmon decay is indirect. We must there 
fore rely on auxiliary processes to generate 
sca'.kr.'d light at 3/2 and 1/2 the laser 
frequency, as a result of nonlinear media 
nisms involving the plasma waves. Quanti 
tative interpretation is difficult; in fact, our 
data show that certain models'*"" do not 
correctly predict the observed ."W2 spectia 
at large observation angles. In this section 
we summarize our results, which are re
ported in more detail elsewhere.'" 

The u.72 measurements were made dur
ing the 2a- experiments, for these expen 
ments, a light collector was loiated 30 ,m 
the plane of polarization) from the incident 
laser beam. A fiber-optic cable transferred 
the light from the collector to a 0.5-m grat
ing spectrometer. The disk targets were ori
ented e-l'her normal to the laser beam or 
normal to the spectrometer light collector. 
We were able to record a.72 spectra oniv at 
the highest intensities used in these experi
ments (/,,, = 5 X 101* W/cm ;, focal spot 
size 75 n'm, £,.,.,, = 150 J). 

Figure 5-31 shows spectra from gold-disk 
targets recorded under the irradiation condi
tions just stated. The upper curve is for a 
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target oriented toward the spectrometer col
lector; the k.wer cui've is from a similar shot 
with the target oriented toward the laser 
beam. In these experiments, the small 
amount of lu.' light still present in the laser 
beam furnished an accurate wavelength 
marker, For clarity, this signal has been re
moved from the data; its location is indi
cated by the line labeled 'W2." 

Figure 5-32 shows the spectra for a 
beryllium-disk target oriented toward the 
collictor. The laser energy for this shot was 
35% higher than in the shots in Fig. 5-31; 
the scattered-light signal near w/2 increased 
bv a factor of 5. We believe llial this in-

200 0 200 
AX (A) 

I ;ig. 5-32. Spectra near 
u>/2 from bervllium-
disk target, with disk 
oriented toward light 
collector. 

-400 -200 0 200 
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crease is due both to a higher level of two-
plasmon decay waves and to the decreased 
signal absorption in the lovv-Z plasma. Be
ryllium targets irradiated at normal inci
dence show only the blue-shifted peak, 
similar to the gold-disk data in Fig. 5-31(b). 

None of the data have been corrected for 
Doppler shifts, which should be small. For 
example, for an expansion velocity of 
2 X 10'" cm/s, the spectra shown should be 
moved —15 A toward a longer wavelength 
to correct for Doppler eff." Is. 

We observed 3u>/2 spectra during lu ir
radiations of flat disk targets. The data pre
sented here were obtained with irradiations 
at average intensities of ]()'"' W/cnv (90 J, 
125-um spot, 0.7-ns FWHM). Similar data 
have been obtained by others."' The spec
trometer light collector was placed either 
30" or R5° from the laser beam, out of the 
plane of polarization. 

I'igure 5-33 shows 3w/7 spectra obtained 
from gold-disk targets irradiated at normal 
incidence. Curve (a) shows data obtained 
with the spectrometer light collector at 30°; 
curve (b) shows data obtained at 85'. The 
widths of the spectral splittings observed at 
30" are summarized in Fig. 5 34 for th" var
ious target materials. We believe that the 
increased splitting observed with targets ol 
higher Z is due to higher electron tempera
tures in these plasmas. 

We obtained 3w/2 spectra on a few 2a' 
experiments. Unfortunate1;/, the diagnostic 
had relatively poor sensitivity and spectral 
resolution. These data will not be discussed 
here; we note that, as with the Iw results, 
an increasing frequency deviation from 
3u/2 with target Z was observed. 

We now discuss possible interpretations 
of these data, beginning with the w/2 re
sults. In these experiments we should be 
above the two-plasmon decay thresh
old^''1 h 1 even if the density profile is mod
erately steep ( — 10-jim scale length); at least 
10% of the laser energy is incident at inten
sities greater lhan 10"' W/cm:. Therefore, 
we presume that a wide spectrum of 
plasma waves is excited, with wave num
bers up to A", = 0.3/Ap. (The subscript 1 re
fers to the higher-frequency plasma wave, 
and Xn is the Debye length.) This maximum 
plasmon wave number, determined by 
Landau damping, is typically (2 or 3)k0 for 
our plasma conditions, where k„ is the 
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laser-light wave number in the plasma. We 
consider only the case of normal incidence. 
The frequency shift of the plasma waves 
from u)/2 is given by 

. • P M'M(*I . -k„/2) (11) 

where +.v is the direction of the density 
gradient. The transvfse (y) component of 
A"i must be determined ncm theory; it is 
predicted"2''1 to be small, for our plasmas— 
on the order of A.,, or less. The exact value 
has only a small influence on the frequency 
of the pUsma wave (wr depends weakly en 
the wave number), since phase matching 
requires that both plasma waves have the 
same \kj. Therefore, we can estimate the 
frequency spectrum of the parametrically 
excited plasma waves with the only free 
parameter being the electron temperature. 

We now state the origin of the dotted 
lines in Figs. 5-27 and 5-28. The lines 
labeled "(1)" show the predicted wave
length .-[ which l'i-\,, = 0.3, i.e., the maxi
mum frequency splitting allowed by 
Landau damping. To fit the data, we chose 
a temperature cf 3 keV for the gold case 
(Fig. 5-31) and 2 keV for the beryllium case 
(Fig. 5-32). The dotted lines labeled "(2)" 
show the location of the wavelengths at 
which A", = k{- for these temperatures. This 
is the minimum wave number allowed for 
the higher-frequency plasma wave. These 
two representative wave numbers lead to 
shifts that bracket the experimental data. 

The peculiar spectral asymmetry evident 
in the limited extent of the red-shifted peak 
in Fig. 5-31 is probably due to the mecha
nism that generates the scattered light, 
rather than to the two-plasmon decay itself. 
Several possibilities are discussed in detail 
in Ref. 46. We believe that the most likely 
mechanisn is the nonlinear interaction be
tween a two-plasmon decay wave and light 
at the laser frequency. For this process, we 
find that the red-shifted scattered light is 
limited to the small spectral shifts observed; 
the waves that would generate light with 
larger red shifts cannot satisfy the required 
phase-matching conditions. 

We now turn to the mechanism for 3w/2 
generation. If we assume, as previously, 
that the plasma wave spectrum is bounded 
by l'i, = k„ for small splittings, and by 

kt\D = 0.3 for large splittings, then the data 
in Fig. 5-33 are fitted reasonably well by 
T = 2 keV. The data recorded at large scat
tering angles cannot, of course, he ad
dressed by simple one-dimensional models. 
Further work is needed to quantify the 
theory, including realistic (at least two-
dimensional) geometry, the effects of non
zero Ah, and possible interactions with 
back- and side-scattered laser light. 

Thus our scattered-light data show the 
preset*.:., of the two-plasmon decay instabil
ity in laser-produced plasmas. The data are 
within the bounds predicted by simple 
models, losing reasonable temj eratures. For 
fixed laser conditions, these temperatures 
change as expected with target Z. The mod 
els do not attempt detailed explanations of 
the mechanism(s) of generation of scattered 
light. They do not predict how the level of 
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HR. 3-35. Hard x-ray 
spectrum and upper 
limil of x-ray spec
trum predicted (as de
scribed in text) from 
SRS measurements. 

scattered light is related to the level of the 
plasma waves, nor do they address the 
question of how the wave numbers of the 
(large-amplitude) plasma waves are related 
to the wave numbers predicted, by linear 
theory, to have the greatest growth rates. 
Many of the details of the spectra await fur
ther theoretical work on the mechanisms of 
scattered-light generation. Nevertheless, it is 
gratifying that the observed spectra can be 
bounded by simple modelt using reason
able wave numbers. 

Mechanisms for Hot-Electron Produc
tion. The energy involved in parametric 
instabilities that generate plasma waves 
can be measured easily only in stimulated 
Raman scattering, since in this case one of 
the scattered waves is a light wave that can 
be detected directly (unless absorption is a 
problem). We examined the level of SRS in 
our highest-intensity (5 X 10 1 5 W/crrr) disk 
target experiments, conducted at 2m. Since 
this light is observed to be from the convec-
tive instability, which originates from low 
densities, we neglect absorption of the scat
tered light. The Raman-light energy was 
typically 0.02% of the laser energy. 

We assumed thai all of the plasma wave 
energy was converted by wavebreaking into 
electron kinetic energy, and further as
sumed that these electrons lost all their en-
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ergy in the dense target material; then we 
calculated the resulting bremsstrahlung. 
Figure 5-35 shows the results of these cal
culations, along with the measured hard 
x-ray flux. In spite of our optimistic as
sumptions, which should lead to an over
estimate, the level of SRS is not enough to 
account for the observed hard x-ray level. 
Therefore, we must conclude that in these 
experiments other instabilities, such as the 
two-plasmon decay or filamentation in con-
juncHon with resonance absorption, are re
sponsible for most of the suprathermal 
electrons. While we have no experimental 
means of measuring the level of the two-
plasmon decay instability, we can use 3u>/2 
and uj/2 data to obtain estimates of the 
plasm wave numbers as indicated above. 
We can then estimate the wavebreaking 
"temperature" due to these plasma waves. 
When we do this for the data shown in 
Fig. 5-31, we obtain 33 keV, which roughly 
agrees with the 25-keV value we obtained 
from the x-ray spectrum for this shot. 

We have already mentioned the possibil
ity of filamentation. W<" can estimate the in
tensification required to bring resonance 
absorption temperatures up to the ~20-keV 
level observed in the experiments. Using • 
the (,'X2)1'4 scaling for 5 X 1015 W/cnr and 
2o>, we find that the required intensification 
is a factor of from 1 to 4, depending on the 
background temperature. Thus filamenta
tion is certainly a candidate for producing 
the observed hot electrons. 

Summary of Wavelength-Scaling Ex
periments. The wavelength-scaling experi
ments have shown the expected increase in 
absorption at shorter wavelengths." The 
x-ray conversion efficiency has also in
creased with the shorter wavelength, al
though the efficiency at low intensities is 
not completely understood. The level of 
suprathermal electrons has decreased dra
matically, as evidenced by the hard x-ray 
spectrum. As expected, various parametric 
instabilities, including Brillouin 6 5 and 
Raman scattering, have decreased with 
shorter wavelength. 

All the measurements with shorter-
wavelength light show results favorable for 
ICF. A word of caution is in order, how
ever. With the limited amount of energy 
available for these experiments, the plasmas 
produced were small (no larger than 100 Mm 
at the higher intensities). In spite of this, 
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evidence for parametric instabilities could 
still be seen, albeit at a low level. Estimates 
indicate that these instabilities could be a 
problem with Nova- or reactor-size plas
mas . 6 6 Experiments on the 2u Novette 
facility will help to answer this question. 

Author: R. E. Turner 

Major Contributors: E. M. Campbell, 
R. L. Griffith, W. L. Kruer, B. F. Lasinski, 
C. E. Max, E. McCauley, W. C. Mead, 
D. W. Phillion, F. Ze, and K. G. Tirsell 

X-ray Laser Flashlamp Experiments 
on Shiva 

In 1983 we will bc^'a a series of er;peri-
ments on Novette to study the feasibility of 
lasing at x-ray wavelengths. The proposed 
scheme"' is to use 2u laser light to irradiate 
two thin metal foils, which will then emit 
x rays that ionize neon gas between the 
foils and preferentially excite upper laser 
states in the ionized neon, which then lases 
at soft x-ray wavelengths. Appropriate strip
ping and pumping intensities should be ob
tainable with foils of Z between about 
24 and 28. 

Quantitative evaluation of this scheme 
will require that we know the characteristics 
of the x-rays emitted by the flashlamp foils 
in response to laser irradiation. The last se
ries of experiments s n the Shiva laser was 
performed primarily to characterize the 
x-rav emission spectra of some candidate 
flash-lamp materials. 

The flashlamp targets consisted of iron, 
iron-copper, chromium, and nickel foils 
about 0.04 urn thick and 2 mm in diameter 
(Fig. 5-36). Each foil was deposited on an 
0.5-nm-thick parylene disk that provided 
mechanical strength; the disk was then sus
pended across a thin (25-Mm-thick) Mylar 
hoop 3 mm in outside diameter. 

Shiva's 10 lower beams were overlapped 
to give a nominal spot diameter of 1 mm. 
The laser wavelength was 1.06 nm. Incident 
energies ranged from 142 to 374 ]; typical 
peak intensities were 1 to 2 X 10" W/cm\ 
Pulse widths varied from 100 to 120 ps. 

Target Absorption. Efficient absorption 
of laser light by the flashlamp foil is essen
tial to the production of strong stripping 
and pumping radiation. We measured target 

absorption with an array of scattered-light 
pin diodes (see Fig. 5-37), filtered to record 
wavelengths of 1.06 ^m, and with calorim
eters for incident and backscattered light. 
For these measurements we oriented the 
iron and iron-copper targets at normal inci
dence, to facilitate angular integration over 
the pin-diode array. 

Two experiments gave laser-light absorp
tion values of (50 ± 5)% for an iron foil and 
(39 ± 4)% for an iron-copper foil. The aver
age absorption value for these two experi
ments is (45 ± 9)%; the uncertainty reflects 
errors due to calibration uncertainties and 
angular integration. 

The dependence of target absorption, and 
thus of bulk-radiation efficiency, on the an
gle of incidence of the laser light should be 
negligible (at least for angles less than 30°), 
because of the large effective aperture (f/1) 
of Shiva's beam clusters and the laser dura
tion used (100 to 120 ps). This assumption is 
supported by experiments with the Argus 
laser in which we used a box calorimeter to 
measure reflected and scattered laser light. 
Absorption should not depend significantly 
on the atomic number of the target mate
rial, at least over the modest range of 2 
covered in these experiments. 

Flashlamp target 

Alignment ball 

3 mm 

Fig. 5-36. Flashlamp-
foil target (metal foil 
deposited on a 
parylene disk sus
pended across thin 
Mylar hoop). 

Fig. 5-37, Diagnostic 
instruments used in 
the Shiva x-ray experi
ments (angles are 
with respect to disk 
normal). 
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Fig. 5-38. (a) Den
sitometer tracing 
across spatial image of 
incident laser beam, 
showing acceptable 
uniformity, (b) Image 
n) 0.8- to 1.2-keV 
\ f-,ivs emitted from 
:.)ri*et. The spatial 
resolution of the x-ray 
microscope is about 
Ilium. 
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Hg. 5-34. Low-
resolution tiine-
inlcgrated x-ray spec
tra of laser-irradiated 
chromium and nickel 
foils. 
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Source Uniformity. Uniform illumina
tion of the .ashlamp foi! is important in 
determining the uniformity with which the 
laser medium is pumped. A film record of 
the laser-beam profile [Fig. 5-38(a)] shows 
acceptable uniformity. We obtained time-
integrated images of the foil's x-ray emis
sion with a polar 8X Kirkpatrick-Baez 
microscope, which viewed the rear of the 
foil target along the laser axis. An 
aluminum-Mylar filter in front of the mi
croscope transmitted x rays with energies 
between about 0.8 and 1.2 keV. 

Figure 5-38(b) shows a processed image 
from a nickel-foil experiment. The emission 
profile is satisfactorily uniform. The rela

tively soft edge of the image may result 
from time integration and from overlapping 
of Shiva's 10 beams. The image shows no 
small-scale structure (time integi. tion may 
again be responsible), although there is a 
relatively long-scale variation (1.5:1) in the 
film density over a scale length of about 
500 to 700 nm. We also used this image to 
determine the area of the source in estimat
ing the brightness of candidate pump lines 
from the foil, as discussed later. 

X-ray Spectra. In ou easurements of 
the flashlamp x-ray emi. •• i, we were par
ticularly interested in the x-ray power and 
total yield "+>e angular dependence and rel
ative strength of the x-ray lines, and the en
ergy and brightness of candidate pumping 
lines. Total x-ray power and yield d ;ter-
mine the rate at which the flashlamp x rays 
strip the lasing gas, and the extent of strip
ping to the desired helium- or hydrogen
like ionization state. The energy (wave
length) of individual flashlamp emission 
lines determines whether the overlap re
quired for pumping will occur or not; the 
brightness of these lines determines both 
the possibility of creating a population in
version and the resultant laser gain. 

To study these quantities, we combined 
measurements from several different instru
ments (Fig. 5-37). We measured the time 
history of the x-ray emission from the tar
get (resolved to about 20 ps) using a gold 
transmission grating coupled to a soft x-ray 
streak camera.6 8 , 6 9 The spectral resolution 
(£/dE = 10) was insufficient to resolve 
individual emission lines. 

2.0 
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Figure 5-39 shows time-integrated spectra, 
obtained by integrating the streak-camera 
records, of chromium and nickel foils. The 
spectra display strong L-shell emission (the 
result of an M-shell electron filling an 
L-shell hole). Although the instrument does 
not resolve individual lines, it does show 
the expected increase with Z of the energy 
centroid of emission. 

Figure 5-40 sho.vs the time history of the 
L-shell emission from a chromium foil. The 
100-ps rise time is consistent with a driving-
laser pulse of 100 ps, but the emission de
cays more slowly, with a characteristic time 
of about 220 ps. The FWHM of the x-ray 
emission is about 190 ps, 1.5 to 2 times 
greater than that of the laser pulse. This 
pulse shape should provide marginally ade
quate x-ray power for stripping. 

We recorded x-ray emission spectra from 
the front and rear of the foil targets with 
high-resolution crystal spectrographs." 
Figure 5-41 shows a chromium spectrum 
from the rear of the target. We used a 
932.6-eV 3d-2p transition from lithium-like 
chromium for. energy calibration. The spec
trum emitted by the laser-irradiated chro
mium foil was one of the most important 
measured in these experiments, because a 
Be-like Cr line, predicted to lie at 899.58 eV, 
was a prime candidate for pumping helium
like fluorine to its H = 4 level (transition 
energy 899.78 eV), leading to laser action 
at 42.3 eV. 

The four crystal spectrographs (see Fig. 
5-37) indicated that x-ray emission is stron
gest in the forward direction, which is fa
vorable for pumping the laser cavity with a 
foil flashlamp. 

Figure 5-41 shows the candidate pumping 
line, which lies among five distinctive 
groups of 3d-2p lines of Be-like Cr lying 
between about 0.88 and 0.92 eV. Despite the 
presence of the strong calibration line at 
932.6 eV, the uncertainty in our energy cali
bration was ± 4 eV. Because we require that 
the pumping line and the transition to be 
pumped agree to better than 0.2 eV, we 
were unable to confirm that the candidate 
line was indeed suitable for pumping. (Sub
sequent, high-precision measurements at 
KMS Fusion, Inc., indicate that the candi
date line has an energy of 900.1 eV, which 
makes it unsatisfactory; the 42.3-eV laser 
scheme has therefore been dropped.) 

Line Brightness. To facilitate comparison 
with the kinetics calculated with the 
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Fig. 5-40. 1•• .-
resolved •• i\ emis
sion zl the peak inten
sity point in the 
chromium spectrum of 
Fig. 5-J8. 
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XRASER code, we express the brightness of 
proposed pump lines in terms of moda' 
photon density (photons per mode). Most 
laser-photoexcitation schemes require flash-
lamp photon densities of at least 0.01 
photons per mode. 

The modal photon density is a measure 
of a line's brightness at a given frequency. 
It is convenient to compare line bright
nesses with that of an opticallv thick source 
at a temperature, T; for such a source, the 
modal photon density is 

N„ = -
1 

1 
(12) 

where h is Planck's constant, v is the emis
sion frequency, T is the temperature, and k 
is Boltzmann's constant. For the optically 
thick source, N increases rapidly with kT 
for a given photon energy; this emphasizes 
the importance of heating the flashlamp to 
a relatively high electron temperature. 
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The modal photon density of an emission 
line can he expressed in terms of measur
able parameters as 

2.56 X 10 2 ' / ( A F / A t , , , , ) 

">- i j ^ r 1 — • ( I 3 ) 

where / is the x-ray intensity in units of 
keV/keV over Air. AE /AE„,„ is the ratio of 
the experimental (FVVHN'} .iiid natural 
(Doppler-broadened) line widths, £,„. is the 
transition energy in electron volts, A is the 
emission area of the foil plasma in square 
centimeters, and Ar is the duration of the 
transition (FVVHM) in seconds. 

We estimate the modal photon density of 
the strongest line shown in Hg. 5-40 (the 
calibration line at 932.6 eV) at 0.004 to 0.005. 
[On the basis of Kirkpatrick-Baez micro
scope data we assumed an emission area of 
A = 6.4 X 10 ' cnr. In one experiment, 
we obtained the value Ar = 190 ps from the 
transmission grating and streak camera 
(see Fig. 5-41); in others, we assumed Ar 
= 200 ps. The experimental line width, 
AEllH„ was about 1.8 eV FWHM for the rear
ward spectrograph; we assumed a natural 
line width, AE„„, of about 0.3 eV.] 

In our experiments, / is uncertain by 
±50%. We did not measure the uncertainty 
in Ar because we did not generally deter
mine Ax for individual lines. The ratio 
AE^/AE,,,,, is uncertain by ± 50%. These 
uncertainties lead to a large uncertainty in 
iV . Future experiments at KMS and with 
Novette will focus on reducing the uncer
tainty in each of these parameters. 

We estimate the brightness of the candi
date pumping lines to be about half that of 
the calibration line, and thus well below the 
0.01 photons per mode necessary for pump
ing. Although the data are quite uncertain, 
we will attempt to increase the value of N 
in the early phases of the Novette x-ray 
laser experiments, using a 2u laser wave
length and the higher intensities that 
Novette will provide. 

These experiments demonstrated that 
flashlamp foils can produce bright, uniform 
stripping radiation; the experiments were at 
least partially successful in characterizing 
the foil's line (pumping) radiation. Several 
problems remain; we must improve the ac
curacy with which we determine the flash-
lamp line energies and widths, and we 
must measure the time duration of individ

ual lines (e.g., with a high-resolution spec
trograph). Greater line brightness is re
quired, and uncertainties in estimates of line 
brightness must be reduced. 

Authors: D. L. Matthews, E. M. 
Campbell, and P. L. Hagelstein 

LLNL/NRL Long-Scale-Length-
Plasrru Foil Acceleration 
Experiment 

An area of vital interest to the laser fusion 
effort is the study of plasmas and target 
hydrodynamics for conditions close to those 
required for the implosion and ignition of 
directly illuminated laser fusion targets. To 
simulate these conditions requires plasma 
scale lengths, LA > -1000 (with L -
1 mm); electron temperatures, Tt, < 1 keV; 
laser pulse lengths, r, > 3 ns; and laser in
tensities, /, > 10M W/cnr. Large scale 
length is desirable because it allows signifi
cant lateral energy transport and thus 
smooths the ablation pressure and material 
acceleration, thereby helping to minimize 
the growth of hydrodynamic instabilities. 
Ignition requires ablation pressures >10 
Mbar, shell velocities >150 km/s (Refs. 71 
and 72), target-velocity uniformities of 0.5 to 
1%, and low levels of preheat. 

Large lasers are needed even to approxi
mate these conditions. Previous attempts to 
achieve these conditions elsewhere have 
been hampered by limited energy and by 
'he small spot size and short pulse length 
required to reach the intensities of interest. 
Experiments at the Naval Research Labora
tory (NRL)'1 '" have attempted to model 
the early stages of peliet implosion through 
studies of planar targets ablatively acceler
ated by direct illumination with 500-J, 3-ns 
pulses from a Nd;g[ass laser. 

In December, 1981 we undertook with 
NRL a series of experiments""" to explore 
a region of parameter space much closer to 
the region of direct-illumination ignition 
than had been previously explored. We 
studied a wide range of physics phenomena 
associated with the laser-target interaction 
and the ablative acceleration of the target 
material. Areas of prime importance were 
• Laser-plasma coupling: absorption, 

stimulated-scattering mechanisms, and 
suprathermal x-ray production. 
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• Energy transport: classical or inhibited 

transport, lateral energy transport, 
suprathermal-electron transport, and 
x-ray- and shock-induced preheat. 

• Hydrodynamics: target velocity and 
acceleration, scaling of mass ablation 
rate and of ablation pressure, foil 
velocity profile and uniformity, and 
foil decompression. 
The experiments were carried out at the 

20-beam LLNL Shiva laser facility. The 10 
lower beams were defocused and overlaid 
to form an ~ 1-rnm-diam spot (at ~90% 
energy content) on a carbon foil ~10jim 
thick and 2.5 mm wide. The foil was made 
much wider than the focal spot, to isolate 
the cooler rear side from the laser-irradiated 
(front) side. Overlapping the focal spots of 
the 10 laser beams should statistically 
smooth the intensity profile at the target by 
the factor 10 "2. Time-integrated x-ray mi
croscope images indicate ~50% spatial-
intensity uniformity on 10-beam shots in 
which the pulse length was reduced to 
100 ps to limit lateral energy transport. The 
3.0- to 3.2-ns (FWHM), 2.8- to 3.4-kJ laser 
pulse resulted in an average peak incident 
intensity of 1.0 to 1.5 X 1014 W/cm2. 

Figure 5-42 shows the generic target used 
in these experiments. Among several target 
variations, the simplest was a single carbon 
foil; others had a second (impact) foil about 
200 fan behind the first. A third variation 
omitted the backlighter, which sometimes 
interfered with other diagnostics. Arrays of 
diagnostics monitored the laser-target inter
action, including the absorption fraction, the 
scattered-light distribution, the yield and 
spectrum of the 3u/2 and stimulated Raman 
scatter, suprathermal x-ray production, and 
optical emission from the rear of the target. 
The motion of the accelerated foil was 
measured using streaked x-ray shadow-
graphy 8 1 , 8 2; the double-foil technique" was 
used to measure the uniformity of the 
velocity profile. 

Laser Coupling and Transport. The 
scattered light from the target was mea
sured with an array of pin diodes filtered 
for la- light. The target absorption was in
ferred from the difference between the inci
dent energy and the total scattered light. 

Figure 5-43 shows the angular distribu
tion of the scattered light, plotted against 
the polar angle, ft (measured from the laser 
axis). Because of the radial orientation of 

Backlightei 
cluster 

Fig. 5-42. X-ray back
lighting target used at 
Shiva for LLNL/NRL 
long-scale-length-
plasma foil accelera
tion experiments. 

120° 
Scattering angle 

the polarization vectors of the 10 Shiva 
beams,8 1 no azimuthal ($) variation is ex
pected, and none was observed. Curve i 
shows data from a carbon-target experiment 
at /, = 1014 W/cm2, with r = 3 ns and spot 
diam = 1 mm). The distribution is very 
broad; substantial scattered-light intensity is 
observed up to ft = 70°. Curve h shows the 

Fig. 5-43. Angular dis
tribution of scattered 
light from three ex
periments (curves a, b. 
and c) and from 2-D 
I.ASNEX predictions 
(curve dl. 

5-43 
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scattered-light distribution obtained with 
iron targets (/, = 1014 W/cnr, T = 100 ps, 
spot diam = 1 mm). Curve c shows the re
sults of earlier CH-target experiments car
ried out at NRL with higher peak intensities 
(/, - 2.5 X 10" W/cnr), similar pulse 
widths (T — 3 ns), but smaller focal spots 
(diam < 100/um).M The distributions shown 
in curves a through c are all normalized to 
3-kJ incident energy. Curve d shows the 
scattered-light distribution predicted by 
two-dimensional calculations with the 
I.ASNEX hydrodynamic cv.de'" for the ex
perimental conditions of curve a with no 
stimulaled-scaltering model included. 

The angular breadth of the scattering 
shown in curve a of Fig. 5-43 strongly sug
gests that stimulated Brillouin sidescattering 
(SBS) is occurring in these large (axial and 
transverse) scale length plasmas.* s' lor the 
coronal conditions in these experiments (as 
estimated using either I.ASNEX or simple 
scaling arguments, with the amplification 
length equal to the spot size), the number 
of growth lengths* for SBS is greater than 
10. Strong SBS would not be expected to 
occur in either the short-pulse or small-
radial-scale-length experiments shown in 
Fig. 5-43 (curves b and c). 

Evidence for SBS was found in earlier 
1-ns single-beam experiments, in which the 
scattering out of the plane of polarization 
depended strongly on laser spot size.s' The 
lack of a unique plane of polarization at the 
Shiva facility prevented us from obtaining 
such evidence for stimulated sidescatter in 
these experiments, so large-angle refraction 
of the incident light cannot be ruled out. 
However, such large-angle scattering is not 
consistent with large-angle refraction, in this 
largely one-dimensional corona, according 
to simple estimates of refraction or to two-
dimensional FASNEX simulations (Fig. 5-43, 
curve d) of light-rav refraction using geo
metric optics alone, and with no model for 
SBS included in the simulations. 

The total scattering, obtained bv inte
grating the scattered-light intensitv (Fig. 
5-43, curve a) overall solid angle, gives a 
target absorption of 60% 1 10%. One-
dimensional I.ASNEX simulations incorpo
rating inverse bremsstrahlung, a phenom-
enological resonance-absorption model 
(described below), and a model for stimu

lated Brillouin scattering (backscatter)'s'J pre
dict an absorption of 65% with a thermal 
flux limiter"" of 0.5 (which corresponds to 
classical heat flow). If the flux limiter is re
duced to 0.03, the predicted absorption 
drops to 53%. Both one-dimensional and 
two-dimensional calculations without SBS 
give absorption fractions greater than 95%, 
regardless of the value of the flux limiter. 
Thus the agreement of absorption calcula
tions (including SBS) with the observed 
absorption implies the presence of 
significant SBS. 

We measured the level of suprathermal 
x rays produced by electrons heated by 
various laser-plasma coupling processes, 
with a multichannel filter-fluorescer x-ray 
spectrometer.'" Figure 5-44 shows the ex
perimental results and those of a I.ASNEX 
simulation. If we assume that the x rays are 
produced by Maxwellian electrons stopped 
in the overdense carbon target, the data in
dicate that about 80 to 100J (/:,,) of laser 
energy is absorbed into an 8- to 10-keV 
(7M) suprathermal electron distribution. 
Suprathermal electron losses by other 
mechanisms (such as fast ions) are not ac
counted for, so that the f.'n/f'i "V "lion is a 
minimum value. 

The I.ASNEX simulation includes a 
suprathermal-electron model based on reso
nance absorption only, with a peak inten
sity of 10 u W/cm:; 30% of the light that 
reaches », goes into the production of 
suprathermal electrons"" whose tempera
ture, T|j, scales as (/A:)"', where / is the 
intensity at »,. Figure 5-44 shows a consid
erable discrepancy between the measure
ments and the t.ASNEX predictions. Much 
higher intensities (by a factor of --15) are 
required if resonance absorption is to ex
plain the data. However, no bright spots are 
seen in near-field photos of the Shiva 
beams. These photos, which should be rep
resentative of an individual Shiva beam 
in the target plane, show only a 75% 
peak-to-valley intensity modulation 
[(!•„,,.,/<'„„,,) — 1]. (Interference effects due to 
the overlapping of the 10 Shiva beams are 
not considered.) Furthermore, x-ray micro
scope photographs taken during 100-ps tar
get irradiations show only a 2:1 modulation 
in the x-ray emission, indicating a similar 
smoothness in the beam profile. Thus, unless 

http://cv.de'
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the beams have filamented in the long, 
underdense plasma, resonance-absorption 
modeling does not explain the results. 

A more plausible explanation for the 
suprathermal electrons observed in these 
experiments is the occurrence of processes 
such as two-plasmon decay (2wpt,), stimu
lated Raman scattering (SRS), and filamen-
tation.* s Gradient-stabilization threshold 
arguments indicate that the 2wpl, instability 
should be present in these experiments, but 
not SRS. (However, if substantial beam fila-
mentation occurs for n < 1/4//,., the SRS 
threshold may be exceeded as well.) Simple 
theories and particle simulations extrapo
lated down to these moderate intensity 
levels in fact predict that the 2«/pl. insta
bility would produce T H values in the 
observed range. '* 

We looked for the signature of the 2w 
instability using arrays of pin diodes, fil
tered at 3u>/2 with 300- to 350-A bandpass 
interference filters. We observed substantial 
levels of 3o>/2 light in the 3-ns experiments, 
representing a total yield of about 0.03 to 
0.04% of the incident laser energy. The dis
tribution of the 3uV2 light was approxi
mately isotropic, as was that of the ]w 
scattered light. This distribution is not un
reasonable, because the sidescattered SBS 
light could be involved in the generation of 
the 3u;/2 light. In the 100-ps experiments, 
the 3u;/2 yield was about 2 to 6 X 10 " of 
the corresponding laser light, corresponding 
to a generation efficiency about 1% of that 
seen in the 3-ns experiments. 

Although the details of the production of 
3u>/2 light are not well understood, it is 
gene rally assumed 1* that the light arises 
from the presence of electron plasma 
waves near 1/4(1,. One source of these 
waves is the 2u.> instability, whose inten
sity threshold should be exceeded in these 
experiments. The 3u>/2 light arises from 
second- and third-order processes involving 
the coalescence of an electron plasma wave 
and an electromagnetic wave or of three 
electron plasma waves. The level of this 
light depends on such parameters as ;he 
localized density fluctuations and the size of 
the interaction Tegion near l/4n,.. Since 
these quantities are not known, it is not 
possible to determine the efficiency of the 
2u>„,. instability from the energy of the 3W2 
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light. However, the large enhancement in 
the relative 3u)/2 emission observed as the 
laser pulse width is increased from 0.1 to 
3 ns suggests that processes such as 2u; ,. 
become more important as the corona 
dimensions increase. 

The absolutely calibrated optical (pyrom
eter) streak camera (filtered for — 4200 A), 
which images the rear surface of the single-
foil target, can also provide clues to the 
source of the hot-electron production. It 
does this by time-resolving the optical sig
nature of the preheat, which results from 
the creation and rapid transport of the hoi 
electrons. ' l-'igure 5-45 shows the time ot 
preheat onset, whose significance is dis
cussed beloxv. The figure also shows the 
time-dependence of several coronal quanti
ties, as obtained from a two-dimensional 
LASNEX simulation: electron temperature. 
T,.; scale length of l/4», (scaled to a linear 
density ramp from /i, to vacuum); laser in
tensity, / | , at I/4i/,; and intensity threshold. 
' l i , . . for the two-plasmon decay instability. 

In this LASNEX simulation, 40% of the 
energy was thrown away to simulate SBS 
losses, and a flux limiter of 0.5 w,is used. At 
these moderate intensities, decreases in the 
flux limiter change the profiles only slightly. 
The temperature remains near 1 keV during 
the few nanoseconds surrounding the laser 

Fig. 5-44. High-energy 
x-ray spectra (LASNk'X 
spectrum calculated 
with nominal reso
nance absorption 
model). 
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tions"' indicate that SRS (il it is occurring) 
should give a similar amount of scattered 
liglv enorgv. It the SRS occurs near l '4e 
however substantial collisional absorption 
ol ihe 2 la-Jim light can occur. The inverse 
brcnisstrahlung absorption length for this 
scattered light (assuming 'he cortinal condi 
lions .alculatod h\ I ASM \ ) is 2=.0 lo 
lOOiim This is to lv ,omparod \\ith the 

tal.ulaled s l t , le 'length ol 11)00 lo 2000 »m 
neai Ihe peak ol Ihe laser pulse (The light 
.ould aUo be lesonanIK absorbed in a 
rippled •-, lencli/ed I 4n. surlaio.) 

Optua. measurements with the ahso 
luteK tahbraied sireak taniera mentioned 
eailiei piot ide another ua \ ol estimating 
lilt temperaluie ami energ\ lonlent ol Ihe 
ho' ele.tions ' 1 he streak-.amera im.iges 
show that Ihe heating i- mitialK confined 
lo the tenli'i ol the laser illuminated region 
ind:.atmg that litllt enorgv is being trans 
ported around Ihe target toils. 

lime resolved rear surlace temperatures 
to; single and double toil targets are gi' en 
ir u>a ^-4o i I he absolute calibration ol the 
emissr. i;\ trom which the temperatures 
v. >'rt tabulated is a.curale to within a fat 
tor ot 2 tot these measurements This eorre 
spoiid- to at.uiacies of a tattor ot 2 for 

2 e\ with bettei a.curact below 2eV.) 
Mie .arhop large: was 11 um thick in both 
• jses. an s ^ m thick t irbop impacl foil was 
used ir the double foil experiment The rear 
surla. i ol tht single toil exhibits a sudden 
temperature rise soon alter initiation of Ihe 
iaset pulse I - \ S \ ! \ simulations indicate 
tha' tills e t,il\ heating is title to shocks pro 
dtuetl b\ tlie leading edge ot the laser 
pulse As discussed in Rot "7, shock heat 
tng and radiation preheat ol the laser 
irrad'.t.. d toi1 prtitiuo- temperatures of up 
... ^ eV The tontmued. slower rise of" the 
reai surlaic tempt.ra-ure of the single foil to 
about 10 to l^tA is tonsil-tent with heating 
In transport through the target of electrons 
with tin above mentioned ',, and 7 M . 
where ; . , SO lo l()() I and 7',, = « to 
10 eY (Ret ~h). Hot electrons can also ac 
.ount toi the ohseivod pre'heal of the im
pacl foil before toliision The rear surface of 
the impacl lotl is lurther heated after colli
sion K high pressure shocks. Temperatures 
.it tip to r>0eV were observed for a 17-um-
thuck t arbor foil irradiated at 2 v 10 l ; 

W epv and tmpactint'at -hOkm's. 
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Laser-Driven Foil-Acceleration Experi
ments. During these experiments we used a 
streaked axisymmetric x-ray microscope 
(ASXRMS) 8 0 * ' 9 7 to observe the laser-
driven ablative acceleration of the carbon-
foil targets to velocities greater than 
10 7 cm/s . Figure 5-40 in last year's Annual 
Report™ shows the target geometry. The 
target had a density of about 2 g/cm 1 , a 
thickness of 10 pm, and a width of 2.5 to 
3 mm. Measured areal densities were used 
in all calculations. Impact foils, typically 
about 8 /am thick and 2.5 to 3 mm wide, 
were mounted about 200 /jm behind the 
target foil. In some cases the impact foil 
was omitted, and only the target foil 
was observed. 

The carbon foils were backlit with 
~2.9-keV line radiation from a laser-
irradiated palladium backlighter foil 
mounted on the same structure as the target 
and impact foils and about 3 to 4 mm away 
from them. A 75-Mm-thick beryllium foil 
transmitted the 2.9-keV radiation but 
shielded the carbon foil from preheat by 
soft x rays ( < 1 keV) and suprathermal elec

trons (<50keV) from the backlighter. The 
backlighter was irradiated at 2 x 10 1 4 

W/cnr by eight to ten beams from Shiva's 
top beam cluster, overlapped to provide sta
tistical smoothing. The backlighter pulse 
was as long as the drive pulse, but was de
layed by 1 ns to permit more of the target s 
trajectory to be seen (the target moves only 
a short distance during the first 1 ns). 

The pressure ( ~ 6 Mbar) of the ablated 
carbon drove the foil away from the laser. 
The foil was much wider than the laser 
spot, and the part of the foil not irradiated 
by the laser did not move. The figure died 
above shows a streaked image of a single 
foil target accelerated to 1.2 X 10' cm/s. The 
light region in the photo is the backlighter, 
which filled the camera's field of view. The 
dark triangular area that gets wider from 
left to right is> the shadow of the target. The 
lower edge of the triangle represents the 
part of the foil that did not move. 

Preliminary analysis of the backlighting 
data from the single-foil experiments in
volved fitting second- ^nd third-order poly
nomials to the upper edge of the shadow of 

S 1.2 

l-'ig. S--J". Brightness 
tempt" ture of the 
rear MJ !.icc of an ac-
celcrati d single foil 
and tin' impact foil of 
a double-foil target. 

Time (ns) 
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the moving carbon foi 1.s" First a smooth 
curve was fitted to the photograph by eve. 
This was done because we did not yet have 
image-processing software to extract the 
edge and correct for backlighter intensity 
variations in the presence of substantial sta
tistical noise (maximum signal levels were 
about 100 detected photons per pixel). 
Curves obtained in this way appear to be 
quite reproducible and accurate to about 
one pixel (~-6 to 7fim). The smooth curve 
was digitized, and the polynomial fits were 
performed with an interactive program on 
the VAX computer in the fusion experi
ments analysis facility. The position and ve
locity histories looked reasonable and 
agreed well with the l.ASNIiX calculation. 
However, small errors in the original posi
tion data lead to increasingly U.ige errors 
for higher derivatives of the accelera
tion data. Because of these errors, we 
extracted only average accelerations (which 
appeared good) and only a limited amount 
of 0(1) information. 

One approach to obtaining accurate I'll) 
and nil) curves is to establish theoretically 
the functional form of the trajectory and 
then adjust the free (but empirically con
strained) parameters to fit the data. We 
have tried this approach with reasonable 
success. The procedure is carried out by for
mulating the equations of morion (the 
rocket equations, which arise from New
ton's second law) using theoretical rela
tions'"1 '"" for the dependence of ablation 
pressure, blowoff velocity, and ITU.SS abla
tion rate on laser intensity. These relations, 
which are supported empirically""1 and by 
l.ASNEX calculations, are 

mass ablation rate 

'"(') = '"„!',(')•' • (H) 

blowoff velocity 

:•(') == 'V l,V)'f • 

lblation pressure 

P(l) = »/„!•„ J / J / ) !"" ' . (16) 

where ;>,, and »;„ are the blowoff velocity 
(in cm/s) and mass ablation rate (in 

g/cirr-s) at 10 N W/crrr effective absorbed 
intensity. (Note that i\, and w,, are nol 
initial values.) 

In the theoretical literature,'"1 '"' the 
mass-ablation scaling parameter. «• ranges 
from about 0.50 to 0.5ft, and the blowoff-
velocity scaling exponent, ,i, ranges from 
about 0.22 to 0.25. The values are empiri
cally consistent""1 with « = 0,6 and fi = 0.2: 
we assumed these values in the analysis de
scribed below. The effective absorbed inten
sity, Ijti. is defined as follows. 

'.,(') - - - • (17) 
t 

where 

I ' /,(()<" =j X 10 "' (18) 

and where 

/, = (he effective absorbed laser intensity 
(in units of 1 0 H W/cnr), 

/',, = fraction of laser light absorbed, 
< = ratio of the effective spot area to the 

nominal beam-spot area, 
/, = the incident laser intensity (in units of 

10 N W/cm :), 
['., = incident laser energy (J), 
A -- nominal laser-spot area (cm :). 

The shape of /,(() is obtained from optical 
streak-camera records of the laser pulse, 
and the magnitude is obtained from calo-
rimetry. We assume a constant absorbed 
fraction f,. 

The effective spot area is determined 
from the area of the shock breakout at the 
back of the impact foil (on double-foil 
shots), as indicated by the streaked optical 
pyrometer. Light is emitted when the shock 
emerges from the back of the impact foil. 
The fastest port of the target foil reaches the 

"•fa-t foil si . ,ier and therefore causes an 
. J.,^,<, preakout; slower portions ar

rive later. We define the effecti' •- spot area 
as the target area that is accelerated to at 
least 60% of the peak velocity. The spot 
area measured in this way was 2.2 times 
larger (t — 2.2) than the nominal laser spot 
area (determined from laser-alignment 
photos); this corresponds to a spot diameter 
1.5 times larger. This enlargement is 
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reasonable: the plasma blowing into the f/1 
cone of the incident laser light at 10' cm/s 
for 3 ns would increase the spot diameter 
from 1 to 1.3 mm, neglecting any effects of 
refraction or lateral transport. The larger ef
fective spot area and lower effective laser 
intensity is presumably due to any or all 
of several energy-transport mechanisms, 
including light refraction in the blowoff 
plasma, lateral thermal conduction, 
Brillouin sidescatter, and suprathermal-
electron transport. 

The rocket equations and the scaling laws 
[Eqs. (14) to ;16)] yield the scaling law for 
the foil acceleration, .;((): 

«(') __ iW 

H - " ' „ | .'.,(''))" 
(19) 

Af(/), the denominator on the right-hand 
side of Eq. (19), is just the initial areal mass, 
AJ,,, reduced by the time-i.itegrated mass 
ablation. In our experiment the ablated 
mass is small compared to the initial mass, 
so the numerator of Eq. (19) dominates the 
time dependence of «(/)• Thus a measure
ment of n(l) is nearly a direct measurement 
of the pressure, with only a small correction 
necessarv. The velocity and position are ob
tained bv integrating Eq. (19) with zero ini
tial velocity and acceleration: 

!•(>) • 

x(t, 

•1(1') lit' 

v(C)Jf 

(20) 

(21) 

Equations (19) to (21) cm be integrated in 
closed form for some simple approxima
tions to /,((). In this experiment, /, was mea
sured (as were lv i, and AI„), and it was 
advantageous to integrate the equations nu
merically. We adjusted iii,, and ;•,, to give a 
best fit to the data. 

Figures 5-47(a) through 5-47(d) --how the 
time histories of the observed laser inten
sity toil an deration foil velocity and foil 
position, respectively, positions from the 
l.ASXEX calculations an- ako shown The 
center of the laser puke occurs at 3.S ns. 
The timing, relative to the analytic mode! 
and to the l . A S \ E \ calculation- is absolute 
to within about 100 ps 

The positions given by Eq. (21), m i . , .he 
best-fit values lit,, = 3.17 X W g / o r r - s and 
<'„ = 5.25 X 10 r cm/s, and with /', = 0.6 
and < = 2.2, matched the polynomial fit to 
within about 2 nm over the entire region 
measured by the streaked x-ray microscope 
(1.5 to 6 ns in , :ig. 5-47). The peak pressure 
was6 .3Mbar (jrlS'V). 

The measurement of the pressure is sen 
sitive to the product wMr ( 1, which is directly 
related to the acceleration and the pressure 
but not to either factor separately. This is 
because as long as the product remains w n 
stant, either factor can vary as the rciiproial 
of the other without significantly changing 
the result. This is of course only true if tlv. 
ablated mass is small, as is the case in these 
experiments. If the al'i.'.ted mass were sig 
nificant, the experiment would be much 
more sensitive to the parameters in the de 
nominator of Eq. (19), ;i;„ and u. The best-fit 
values for m(l and r ( agree quite well with 
the values given in Ref. 108 when i orrec-
tions are made to account for experimental 
differences in spot-size definition. 

This measurement provides accurate val 
ULS for the ablation pressure and the effi
ciency with which laser light is coupled into 
kinetic energy. At a terminal velocity of 
1.2 X 10 7 cm/s [see l-'ig. 5-47|C)], the central 
I-mm-diam portion of the targe! foil has a 
kinetic energy of 90), or about 7°<> of the 
laser light energy incident on that port ic 
of the foil. With a preheat level ol about 
15 eV (measured bv streaked optical 
pyrometry), the foil has about 111 times as 
much directed kinetic energy as internal 
thermal energy. 

X-ray backlighting experiments were ako 
performed on double-foil targets as shown 
in cig. 5-48. In these experiments the irr.uii 
j ted foil reached a velocity ot 7 • !l) cm s 
before impact with the second top ,i little 
more than halfway through the laser pulse 
At the time of Ihe collision both loik had 
nearly equal areal densities ot 1 5 . ID 
g/cm". The collision gave the second leu' a 
velocity (if about 7 • I0 ' \n i s ^ shown in 
big. 5 48. The decompression ot the impact 
foil due to preheat, at about 10' t m s. is 
.lis,. , h o w n K- 1 1C s -|s I V . . e U ; - v 's 
consistent with the preheat temperatures 
measured wtth the optaal pyrometer 

Streaked Optical Pvrometrv We deter 
mined the velocm profiles ai .ss the accel
erated targets using the double foil 
technique with a second (impact) foil 
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I >H s-47 l.il Inc ident 
l.lsl'l JHIKL' , l l l l .HTt'l-
or.ltidii history 
<c> velocity history, 
.mil Id) posit ,orl lli:,-
Inry t(ir cirti.'in foil, 
« Uh roi'.e.spoiuJine, 
1 ASNhX results. 

I if;. S-4K. S t roked 
\-r.iv microscope 
record of .1 rollidini*-
foil experiment. 

200 Aim behind the first. Nonuniformities in 
the impact time of the accelerated foil are 
monitored by observing the light emitted 
trom the rear of the impact foil. 

figure 5-49 shows a streak record of light 
emitted from the rear of the impact foil af
ter being struck by a carbon foil ablatively 
accelerated (by an incident intensity of 
10H VV/cnr) to about 10 rcm/s. X-ray 
shadowgraph" showed that the collision oc
curred near J end of the laser pulse. We 

determined target-velocity nonuniformities 
from the measured target velocity, the foil 
spacing, and the differences in impact times 
of different sections of the target. The ve
locity nonuniformities can be resolved into 
an 8% tilt across the central 1 mm of the 
target and modulations with 7% peak-to-
valley amplitude [(iv^A'nim) — 1]- X-ray 
microscope pictures show that the laser 
beam was brighter on one side than the 
other; we speculate that this could account 

3 4 5 
Time (ns) 

100 ,um 
Double-foil /-S-ixm 
laser tared / carbon 

m / foil 
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for the tilt in the velocity profile. When 
sampled over short scale lengths (50 to 
200 ^m) in the central 800-nm region irradi
ated by the laser, the peak-to-vallev veloc
ity nonuniformitv was only 3%. The 
resolution limit for velocity nonunil'ormities 
was about 3 V (This resolution limit, which 
was due to limited time resolution of the 
streak camera, was manifested in granular 
lty of the streak photographs.) The actual 
target-velocity uniformity over shot! 
scale lengths may thus have been better 
than 5"n. 

factors that could cause vehnil\ nonuni 
fortuities include hydrodynamic instabilities 
and noiuinilormiiies in laser irradiation and 
target mass. Mass thickness (areal density) 
nonuniformities are probably not signili 
cant, because they are less than 2'V ai ross 
the focal diameter in carbon foils typical ol 
those used in the experiment. The laser 
beams were defocused and overlapped to 
minimize irradiation nonuniformities. Each 
beam had intensity nonuniformities with 
peak-to-valley amplitude ratios of about 2:1 
(for scale lengths from about 0.1 to 0 5 of 
the beam diameter) in the near field. Ignor 
ing contributions from phase nonunilor-
mity, this would produce modulations ol 
similar amplitude at the 1-mm focus. Av 
edging due to beam overlap should de 
crease the irradiation nonunifomutv on the 
target by a factor of about 10' -. No actual 
measurement was made at the target plane, 
however. We estimate that the on-target il
lumination nonuniformities had pcak-to-

vallev amplitude ratios ol about ">0l\' i he 
observed short sc.ile-lenglh \elocit\ nonuni 
formiiics are at least -1 to h times smaller 
than the estimated intensity nonunitormr.v 
indicating, significant lateral smoothing 

One dimensional hvdrodvnamn ^,i! n; : 
turns and theories1"" predict that the sii ,id\ 
s'ate absorption lo ablation separation 
should be about i mm at 10'' W a n I he 
divergence ot the blowoll plasma and the 
limited laser pulse length prevented us Irom 
attaining a --( paration this large in our \ 
penment A l> ns pulse will be required ic 
reai h sieadv slate. I n o dimensional 
I ASM \ uilcillations tor the londitions ot 
the experiment pn.'.iK t separations ol 200 to 
.100 fim I'he observed lateral smoothing ap 
peared lo be consistent with this prediction 
I aleral heal conduction, which helped 
smooth out beam variations, should have 
also been manifested bv the acceleration ot 
a larger region of the target foil than Ihe 
laser ioi:A\ spot. The double-foil collision 
data, in fact, show that an area 2.2 times 
that of the laser focal spot was accelerated 
to Wl"ii of the peak target velocity, in agree 
ment with I.ASN1EX calculations. 

Authors: R. H. Price, E. M. Campbell, 
S. P. Obenschain (NRL), M. D. Rosen, 
D. W. Phillion, R. R. Whillock (NRL), and 
E. A. McLean (NRL) 

Major '"ontributors: ). M. Auerbach, K, G. 
Estabrook, B. F. Lcsinski, and B. H. Ripin 
(NRL) 
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M e a s u r e m e n t of Electron 
D i s t r i b u t i o n Funct ion U s i n g a 
1 r e e - B o u n d C o n t i n u u m 

We have investigated laser energy deposi 
tii.n effects important to inertial 
'onlin.'inent Insum bv studying the 
insi.mtaneotis electron distribution in the 
i nona. I angdon 1 1 ' has pointed out thai 
non MaxucUian distiihutions can arise and 
<ause . hanges m laser large! coupling. We 
studx the ele.lron distribution bv measuring 
tlie time res i|\ed shape ot the K \ rav radi 
ation rnombinalion len t inuum. ' " 

I igure 5 5(1 shows Ihe experimental .ir 
langement We used the single beam luser 
at ihe Rutherford Appleton I ahoratorv's 
Central laser facility to irradiate an Al disk 
target. The laser pulse length was 1 in 
(IWIIM); wavelength was (1 53 M ,n The 

Aluminum -* 
disk Critical 

density 

li;:. *>-**\ \l K \-r.i\ 
spectrum durinir thi* 
Jjstv pulsi*. 

i o : 

10" 

1 I ' I ' I ' 
400-600 ps 

Shape for 
1 -keV Maxwellian 

2.0 2.2 2.4 2.6 2.8 3.0 3.2 
Energy (keV) 

laser was tocused to a minimum spot diam
eter of -^llfim. which produced intensities 
I, - 0 3 to 1.(1 X 10'" \Y/cm :. Intensity 
variations were due to fluctuations in laser 
energy i utput (15 to 30 |). 

The laser beam struck the target at nor
mal incidence. A streaked \-r.iy spectro 
graph,"" looking at right angles to the 
incident beam, recorded the v ray emission. 
The spectrograph uses a rubidium acid 
phthalatc (RAI'j crvstal :.? diffract photons 
into an \-rav streak camera. The range of 
\ rav energies measured i.-. defined by the 
geometry of the spectrograph and by the 
width (2 cm) of the streak-camera cathode. 
The range chosen (2.2 to 3.(1 keV) covers the 
Al Mil recombination, edge and higher ener
gies. Intensity calibration of the streak spec
trograph was accomplished by normalizing 
to a spectrum obtained simultaneously 
using a conventional time-integrating 
spectrograph. 

As shown in l-'ig. 5-50, the region viewed 
by the spectrograph was restricted by a 
mask of 25-ium-thick Ti, which is opaque to 
any \ rays of interest. Density profiles ob
tained by interferometrv"' for laser-
produced plasmas generated tinder similar 
conditions indicate that this mask ensured 
that we looked only at the underdense 
corona [n, • 4 X 1(1-' cm '). 

The signal to-noise nitio was high 
enough to permit observation of the spec
trum for about 2 ns. considerably longer 
than the laser pulse length. The streak tim
ing cannot be absolutely correlated with the 
laser pulse, but the time history of the x-ray 
emission gives an approximate correlation. 

figure 5-51 shows an x-ray spectrum ob
served during the laser pulse. The spectrum 
is Hat o.er the whole irradiation time. (The 
rolloff above 2.9 ke\ ' is due to the limited 
width of Ihe streak-camera cathode slit.) lor 
comparison, u e in hide the slope of the 
spectrum of a thermal plasma at 1 keV, the 
value obtained from the time-integrating 
spectrograph hat viewed the entire plasma. 
The observed spectrum is consistent with a 
free-bound spectrum for AT > 6 keV, or 
with a nonthermal electron distribution. 

Langdon"" demonstrates that nonthermal 
electron distributions can be produced in 
inverse bremsstrahlung absorption. Simula
tions show that an initially monoenergetic 
electron distribution, r<„ under the perturba
tion of electron-ion collisions (assuming 
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\il ' l ' i ' I ' I ' 
1 
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\ 
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2200 2400 ps ; 

— 
\ i kT 90 eV ; 

i 1 i i \ j / i , a iMA i , 
2.0 2.2 2.4 2.ft 2.8 3.0 3.2 2.0 

Energy (koV) 
2.2 2.4 2.8 3.0 

7 ••• 1 and neglecting electron-electron col
lisions), progressi toward a flat (or con
stant) distribution lor 0 s- t> i ;,. Langdon 
shows that this incurs if the electrons gain 
energy from the laser faster than then' can 
thermali/.e (through electron-electron colli
sions) or if 

•/:, 
- I (22) 

where /.', is the laser energy, u.-, is the laser 
frequency, and i\ is the average ("thermal") 
electron velocity. 

The photon distribution corresponding to 
a l.angdon-type electron distribution is 

log », = const, lw < f, + •• mv 

and 

l o g II '- 0 , III' ' I , -4- - l i l t ' 

(23) 

(24) 

where / , is the ionization energ\—that is, a 
flat distribution with a rapid decrease above 
some cutoff photon energy." 1 1 By contrast, 
the Maxwell-Bolt/mann electron distribu
tion gives the familiar photon d'stribution 

log it. Irr/kT (23) 

1 he energy range covered in our experi
ment diif not permit us to observe the rapid 
cutoff, but the data are clearly consistent 
with the l.angdon-typo electron distribution. 

Atler the laser pulse, both the total inten
sity and the slope of the free-bound spec
trum decrease rapidly figure 5-32 shows 
two typical spectra; the corresponding elec
tron distributions are Maxwellian, with tem-

1.5 2.0 
Time (ns) 

peralures of 210 eV at 1700 ps and 90 e\ at 
2300 ps. (The hump at about 2.9 keV is 
caused by cathi Je inhomogeneity; it is 
accounted for in the anilysis.) 

The cooling rate of the coronal system is 
a sensitive monitor of the conditions in the 
underdense plasma. Indeed, the energy 
flow of the ablating plasma can be moni
tored by these observations, figure 3-53 
shows the observed and predicted temper,-, 
ture history of the cooling plasma; the cal
culation was made using the MIIDL'SA 
one-dimensional code, 1 1 1 which assumes 
an adiabatic expansion. The agreement 
is excellent. 

In summary, we have demonstrated, for 
the first time, a technique for measur. ,g the 
instantaneous electron distribution in the 
underdense region of a lasei-produced 
plasma. During the laser pulse, we observe 
a very flat x-rav spectrum, which is consis
tent with nonthermal heating of the corona 
(or with a Maxwellian electron distribu
tion at a temperature much higher than 

MB. ' $2. M K t - r . u 
specti .1 , i l tor Hit' l.isoi 
p u K o . 

piM.lh 
X I , , I I I 

til!' I.V 

•n. (Mis t - twi t 
I'l'liU It'll U'lll-
iiv l i M i i r t o l till ' 
y, pl.lMli.i .iltt 'l ' 
iff I'lllst'. 
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simulation predicts). After the pulse, llie spec
trum is that of a Maxwcllian electron distri
bution, and the coronal cooling rate agrees 
with the results ol computer simulation. 

Author: D. L. Matthews 

Major Contributors: R. 1., Kauffman and 
R. W. Lee (l.LNU, and |. D. Kilkenny 
(Imperial College, London) 

Measurement of Electron 
Temperature and Electron Density 
Using X-ray Line-Intensity Ratios 

X rav spectroscopy has been applied 
to a wide range of different plasma 
sources. 1 1 , " We have attempted lo widen 
the application of vray spectroscopy bv 
using seed materials to diagnose laser-
produced plasmas. We use low seed con
centrations: this leaves the laser-plasma 
interaction and energy transport unchanged, 
and it minimizes opacity effects, thus reduc
ing interpretation difficulties. Using a vari
ety of seed materials allows us to probe 
plasma parameters over wide ranges. 

These experiments were performed in 
collaboration with imperial College, Lon
don, and the Central Laser Facility"'" at the 
Ruthertud-Appleton Laboratory. We used 
the single-beam 0.53-/um laser with 1-ns 
pulses of about 20 J. The beam was focused 
lo a 50 yum spot si/e. 

In our initial studies, reported here, we 
introduced silicon into laser-produced CH 

and r b O plasmas to investigate the effects 
of these plasmas on the silicon x-ray spec
trum. Two principal observations can be 
draw n from these studies 
• Silicon lines from higher ionization states 

are more intense in the PbO plasma, indi
cating a higher electron temperature 
than in the CI I plasma. This is to be ex
pected,"" because the laser energy is more 
efficiently absorbed in the PbO (because 
ol its higher / ) than in the CH. 

• The silicon spectrum cannol be interpreted 
in terms of a unique electron tempi lature. 
We believe that this is due lo the strong 
spatial gradients thai exist in mosi laser-
produced plasmas. These gradients are a 
persistent dilfiniltv in the use of \-ra>' line 
spectra for laser- plasma diagnostics. 
Three principal diagnostics measure the 

x rav emission from targets in the Central 
Laser Facility. These are a time-integrating, 
spatially resolving spectrograph, a time-
resolving x ray crystal spectrograph,'"'' and 
,in \-rav pinhole camera. Both spectro
graphs view the planar disk targets nearly 
edge-on and along an axis perpendicular 
to the incident laser beam. In the time-
integrating spectrograph a 50-|um slit, 5 mm 
from the target, spatially resolves the x-ray 
spectrum along (he direction of the incident 
laser beam with a magnification of from 5 
to 7. The time-resolving spectrograph has 
no spatial resolution, but gives 80-ps resolu
tion using an x-ray streak camera. The pin 
hole camera, 2(1 from the incident laser 
direction, images the plasma emission at 
around 1.5 keV using a 10-jim pinhole. The 
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size of the irradiation area can be deter
mined from the size of the pinhole image, 
and some information on the size of the 
coronal blow-off can be obtained. 

The targets consisted of disks of CH and 
PbO. The CH was impregnated with 5iO ; ; 
the resulting silicon concentrations were 
less than 5 at.%. The seeding of PbO with 
silicon was achieved using an ordinary 
lead-silicate g !ass. in which the silicon con
centration was 23 at.% This concentration 
of silicon in the PbO targets was needed to 
obtain measurable silicon signals. 

l :.\arnplcs of the silicon K spectra from 
CI I and PbO plasmas are shown in 
Fig. 5-54. The spectra are from the interac
tion region, defined hv the region of most 
intense emission. The density ii this region 
is expected to be around n, (about 4 X l(l : ' 
cm ' for 0.53-um light). The PbO spectrum 
has a stronger background because of 
greater bremsstrahlung and M-band emis
sion from the Pb around 2.2 keV. The back
ground in the CH spectrum is near the 
baseline set by film fogging. Spectra from 
the coronal regions of both plasmas were 
similar to those shown ::i Hg. 5-54, except 
that intensities were lower; the continuum 
level in the PbO spectrum is near back
ground, indicating art abseme of 
oiemsstrahlung and M-band emission. 

Relative intensities of various lines shown 
in Fig. 5-54 have been analyzed to estimate 
electron temperatures and densities. Ratios 
of line intensities from the two spectra arc 
listed in Tables5-3 and 5 4. l ine identifica
tions are those indicated in Kg. 5-54. The 
l.i-like Si " dielectronic satellite lines are 
not resolved, and only the sum of their in
tensities is used in the analysis. Some of the 
S i ' " satellites are unresolved from the He-
like T , peak. We have included the effects 
of this overlap in the analysis below. 

We have compared the line ratios with 
predictions obtained from a steady-stale 
level-population model . i : l For ionization 
stages through Be-like ions, only ground 
states wore included; for Li-, He-, and 
H-like ions, both excited and ground states 
were included. For Li-like and He-like ions, 
autoionizing states that form satellites of the 
resonance transition of the next ionization 
state were also included. 

Results of the calculations for the ratio of 
resonance lines from successive icnization 

stages are plotted in Figs. 5-55 and 5-5h. 
Figure 5-55 shows the intensity ratios 
Ly rf/2 'P, and l .ya/3 'P, vs electron 
temperature for two assumed eleilron 
densities. The intensity ratios depend on 
both temperature and density in this region 
because the plasm; state is intermediate 
between coronal equilibrium and I.TF 
so that dielectronic recombination m,n 
be important. 

The line-intensity ratios from I'abio 5 "* 
are indicated in Fig 5-55 by the hoii/on'a 1 

arrows. Until sets ol CI I plasma line 
intensity ratios give /, U.S4 koV al •;, 

l(V'"im ' and I, O o U e Y al n, 
1(1"' cm '. That is, the eloitrnn tempera 

tore implied hv two ratio1- is the same tor a 
given electron density, but the implied [em 
perature changes with density, lor PbO flu-
two ratios imply different temperatures. I he 
ratio for the n 3 states (I v ,1'3 'p . I im 
plies T, - l.4keV at », 111-'1'cm and /, 
- 0.73 keV at II, l l , : i cm '. The ratio 
for the it 2 states gives a slightly lower 
temperature: this is probably due to trap 
ping of the l.yu line in the PbO plasma 
Trapping occurs in the PbO plasma beu -e 
its silicon content is higher than that of 
the CH plasma and becau-e the PbO is 
apparently hotter, prodm u; a greatei 
H-like population. 

Figure 5-56 shows the calculated ratio ol 
the intensity ol the He-like resonance line 
to that of the I i like dielectronic satellites. 

CH plasma I ' K l i l.ism.i 
'nten-iU ', InU-nsitv /.. 

[ .in i". raliu l k r \ l i.ilie (ke\ ) 

I . y . / 2 ' P , 11 7» (l S3 l i - i r s - , 

l . v r l /3 ' ! ' , 0 23 11.SS II 4"- 1 i's 
: l p | / s , . II ., S3 (Mi l M i ' l is - , 

' 'Compunen s Alien . IK] • OR in f la t ion el <ot 113) 

table 3-3. 1 ine A 

intensity ratios and lali leS-4. l ine -
corresponding 'lectron intensiti r.ilios jnd 
temperatures, / 
CH and 1'bO p 

t„ in 
asmas. densities I I ( . in I I I 

and I 'M) plasmas V 

CH plasma PbO yl.i-.in.) 
Intensity n^ Intensitv 

Lines raiio ( i r P ' c m \ raiio • l i i " s:t- ' 

2 ' P j / 2 3 P , 2.7 l.tl u !.; 
3 ' P i / 2 3 P , 0.71 1.(1 (1.68 l.il 
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2 'P , /S i ' ". os a function of electron Vm-
perature. Onlv those Si ' " lines whose en
ergies are in this cluster are included in 

' I.V n 2 ' P , 

l.V (i ^ ' P . 

10 2 1 cm ^-

1.0 
7 0 (keV) 

i ij-. S-^s. (,'alculati'd 
ratio of H and Uo-
iike silken U"»(MiatU"0-
liiu' intensities vs 
otot-trnn temperaluie. 
I he ratio is primanU 
J temperature 
di.ignnstii. 

I-ig. S-56. Calculated 
intensity ratio of the 
He-like silicon reso
nance line •'.id the 
dielectronic satellites 
of the Li-like silicon 
ion vs electron 
temperature. 

I 10' 

T (keV) 

alkylating the intensity ratio. (The Si 
lines are identified bv Gabriel's letter des
ignations. ''") The I. shell is near I.TL, so 
electron-densitv effects are not nearly as 
important for this ratio as for those plotted 
in Fig. 5-55. The observed line-intensity 
ratios, from Table 5-3 (indicated bv the ar
rows in I'ig. 5-56), give electron tempera 
tures of 0.4 and 0.55 kcV for the CI I and 
PbO plasmas, respectively. These values are 
lower than those implied bv the H-like-to 
Me like ratios, but thev are similar in that 
the I'hO plasma indicates a higher elecron 
temperature than the CI I plasma. As men 
tioned above, this is to be expected from 
laser-plasma scaling,"" 

The electron density was .'Stimated using 
the ratio of the intensities e, t le resonance 
and intercombination lines (2 'P,/2 T,) of 
the He-like species. This rano has been 
used in a number of other applications "" 
The calculated ratios are plotted in 
I'ig. 5-57 v-. electron density. Also plotted in 
I'ig. 5-57 are c u n e s for the intensity ratio 
3 'P,/2 T-, which we observed for reasons 
explained in the next paragraph. The solid 
curves are the ratios calculated using onlv 
the intercombination-line intensity, while 
the dashed curves include the contribution 
from the Li-like satellites that are unresolv-
able from the intercombination line. The 
couection for these unresolvable !i:ies is 
substantial at high electron densities, at 
which collisional quenching of the T, 
population reduces the intercombination-
line intensity. 

The observed line-intensity ratios, from 
Table 5-4, are indicated bv arrows in >•'';.: 
5-57. lor each plasma, both ratios indicate 
the same election density, confirming the 
assumption that the resonance lines are op
tically thin. The implied density is about 
1():" cm ', which is a inctor of 40 less than 
the critical density for (1.53-mm light. The 
steady-state calculations show that the Li-
like intensities are not significant in this re
gion, so contributions from Li-like silicon 
ions cannot explain such a low inferred 
electron density. 

The line-intensity ratios thus imply elec
tron temperatures between 0.4 and 1 keV 
and an electron density of —10 :" cm ', so 
that the observed region i f the plasma can 
not be characterized by a s ngle electron 
temperature and density. Intensity ratios of 
lines from consecutive ionization stages in
dicate different electron temperatures. The 

5-56 



Experiments and Analysis 

implied electron density is much less than 
critical density, where most of the emission 
is expected to originate. 

The trends of the data are consistent with 
the axial and radial electron-temperature 
and density gradients calculated for planar-
disk irradiations. The line-intensity ratios in
dicate that emission from lower ionization 
states will arise in colder, denser regions 
while that from higher ioni/ation states will 
arise in hotter, less dense regions. The steep 
gradients may account for the low value ot 
the inferred electron density: the intercom-
hination line is more intense at lower densi
ties, thercV"' weighting the average to the 
lower densities. 

Author: R. L. Kauffman 

Major Contributors: R. W. Lee and 
D. L. Matthews (LLNL), and J. D. 
Kilkenny (Imperiai College, London) 

Suprathermal X-ray Spectra from 
Shiva Disk Targets 

It is important to understand suprathermal 
x-i.lv production in the laser-plasma inter
action, because high-energv xravs and 
electrons preheat targets and thus affect 
target implosion. 

Suprathermal electrons stopping in the 
target produce suprathermal x rays as 
bremsstrahleng. The spectra of those x ravs 
that escape the target not on!" indicate the 
presence of su, ^thermal electrons hut give 
their temperature and number densitv as 
well. During Shiva's lifetime we accumu
lated fragmentary data on suprathermal 
x rays from a number of disk targets using 
the filter-fluorescer1" and hyper-filter-
fluorescer spectrometers1"' and filtered 
Nal(Tl) crystals.'" By grouping related data, 
we have studied the dependence of supra-
the. ,nal x-rav spectra on the atomic number 
of the target and on laser intensity, energv, 
and pulse length. Because the disk targets 
have a simple geometry, we have also used 
the data to verify predictions of the 
LASNEX simulation code. 

Experimental Data. Figures 5-58 through 
5-62 show spectra of suprathermal x rays 
from various disk targets irradiated with 
1.06-(.m light at various laser energies, in
tensities, and pulse lengths. The solid lines 

* 10 

10" 

0.1 

1 keV 0.5 keV 
Without Li-like satellites 
With Li-like satellites 

20 
log |n,, (cm 

24 
-1)] 

are freehand fits to the data. Figure 5-5S 
shows that the \ ield of suprathermal x ravs 
rises with laser intensity and target atomic 
numbei. Figures ? 54 and 5-60 SLOW that 
short pulses vield far more suprathermal 
x ravs than do long pulses, even though the 
temperatures are c|iiite similar, figure 5-61 
shows that higher laser intensity almost off
sets loner atomic number, so that the yields 
of suprathermal x ravs from Zn and Au tar
gets are nearly equal. Figure 5-62 shows 
thai a combination of higher laser intensity 
and shorter pulse length more than offsets 
lower atomic number, so that a Zn target 
yields more suprathermals than an 
Au target. 

Comparison of LASNEX Calculations 
with Data. We replaced the Bethe-Heitler 
bremsstrahlung cross sections in the 
I.ASNEX simulation code with a new, pa
rameterized fit to the more detailed theoret
ical calculations of I-'eng and Pratt. "J The 
calculated spectra are indicated by dashed 
lines in Figs. 5-58 through 5-62; T,.M. and 

I ie,. VS7. C i l c u l a t f d 
i n t o n s i h .a l io of the 
He- t ike s i l i con resn-
ruiHO line In the 
inlerrninhin.il i<in l ine 
II 'S-- 'I'l vs density. 
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Fig. 5-58. Supra-
therni.il x-rav spectra 
from Ni, Zn, and Ti 
disk targets: high 
intt'ivsih and 
tlornir number give 
'iii^hcr vields of 
iijprathermals. 
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l ig. 5-59. Supra-
thermal x-ray spectra 
from An disk targets: 
shorter pulses yield 
more suprathermals. 
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Symbol Target 
Intensity 
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Zn (Z = 30) 
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Symbol 

1 
Target 
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Intensity Energy 
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1 
Pulse 
(ns) _ 

-\ ' 

Au (Z = 79) 
Au (Z = 79) 

2 x 10 1 5 3.0 
10 1 5 3.0 

O.f 
5.0 

-\ ' 

— 

Experiment 
Theory: 
Without Raman backscatter 
With Raman backscatter 

\ 
\ 
\ 
\ 

= 39 k e V ^ ^ 

- -

\ T c o l c , l l k e V 
\ 

I N , 1 1 
100 200 

X-ray energy (keV) 
300 

7", a U are experimental and calculated supra-
thermal x-ray temperatures, respectively. 

The absolute intensities of the calculated 
spectra are arbitrary, because the intensity is 
controlled by the traction of the energy that 
reaches the turning point that is resonantly 
absorbed. This is a free parameter in 
LA5NEX, called the "percent of dumpall." 
We did not have absorption data for these 
shots from which we could determine this 
quantity, so we set it to 5% for all the cal
culations to give reasonable agreement with 
the observed spectra. 

For short pulses, the temperatures ob
tained from the LASNEX calculations agree 
fairly well with the experimental tempera
tures. For long pulses, however (see Figs. 
5-59 and 5-60), the calculated temperatures 
are much lower than the experimental 
values. This is because the only absorption 
mechanism (before the ray turning point) 
in these LASNEX calculations is inverse 
bremsstrahlung (collisional absorption), 
which does not produce many suprathermal 
electrons. The collisionless absorption pro
cesses that absorb energy to produce a hot 
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Fig- 5-CO. S-.ipra-
thermal x-ray spectra 
from Au disk targets: 
ii .iger pulses yield 
fewer Miprathcrmals. 
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100 200 
X-ray energy (keV) 

300 

Tig. 5-61. Supra-
thermal x-ray spectra 
from Zn and Au disk 
targets: high intensity 
almost offsets effect of 
lower atomic number 
on suprathermal x-ray 
yield. 

spectrum in the underdense plasma (such 
as Raman, : , and filamentation) are not 
included. Only resonance absorption at the 
ray turning point creates hot electrons in 
these LASNEX calculations. 

In a long-pulse calculation, which is char
acterized by the formation of a long, under-
dense plasma and thus by a large path 
length for absorption by inverse brems-
strahlung, most of the light is absorbed by 
this mechanism at the thermal-electron 
temperature. The amount of light that 
reaches the ray turning point is quite small, 
and the intensity-dependent model for the 
hot temperature of resonance absorption 
gives a hot-electron spectrum that is not 
nearly hot enough. In reality, the colli-
sionless processes that occur in the 
underdense plasma compete with classical 
absorption and create much hotter elec
trons, as is clear from the observed spectra. 

Figures 5-59 and 5-60 show that the 
LASNEX calculation was greatly impioved 
bv the incorporation of Brillouin'^ and 
Raman backscattering mechanisms. The 
Raman backscattering model essentially cal-

10" -

5 .10" 

i ' 1 ' 1 1 1 
Intensity Energy Pulse 

Symbol Target (W/cm2) (I'D (ns) 

o Zn (7. = 30) 10 1 7 3.8 0.6 — 
Au (2 = 79) 3 x 101 5 4.4 0.6 

Exper'ment 

Au (2 = 79) 4.4 0.6 

Exper'ment 
Theorv 

~~ ^^"£§\ -

' , . „ , ^ kl-'> " " " " ^ 

• ' . I ' . ' ' 

- N . 

1 I -v. 
100 200 

X-ray energy (keV) 
300 

culates the fraction of light absorbed and 
scattered by the Raman process, using the 
analytic theorv of Kruer i :" and OREMP 
(kinetic, electromagnetic, relativistic) simula
tions; then it puts the heated electron 
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Fig. s-f)4. hlectron cur
rent to a planar probe 
in the underdense 
plasma vs probe 
voltage. The non-
Maxwellian line is a 
best fit to the data. 
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spectrum into the electron bins, assuming a 
7 h o . corresponding to (l/2)«;,.r-„ where ;•,, is 
the phase velocity of the electron plasma 
wave of the Raman process.'"'" The 2a'.,,. ab
sorption process 1" also heats electrons to 
high temperatures, but is not modeled here. 
The short- and long-pulse shots absorb 

about 0.9 and 1.3".. of the laser light, re-
spectivei'-, into Raman-heated electrons that 
radiate into the spectra shown in Tigs. 5-59 
and 5-60. 

Authors: C. L. Wang, J. A. Harte, and 
K. G. Estabrook 

Microwave Simulation of Laser-
Plasma Interactions 

We have extended our measurements' " of 
microwave-plasma interactions to model 
laser-plasma interactions over the wide 
range of conditions that occur in laser 
driven pellets. Our work in 1982 was 
primarilv concerned with modeling laser-
plasma interactions in the long, underdense 
plasmas that occur in pellet designs driven 
hv moderate laser power. 

Hot-Llectron Generation by the IAD 
and OTS instabilities. The ion-acoustic dc 
cav (IAD) and osullaiing two-stream (OlS) 
instabilities can be excited on the steepened 
densitv profi'e near the critical surtace or on 
the densitv shelf below the critical sur
face.1"'" In the Prometheus I device at the 
Universih of California at Davis (LCD) we 
found that resonance absorption is the 
dominant absorption mnhan i sm it the shelf 
is short enough. The Prometheus 111 device 
was designed so that the unperturbed 
density-gradient stale length could he much 
longer than in Prometheus I (I s; 3 X 10' 
A,,,), so that the underdense shell could be 
much longer. The waveguide radius was in
creased to 30 cm so that the microwaves are 
cut off at a plasma density »,,, — 0.9 n . 
The underdense shelf m Prometheus III is 
now quite long (/., — 2 X 10' . \ l v ) , and 
probe measurements indicate that strong 
high-frec|uencv and ion-acoustic waves 
(in/n -~ 0.2) are excited on the shelf. Supra-
thermal electrons are heated as thev travel 
through the shelf region. In addition, ther
mal electrons are stronglv heated in the 
shelf region. 

Thermal-Electron Heating and Heat-
Flux Inhibition by Ion Turbulence. 
figure 5 63 shows measurements'^' of the 
thermal-electron temperature, T,„ from 
rrometheus 111; T,. increases as 7,, — P,' : , 
where /',, is the incident microwave power. 
The figure also shows the scaling, l\2/T,.0, 
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to show how these experiments could he 
extrapolated to some laser conditions. 

We have made extensive measure
ments '" ' of the velocity-distribution func
tion, f{v), of the heated electrons. The 
thermal electrons are heated bv scattering 
with the ion turbulence, and electron-
electron collisions are weak, so f'(i') should 
not be Maxwellian: instead, theory M gives 
/ ~- exp [-(i , /r l , ) , J. l'igure5-64 shows the 
current collected hv a disk probe in the 
underdense plasma as a function of the 
probe voltage (the l-\' characteristic). The 
data match the M ' prediction Ivsed on Ihe 
non-Maxwellian /(••), and not that for a 
Maxwellian distribution. 

Hot-Electron Generation by the 2u 
Instability. We have measured""' the prop
erties of the two-plasmon decay (2u; ) in
stability in Prometheus III. The measured 
threshold is very low: (;\,../i,,.)i = 0.1. Our 
theoretical prediction 1 " for p-polarized 
standing electromagnetic waves is 
{<\Jv,.)i - 0.7/(A-„/)' ;, where /. is the 
plasma-density scale length. 5-polarized, 
traveling waves result in a value of i'„Ji\. 
about 5 times greater. Using the measured 
value (/. =r 80 cm), we obtain a predicted 
threshold of ( t '^ / r ; ) , ~ 0.14, close to the 
measured value. 

We also have measured 1 '" the growth of 
the instability, the emission of microwaves 
with a frequency near 3u'/2, modification of 
the plasma density profile near the quarter 
critical surface, microwave absorption, and 
electron heating. The ponderomotive ton. 
of the high-frequency waves strongK modi 
fies the plasma-density profile near the 
quarter-critical surface. The shelf step den 
sitv profile is formed in steady Mate. Hot 
electrons are observed for /',, ^ H)/',, when-
/'i is the threshold microwave power. The 
hot-electron temperature and density in
crease slowly with power, i.e., TM '/• /'' 
and »|| 7. /',', ' The thermal electron-- are 
only weakly heated. I'igure 5-65 shows the 
measured Tu/T,., which fits the theory lor 
resonance absorption'^ (solid line) \ en-
well: the figure also shows that 7',, — /' '. 
which agrees with particle-simulation cal
culations for laser parameters.'"' 

Stimulated Brillouin Scattering. We 
have made extensive measurements' " of 
strong SBS in the LCD Cerberus device. In 
this experiment, standing microwaves are 
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set up in the region of microwa\e-plasma 
interaction. A semiparallel beam of micro 
waves (IC/2TT 2.9 O l / ) is produced bv an 
I i.5 dielectric leiv and reflected !-v a 
screen reflector i he plasma (>. u. 1/2^), 
which has a gentle axial density gradient, is 
created bv electron bombardment of argon 
gas at 2.5 X 10 ' Torr. The electron tem
perature, 7", , is typically - 2 e V during the 
discharge and ~-0.5eV during the after
glow. The ion temperature, 7 , measured bv 
an energy anah/cr . is — ().5eV. The maxi
mum mic-owave power incident on the 
plasma is 0.3 MW. and the minimum 
l"U'l l.\i beam diameter is 20cm. so 

The pondcromolive force ot the standing 
microwaves drives a resonant ion wave 
(c -- 2k,,) thai acts as a large amplitude 
noise source for SBS. The ion wave grows 
for microwave powers ahow a clearly de
fined threshold that agrees \s jtIn the theoret
ical'"' threshold (v,,J;;)] - 0.15. 

As shown in l-'ig. 5-66. "he ion-wave 
growth rale agrees with nvent theoretical 
predictions. ' The ion w ive grows to large 
amplitude (hn/n __• 1). a- d the incident mi
crowaves are scattered within a few- wave
lengths (/. <; 2\i). However, the process 
does not reach steady state. The scattering 
region mini's toward the source at high 

l i s.5-SS. K n of hot-
olorlnin am hei m.i!-
eieclrun ton cr.itures 
vs 'l\-ITe'' which is 
prcdick-d 1 1 ' •.i vield a 
straight lin ir ri 'Sii-
nance .lhso- t in. 

I ii;. s-lll-. I. 
nniMlh '.Hi 
."„„/.-,. Irom 
ln'fus clovii 
lino is iIn- l 
pri'diil ion. 

• Cor-
olid 
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velocity (V < 5CJ. Ion waves grow in the 
plasma in front of the scattering region 
(closer to the microwave source). The mi
crowaves are excluded from the plasma 
behind the scattering region, resulting in 
ion-wave collapse and strong ion heating. 

Authors: J. S. DeGroot, K. Mizuno, 
R. A. James, T. A. Hargreaves, D. A. 
Rasmussen, E. W. Y. Ng, M. A. Kodis, 
J. H. Rodgers, W. Woo, and P. W. Rambo 
(all University of California, Davis) 
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trum decrease rapidly. Rgure 5o^ shows 
two tvpical spectra; the corresponding elec
tron distributions are Mavu^llian, with tem-

tent witn nontnermai neaung 01 uie UMUIIU 
(or with a Maxwellian electron distribu
tion at a temperature much higher than 
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A model is shown of a large-aperture 
segmented-disk amplifier for the 
Zeus laser. In the real amplifier, 
there would be 25 to 100 segments, 
each of which would be 30 X 60 cm. 

Section 6 
Zeus Laser Project 
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Zeus Laser Project 
Introduction j . T. Hunt 
It has become apparent over the past several years that advanced technologies 
thai require ignitors or drivers with high energy density may be explored in 
the laboratory using high-power, focused, short-wavelength lasers. The ad-
yaiiir.) technologies that can be explored include 
o leshng and development of high-gain inertial-confinement fusion 

i|( I i targets, tor simulation of nuclear-weapons effects and commercial power 
eeneia'ion. 

o lesiiug of nuclear-weapons physics. 
o Pumping ol v rav 'asers. 

I he / e u s laser Project was organized during 1482 to address the develop
ment e| a laser for these purposes. The ultimate goal of the Zeus Project is to 
design a laser- Inven test facility that will meet the following 
let hnical objectives 
© III M[ of energy, rated at 10 ns. 
o 1000 T\V of power, rated at 10 ns. 
© Wavelength ^ 0 . 5 /um. 
® Pulse width from 30 ps to 100 ns. 
© flexible focusing. 
• Thermonuclear yield of I ton. 
• Cost of $250 million in 1983 dollars, excluding conventional project costs such 

as S & I-, contingency costs, and inflation factors. 
Several known laser media are capable ot generating high-power, short-

wavelength laser pulses; such laser media include Nd:glass, excimers (such as 
krl'i. iodine, and several advanced solid-state media. Based on demonstrated 
technology, however, existing laser systems cannot be simply scaled to Zeus 
perlermance levels for the specified cost. Thus, to achieve our technical objec
tives using known laser media will require substantial innovation. 

In Phase 1 of the Z'-us Project, we will self-consistently evaluate known laser 
;e. hno.ogios. new approacnes that may evolve from them, or alternative solu-
•lon- that appear independently. I w each reasonable architecture, Phase I eval-
lation will consist of identifying and resolving 

o ! tie physics risks and method of risk reduction. 
o I be i omponent costs and performance goals necessary to meet the Zeus target 

«.os( ot S250 million. 
o ['he fraction of the total system cost for each subsystem. 
o I'he telative overall system costs for each of the various architectures. 
® I he relev.i! : test-bed requirements. 

During 1982, we carried out the first three steps of Phase I for Ndtglass sys
tems, fallowing a completed assessment of the Ndrglass systems, we will turn 
to studies of the remaining candidate systems. 

In Phase 11 of the Zeus Project, we will make more detailed studies of the 
likely costs and performance parameters for the various system components of 
candidate architectures. These studies will include analytical assessments, labora
tory experiments, and vendor survevs. In Phase III, we will complete a detailed 
system design and cost study foi the most attractive approach, as identified in 
Phases I and II. 
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Zeus Cost-Scaling and Candidate Amplifier Architectures 

In this section, v.e first present our cost scaling scheme and compare several 
candidate laser architectures. We then present the results of our amplifier analv-
sis carried out during the vear. The balance of the section is devoted to discus
sion of various innovative architectures, frequenev-conversion schemes, and 
optics technology. 

Tahleti-1. Comparison 
of costs for Nov.), 
IOC) • Nova output 
power, and Zeus. 

Zeus Cost-Scaling and 
Candidate Amplifier 
Architectures 
Our joint goals for Zeus are lo mod the 
technical objectives stated in the Inlroduc 
lion to this section, while limning the 
project cost to $250 million. In studying 
how to meet both goals, the Zens project 
team has addressed the following cost-
related issues 
• The magnitude of component-cost reduc

tions necessary to complete Zeus at the 
constrained cost. 

• The most reasonable and fair distribution 
of cost reductions across the various 
subsystems. 
In this article we first present our prelimi

nary answers to the cost-related issues. We 
next present the Zeus baseline energy re
quirements and then examine three candi
date amplifier systems in light of those 
requirements. 

We began our cost-scaling effort by 
determining Nova component costs, to 
obtain a point of departure for assessing re
quired cost reductions for Zeus. Nova hard 
ware costs were derived from Nova budget 

System costs in 1°83 $ millions 
Ni ova 100 X Nova Zeus 

Laser-chain hardware 
Amplifiers 20 2025 152 
Extraction optics, beam transport, 21 fffi 51 
and frequency conversion 

Subtotal 41 2718 203 

Other system components 
Output-sensor package 5 (1 
Chain-invariant hardware 29 17 
leaser laboratory building 26 10 
Laser office building 10 0 
Target systems 12 10 
Design labor 28 0 
Fabrication labor 10 10 
S & E 5 0 
Contingencies 10 0 

Subtotal 135 47 

Total system costs $176 million $250 million 

data and componenl-cost charts. from these 
sources. we determined that the cost ol am 
plitters scales approximately as sto'e'd en 
ergv and that the remainder of the laser 
system (beam transport, energy extraction 
and fivquencN conversion) scaler approxi 
matelv as aperture area. 

As an intermediate step wo used the 
Nova u<st data and the approximate Mjlmr, 
factors |,i estimate the lost ol a similar s\ -
tcm but with an output energy 100'• Ilia: 
o\ \<.'W] (as we require lor /eus) . Assuming 
constant Nova component costs and perfor
mance levels, our intermediate step resulted 
in a chain hardware cost of$27|K million 
Oi this amount, $2025 million would bo ap 
portioned for amplifiers; $(il)3 million would 
be apportioned for the extraction, beam 
transport, and frequency conversion svs 
terns. Using this rough breakdown and our 
staling factors, wo then made a preliminary 
breakdown of required Zeus subsystem 
costs. The cost goals—and at this stage they 
are only goals—are shown m Table o 1, 
As an example of how to meet these 
goals, l-'ig. fi-l shows the cost reduction 
scheme we envision for the /.ens 
laser chain hardware. 

The Baseline Zeus Laser System 

The "reasonable" component performances 
required for the baseline Zeus laser system 
are based on phvsics limitations and our in 
tuition as lo what is achievable. We now 
describe the baseline system and then ex
amine three candidate amplifier architec 
tures for use in the system. 

1-iguie b-2 shows the energy-flow dia
gram for the baseline Zeus system. The 
energy on target is given: 10 Ml ol blue 
(0J5-um) light. If we assume that the 
frequency-conversion optics are T |1'-- i !l 
cient (the same as Nova) and that -*< 'u- . 
95'\, transmission from the c o m e i v : :,- :h, 
target (roughly I'.'-' same as Novai. we In ,• 
that the laser driver must deliver 15 Ml o 
the frequency converter 
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Zeus Cost-Scaling and Cand :date Amplifier Architectures 

th r amp' ther to ! l u ' energy i! stores. The 
coerce ' i \a ' . lonshi | 

\ o x : we relate the energy extracted f rom expanding-r ing ampli f iers, wh ich are shown 
schematically in bigs. 6-3 and 6-4, respec
tively, l o r comparison, we have also 
calculated the performance of a th i rd ar
chitecture, a single pass through a linear 
chain (such as on Nova). In all cases, the 
ampl i f ier module consists of an ampl i f ier 
and a spalial filter. The spatial- l i l ter p inhole 
is also the location of an exploding foil 
(J s w i t i h : at the present l ime, this compo
nent does not affect the beam in anv wav 
I l ie ampl i f ier itself consists of l lashlamps 
arraved along two .calls facing an arrav 
ol rectangular glass ampl i f ier segments. 
I he size ot the ampl i f ier is nomina l ly 
1m • 1 m • 1̂1 in; il contains 10 disks. 

. . I " i e i i ;; i: i ie'-i :he overall extrac 
'•••• i •) ' . s i ' " ' I ' I , ' • •• ti.u l ion efficiency for a 
' v a n - I n :• .. i -. ' l ing lac lor of I. r/,. is V7: 
.'.•' : '.) "< •:• !• i,g l.lc'oi' i).. is 11.7, We 
H I . . N i • " ' -. .i.'.n ol i l 7 lor I/, because 
.' i • . ; ; . . : i ' i ' n'Mil; ol computer simu 
' e-. •'. ; . ' ' . ' . , . - . . ' , ; inp| iher gains and 

--;>• :' i 7 til l factor, on the 
•• ' 'em. ! :- ! .. \ l on cvhal we have actu 

ii .iJ'.u •. .-d . \ r ' , past laser systems. 1 lie 
' i - ' ; i - . r ' - rs ' i ' i 'v|ui ied to ccimplete the cal 
. 1.1 i " ' MI ;s ' In optical storage etlicioncv. We 
l i .r , ' d i i ' ^ o i .1 \ . i l u Lit 17^> l\i. wh ich repre 
^ ' " ! s ,i;i ;mpro \ is ' ent c>\ er \ o \ a b\' a 

la. to lbout i I his optical siorage effi 
e'en 'c-sulis i ,m S00 \ 1 | ^ lpac i tor bank 
u \ l in o\ ' - :a l i s\s|eni e l f i i i e i uy of L i s " , . 

Candidate Ampl i f ier Performance 

Wc are explor ing various laser architectures 
to meet our baseli. e Zcas performance 
goals. l \ • ha \e compared laser-chain per
formance lor Ihree potential architectures 
r,n^\. s imi lai rudimentar \ ' condit ions using 
l l ie - - \ O b \ l design code (no a l templ has 
even made to u p t i m i / e these designs as 
'.' ' ' 1 ach system consist. ot the same am-
pi ib >'. itb a ciilferent optical conf igurat ion: 
' i ie sion'd - rerg \ is the same throughout . 
In idd i t ion. each syslem is dr iven to Ihe 
ooi iv u h c i e the incremental B integral be
tween p 'nhoVs on the last puss is .10. This 
o: \ ib ies us :o isolate the differences in out-
pot .is . i i ie to differences in extraction eff i 
ciency and the effect of losses external to 
t i le cav i ty 

I w o new candidate architectures are 
based ^]i the regenerative-mult ipass and 

I if;, cs-l. ("i ist-scalinf; 
I he spatial t i l ler consists ot a .ingle p inhole scheme fur tin- /ens 

and two segmented lenses (hat also serve l.is.s-<r,..in h.ir<hv.irr, 
' l>.iscd mi Tabic d-1. 

1 ,is,.,-ch,iin hardware cost lor KM)-- N'uva «.271N million 

AmiTit iers 

$2025 million 

I -1 y rcduc hon: architecture 

S1446 million 

11)^ reduction: lorced 

M52 mil l ion 

bxtraetion. beam export, 
and trecjiiencv conversion 

$693 million 

s • rcducl ior. damage limits from 
a.^ lo I //m are.ilreaciv available 

$462 
million 

.4 v redi ction: architeciure 

$330 
million 

6 * reduction: torced 

S51 mil l ion 

/ ens laser-chain hardware cost = $203 mil l ion 

Frequency 
converter 

800 M) 

Electrical 
energy 

On, n p 
"(1 MJ 

Optical 
energy 

Ampl i f i e r ! ^ 
15 MJ 

I - [xm 
light 

10 MJ Target 

I ij>. h-2. t:nerf>v f l o w 
f rom electr ical K i n k s 
to target for Zeus 
baseline system. 

T 
0.35-Mm 

light 

3.75% storage 
et't'ieiencv 

0.7 till factor 
11.7 extraction 

7(1",. conversion efficiency 
95 l V transmission 
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Zeus Cost-Scaling and Candidate Amplifier Architectures 

Table 6-2. Nominal 
sperificjtrmis for am
plifier modules lor 
/ eus candidate laser 
architectures. 

as I'.u'iium barriers (design of this compo
nent may he a significant technological 
problem). The pulsed power is placed in 
close proximity to the amplifier. 

For the regenerative-multipass system, 
the amplified pulse is turned back along its 
original path several times. An exploding-
foil Q-switch holds off the gain during the 
pumping cycle. The input pulse is applied 
through a leak}' (3% transmission) minor al 
one end of the cavity and is reflected from 
a dichroic mirror at the other end. While 
circulating in Ihe cavity, the beam passes 
through a nonlinear crystal array held al a 
minimum conversion efficiency by an elec 
trie field applied to the crystal; on Ihe last 
pass, the field is removed from the crystal 
array to allow optimal frequency conver 

Glass 
Cross section 
Saturation fluence 
Saturation characteristics 
Nonlinear retractive index 
Storage density 
Gain 
Loss 
Disk thickness 
Number of disks 
Small-signal gain 

External components 
Loss—transmitting mirrors 
Loss—KD*P crystals 
Irequencv-eom'ersion efficiencv 

3 :< 10 : o cm 2 

5.1 J/cm 2 

Conservative phosphate |lis" - 0.81(i:s)] 
1.25 ESU 
0.35 J/cm 3 

5.6%/cm 
0.1 %/cm -I- (U'Vsurface 
4.2 cm 
10 
16.') 

1%'surface 
5%/pass 
70% for Ja- (blue) light 

sion. The frequency-com cited beam passes 
through the dichroic mirror through a 
spatial filter, and proceeds low .mis 
the target. 

In the expanding-nng architecture ihe 
external optical system consists ot lour nnv 
rors that circulate an annular beam s.^uc'i 
tiallv outward into new areas of an a»tr. • 
medium o]^ suaessivc passi -. the sp.-.tM1 

filler provides the necessary magnili. a'toe 
If the magnification tatio is proper'\ i h e - :• 
to ma ch the loaded gain (he s\steiv i . n '-i 
operakd al constant fluenie across th.. , v ' 
put aperture. I'he output is ,)i-i annul,n 
beam th," passes through an additional 
spatial filler and then Ihrough the .r\si,,l 
array for i .inversion to t) ~>S M m 

In all ihree i or iginat ions, tl-n- Lugei i-. 
protected horn pivpulsos K an exploding 
loil opening swik h plat nil at tile (o< us ,.[ a 

spatial filler. Present lalculattons assume 
that the switch component docs no' modify 
laser performance in jnv u a i 

lable ("i - gi\es the nominal speutii ations 
tor the glass and externa, components ot 
potential / e u s an lute, aes [hegiassp . i 
rametei's are those ot a phosphate glass 
with a iross section Mimru h,it lowei than 
for the glasses used on \ o \ a the. i hoice ot 
these parameters is not s. nsitive to ihanges 
in the optnal s\ stem I he storage Jensit\ is 
tvpiial of thi' smaller \ o \ a air -lihers. 

Fig. 6-3. Schematic of 
the regenerative-
multipass architecture 
considered for the 
Zeus baseline system. 

r P r e p u l s e 
' s upp re s s ion 

Typical optical-
component array 

Mirror 
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Zeus Cost-Scaling and Candidate Amplifier Architectures 

while the dr-k ihukness is ihe same ns in 
the larger \ i u . ) jmph'K'is: It1 such disks 
give a total small serial gam of lh.9. The 
aansmittim; ophis aio jssmin'J [o he 
aetirei'leife.-• nu ted ihe \ allies tor loss in 
die glass .n-,. : \ i in .ii lor jii's^nth- avai 'ddc 
glasses .is iiv hi' i, i.'s in ! i ( . external 
, ornisne: ' s ; i s , , - , ::, 'hi' wau'lenglh 
< on\ I'ISIO • i . i >' i- :IK' non, (inverting 
moO'' r>' ,'s •: a, ,i 'o he " i" ;. per pass. The 
" ' i j 1 ' ' •' ' i - i . " ' ' i i i n i l ' v i s i i s s i l i l i e d 

la! '.•• f < d. ' • !•• il e performance of the 
'.hi'''- ' U'i;- i.iti ." , ni'i'. tuies, given the i\\ 
•jn'rtiT'. "I i l i t * . ? I HI those parameters. 
• oi i ol ;i'e <>v.,: i vms reai lies the limit 
i'ii', "'i.ii ' • Inu ' i io in nominal damage 
1 nm • i," a I ien l.isei heani, all are either 
>b enieed oi damage limited at lUa urn, 

\ O T 'ha: tin I'.aput tiuenie tot the 
' '\i\m,!i;ii, :r c, and linear i h.nns is higher 
than lor the u'i;eneiaa\ e s\ ,tem and that 
t.'ie In, ar amplitiei has the highest output 
and the highe.t cxiiaition efficiency of all 
th'ee itlie drner eneigy required to achieve 
this r tilt is. ot lourse. also high) 

The ctnciencv for the ti\e pas-, expanding 
ring si stem is lower than lor the linear 
i ham 1 eiause of the losses in (he turning 

mirrors and a nonoptimal distribution of 
flu\ across the aperture. We chose a 1x 
area magnification, which is optimum for 
extraction limited performance; for perfor
mance limited bv the B integral (long puis • 
operation), however, the llu\ on the earlier 
passes is loss than optimum. 

The difference in efficiencv and output 
between the regenerative-multipass and 
oxpanding-ring svsioms is not significant. In 
lacl, an optimized expanding ring design 
should have slighlly higher efficiency than 
the regenerative multipass svslem because 
ol the larger single oavitv loss attributed to 
the multipass switch. 

l a t i l i ' h - V IVrlnr -
I I M I H I ' i h a r a c t i ' r i s t i i s 
of till ' ri'f*i'lUT.itivi'-
m u l l i p a s s , I 'xpani l in i ; -
liiiB. a n d siii£k--
pass li tu ' . ir laser 
a r i l l i l ec t t i r i ' s . 

C iiMiolleii [ ' . l iainclers 

I t ine,v nut (0.1? mil) 
l-nergv in f 1 inn) 
l i nk ' l.lilor 
I l l i i i en iv 
I'kii 'ilu' (1 ,an) 
1 kii ' i i i , ' (i) Is „ „ , ) 

ApiTttiri ' 1 1 l l '• 1 111 

till I.HIi.i' (17 
Slnri'it energv 2 ? 2 0 M 

Pulse li'iiglh 1(1 n s 

Ree,eni'rnlive live-pass Single-pass 
multipass expaniiniK , m B 

687 1 
lineal 

741 1 
expaniiniK , m B 
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Amplifier Analysis: Fluorescence Amplification 
in Different Disk Geometries 

Summary 

During 1982, we developed me baseline 
technological requirements for the Zeus 
laser system and began to assess the cost 
reductions and performance improvements 
in present technology that will he necessary 
to achieve those requirements at a con
strained cost of $250 million. We have 
apportioned such cost reductions and per
formance improvements over the various 
Zeus cost centers, with an emphasis on 
laser-chain hardware, which commands 
80% of the total Zeus budget. 

We have also undertaken computational 
comparisons of various amplifier architec
tures with an eye toward maximizing cost-
effectiveness and total output fluence. We 
will now turn to more detailed assessment, 
and perhaps consolidation, of our prelimi
nary cost scaling. We will likewise coniinu-
to examine various laser architectures 
for their applicability to the Zeus 
baseline requirements. 

Authors: J. T. Hunt and W. L. Gagnoi 

Amplifier Analysis 
Fluorescence Amp ifi-
cation in Different 
Disk Geometries 
When laser amplifier disks are pumped, the 
natural rate of inversion los lue to fluores
cence is increased by ampl cation in the 
disk. This fluorescence ar >lification re
duces the available gain . id, thus, reduces 
the system performance. Prior calculation of 
this effect2 handled onh the case of a sim
ple elliptical disk; toda s larger amplifiers 
use split elliptical disl s, however, and to
morrow's amplifiers \ill probably use rect
angular slabs. During 1982, we calculated 
the effect of fluore- cence amplification in 
elliptical disks, halt-elliptical disks, and rect
angular slabs of arious aspect ratios. We 
also devised a <• 'liple method of using the 
results of thesi calculations in existing 
computer programs for comparison with 
experimental data. 

Fluoric nee amplification starts when 
spontaneously emitted photons are emitted 
isotropicallv from each volume "lenient in 
the disk, in proportion >o the < lement1- in
version density, and having the spectra1 

shape of" the fluorescence li'ie facli pho-op 
travels through the disk a id is expon.en 
tiallv amplified with a gain coefficient thai 
depends on its wavelength. Photons sink 
ing the flat faces of the disk nil! cvpenen.•• 
oni of two re-ults. It the photon strikes a; 
an angle below the angle oi total internal 
reflection (T1R). it will pass out o! the disk 
and he lost; if il strikes a flat disk kuo 
above the TIR angle, however, ihe photon 
will bounce back and forth between 
the faces until it strikes the edge of the 
disk, whore il will be absorbed bv an 
edge coating. 

The processes cf emission, amplification, 
reflection, and absorption were simulated 
with a computer piogram that followed 
photons with a single gain coefficient as 
they traveled through a disk. Photons at 
initially random positions, traveled in 
random directions. Runs were made with 
10 000 to 20 000 photons to reduce errors in 
the results to a few percent. Results were 
calculated for across disk gains ranging 
from — 1 to the maximum values attained 
at line center in the highest-gain disks 
actually used. 

Table 6-4 shows sample results from a 
series of nans for increasing gains. Fluores
cence either exits from the faces or bounces 
back and forth between the laces until it 
reaches the absorbing edge. Note that the 
face power barely increases with increasing 
gain across the disk since the path to the 
face is short on the average. In contrast, the 
bouncing path to the edge may be quite 
long, and the power reaching the edge cu
be thousands of times the emitted pow 
It is this large amplification that incrca- • 
th* loss rate, reduces the gain, a iv - i i . :^ 
system performance. 

Because of the great range of g.,:n -.ha' 
results from these calculations. ;: is u , , i r 

nient to present the results in terms of the 
"effective length" of a photon path. The ef
fective length is tin path length that would 
give the same results as the actual calcu'a-
tion if all photons had that path. Figure 6-? 
presents the effective length as a function of 
the gain coefficient times the short axis of 
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the laser disk, for four disk geometries of 
interest for fusion laser amplifiers. As ex
pected, split elliptical disks show the least 
fluorescence amplification, and rectangular 
slabs show the most. For all disk shapes, 
the effective length increases as the gain 
coefficient increases because long paths 
contribute more heavily at high gain. 

The results in Fig. 6-5 allow us to ap
proximate the effect of geometry changes 
using programs (such as GAINPK) that 
have tin- results for an unsplit elliptical disk 
aliead\ built in. \Ve use a modified disk 
Ions' ,i\is in (lie code. By matching the 
cool'.alert lengths, at a given gain coef-
li lent tunes the long axis of —1.5, we 

the following: ,! 
Shape Long axis 

1.00 
0.71 
0.80 
1.12 

Fllipse 
Half ellipse 
Square 
2:1 Rectangle 

To test our method, we used GAINPK to 
simulate the full-disk and half-masked gain 
measurements on a phosphate disk; Fig. 6-6 
sh AS the data points for the two cases. 
GAINPK was fit to the full-disk (lower) 
points, and then the long axis was set to 
0.7J times its actual value, and a prediction 
of the half-masked results was made. As 
can be seen, the prediction is in excellent 
agreement with the actual data. 

Author: J. B. Trenholme 

Reflex-Ring and New 
Multipass System 
Architectures 
High-power Nd:glass laser systems built at 
L L N L over the past two decades have uti
lized the master-oscillator, power-amplifier 
(MOPA) architecture. This evolution has 
p r o d u c d increasingly powerful lasers, from 
Janus through Cyclops, Argus, Shiva, 
Novette, and is'ova. Nova will have 10 am
plifier chains, each over 100 m long and 
reaching a clear-apenure size of 74 cm. 

Laser systems of the i ext generation 
will be required to produce 10 to 100 times 
the power and energy of Nova: a simple 

scale-up of the linear MOPA architecture 
to 100X Nova power may not be cost-
effective, however. So far, our search for 

A5E power exiting the glass 
Gain Edges Faces Total 

0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 

0.S810 
1.0324 
1.2347 
1.4916 
1.8582 
2.2968 
2.9114 
3.8426 
5.1892 
6.7640 
9.3418 

13.5950 
19.1881 
26.3711 
38.4508 
38.1801 
93.6017 

142.2252 
231.9242 
347.5272 

0.2449 
0.2516 
0.2586 
0 •'f ' 7 
O.." J8 
0.2676 
0.2705 
0.27.'1 
0.2714 
0 2826 
0.2774 
0.2819 
0.2855 
0.2960 
0.2913 
0.3026 
0.3058 
0.3085 
0.3141 
0.3056 

1.1259 
1.2840 
1.4933 
2.7543 
2.1220 
2.5644 
3.1819 
4.1130 
5.4606 
7.0466 
9.6192 

13.8769 
19,4786 
26.6671 
38.7421 
58.4827 
93.9075 

142.5337 
232.2383 
347.8328 

Table 6-4. Comparison 
of the power of am
plified spontaneous 
emission (ASE) exiting 
the edges and faces of 
a rectangular slab of 
laser glass. 

I ig. 6-3. Fluorescence 
amplification in four 
disk geometries. 

0 2 4 6 
Gair. coefficient x short axis of laser disk 
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H». b-b. Comparison 
of simulation with 
full-disk and spiif-
disk gain measure
ments for a phosphate 
disk. 

Reflex-Ring and New Multipass System Architectures 

Fig. b ". la) Reflex-
ting and <b> MOPA 
laser configurations. 

2 3 4 5 
Bank energy (kj) 

Amplifier 

Input 
beam 

nput V In pi 
mirror 

Spatial 
filter 

Output 
mirror 

\ 

I | First pass (round beam) 

Subsequent pass (annular beam) 

(a) Reflex-ring architecture 

Amplify "s-

Input 
beam 

Spatial filters— 

(bl MOPA architecture 

alternatives has focused most'v un regem r 
ative or tnnlupass svstems each wi'h :ts 
unique set ot technical is-,u , is. 'A*,' h : \c M1 

centlv cons'-dered a new aa hi:e«. '\.-\- <ai!-
the ' reflex ring. K.-ed on the w -Mh 1 ' ' 
vin^ resonator 

IK' i on\ entional isotTaoru <• Ibv .:: ' 'a 'i "\ 
is con^tnu l'- d ot a number el srj.i, - \i>.t 
consisting of amplihre- wi;h gaa a-'J 
spat'i! filler h.e. : rc a m-'gmth .1:1- r. '.' i. 
A small diameter laser hi am en:, rs fiv> 
long laser , ham wi'h ar input flrer.ie .-> : 
lew I »m the beam • :hrr .imHi'iiv1 hi 
tered. and expanded s,> 'ha; tiir nu'.pi.t 
llueru e eijuaK the 1:1 pi.: Iluen-. r ic 
AI .1 . Ih i spenedu s*nu ture sugi;c vN 
that we might emplo\ a r- ig lenheaaation 
in which the output is led l\u k 'o 'hi- input 
of tine large aperture stage 

Beam propagation :hrough the M O P \ 
and reflex ring 1 or ig inat ions N compared 
in big. h ~. The reflex ring 11- d m on through 
a hole in the input mirror I he small 
diameter beam passe1- through the amplifier 
and then through a spatial filter, which 
magnifies it and redirect-- the beam to the 
input \ ia a scries ot mirrors A*- the beam 
reflects off the input mirror tor the next 
pas., the tentral part o\ the beam, is lost 
through the hole; thr beam is now annular 
(in the < ase ot a round beam! as it propa 
gates around the ring. On the last pass, the 
annular beam increase m M/e to the point 
that it passes around the output mirror re 
siding in the magnified shadow o\ the 
input hole. 

Ihe beam spatial profiles lor three passes 
through a reflex ring .uc illustrated in 
Tig h * in a t \pual wotli erne reflex ring 
the icniral 2^'\* ot the- aperture acts as a 
preampi'tier tor dn \ ing the remaining " l 

in a single pass \ o t e that the re-Ilex m \ 
share- main feature- of existing lase* 
tern*- suth as spahal tiltennc, ami • 
laving the ••-.traction efticien. \ 
qualitv of reflex ring laser*- w 
same as fur the imear \U y'"-

[development ot the re' - •• 
\ lable fusion dm ei rean 
several i^m s 

• H' kward pr\'oaga:irii V- l • . . . ; . . 
lirsi pass gam m a l v c ..\ • fa
ring 

• Isolating the targe- tier- \->! . .• >'. h,-^ • 
to be achieved throng.': --eium,-. . omer 
sion and beam dumping 
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<» large! back r-'tlecuon isolation wot I 
have :> be achieved ihro-igh frequencv 
conversion. 

© basing off ol the spatial tilter pinhole 
must be avoided (their ire no I'aradav 
lutaiors). 

0 P i n h o l e i l o s i e c ii-u I be . .voided. 
i ' ' s | ' ^ ' lliisr I ' - i ic 'in retli \ ring architei 
inn' I'HISII.III-. :N snnpluiK md cost-
i 111', : n . i •••- <-.i P1II-.I . l i l l l r v r ill I 'lllUtV 

\ •• ; . ' ' ] ' , ,|i issiir hir multipass ar 
•'• r : •!•!•• • :iii- 'I'qiiirement tli.it thi' am 
1 • 'i.-i ; ,r ,- br i.tpulb dumpi'd between 
- - r I ' I I . I . , : i"S2 we tonieived a fast 

•s .H'i I ' I . ' C '.will ll lor this p u r p o s e ; tin-
s •'•-, - ' :"p!i>'.s notli ollme.ir, pll.lsi ' 

'•'.'•i bi'd -,IMii,J h,ir"onii generation 
h iri'st common harmonic generation 

, ''I'III|MI' is ,) three nave pnn'i'ss in which 
•wo photon-., one from c u b ol two pump 
W.IM-S, ,i'v .iddi'd together to produce one 
photon <il tht' second harmonic. Since both 
t-un.p waves are requiu'd to geni rate the 
•bird, wo onvi^ oned using one pump wave 
to switch oin" the other. These tnree 
'.-.,lies i.in be phvsi-allv distinguished nv 
polarization (Type II collinear ph.T 
manning), propagat'on direction (non 
"ll'iie.ir phase matching), or wavelength 

> - n i x i n g ) 

\ s, hematii ot sin h a last switch is 
,:>-.i-\ n in I 'g. b ^, I wo la-pulses are in-
-•' ' id into separate multipass ring lasers 
' • -r.i; unequal lavitv lengths. By adjusting 
-•• ; r-;i'i;ion timing .'i^d difference between 
'i • :-.o i.ii it', lengths, we can arrange for 
i- ; vo I.,- pump pulses to arrive at the 

rvsta) simultaneously, alter a 
•<..- i' ciii'i'lvr ot passes through the gain 
nii-iMuin I iii pulses will be switched 
out "I ',!:>• v o unit ies b\ the frcquencv-
,on\i'isii>p proirs^. with the 2u.' pulse 
propagating along a direction determined 
b'-- conservation ot momentum, i.e., 

The noncollinear phase matching switch 
tcaturi's 
• last, passive large-aperture switching. 
• I.irget ASH suppression. 
» Isolation from target back-reflection. 
» \ o requirement for a la- beam dump. 

The ttrlinic.il issues to be solved before 
we ian emplov this large-aperture switch 
include 
• lu.- amplitude mismatch (ku k2 mix ratio). 

Input mirror 

Output mirror 

JT 

Cassegrainian Disk Amplifier 

i—n i 1 
_TL. lirst pass 

_n_ri_ Second pass 

Third pass 

3 

J UOutpui pass 

A tig. <vH. Sp.ili.il pro-
filos uf .i tripli'-p.lss 
reflex rin^. 

M = 1 

\ -

I, ¥ U 

\ 
Frequency-conversion 

crystal ~ ^ 

\X -n_ tf-

-i'»(*,) 

2w k^ 

-!«((-) 
M 

• Vignetting in the frequency-conversion 
crystal. 

• Crystal absorption if we use KDP for the 
frequency converter. 

• Cavity loss if we use "leaky-mirror" 
injection. 

• Effects of unconverted lu: light. 
• Oscillation suppression. 

Despite technical issues, a large-aperture 
switch design appears worthy of experi
mental characterization. If the design be
comes a viable option, it will, in turn, 
support the development (if .1 new 
generation of multipass architectures. 

Auihor: M. A. Summers 

Cassegrainian 
Disk Amplifier 
Multipass architectures are appealing for 
large laser .systems since they provide high 
stage gain (/.',„„/£.,„) in a single amplifier 

1-ig. f>-4. Nun-
col linear ph.ise-
matchin^ switch for 
f»ist dumping of twit 
multipass amplifier 
cavities. 
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Fig. 6-10. Schematic 
of the triple-pass 
Cassegrainian ampli
fier architecture (the 
Brewster's-angle disks 
in the gain volume are 
not shown). 

Cassegrainian Disk Amplifier 

Mirror 

Input 
(colli ma ted 

beam) 

^—_ ». 

-*— »» 

a-

Gain medium 
Output (collimaleJ Iv.ini) 

stage with a minimum number of compo 
nents, A simple multipass architecture 
widely used in gas lasers may be of some 
interest for glass lasers as well, because it 
requires little space and can be imple
mented without developing new compo
nents (such as a large-aperture optical 
switch). The architecture used in gas lasers 
is a triple-pass configuration designee 
around a Cassegrainian reflective beam-
expanding telescope. In this article we 
examine the major advantages and disad
vantages of the Cassegrainian amplifier. 

As F'g. 6-10 shows, a Cassegrainian am
plifier is not a true triple-pass amplifier but 
a double-pass power amplifier with a small 
preamplifier pass sharing the same gam 
volume. Model calculations show th..t the 
greatest change in performance and cost be
tween single-pass and multipass amplifiers 
is for an increase of from one to two passes, 
though the theoretically optimum extraction 
may require more passes. In the latter situa
tion, the cost of additional components 
required for an elaborate multipass or re
generative amplifier design makes the low 
component count of the Cassegrainian 
architecture very attractive. 

The Cassegrainian geometry, with its 
built-in preamplifier, compares favorably 
with a full-aperture double-pass amplifier 
having a separate preamplifier. First, a 
double-pass amplifier requires that the 
beam direction change at each amplifier. It 
is, of course, possible to lay out laser chains 
that do this, as in the active-mirror ampli
fier geometries. 3 These geometries, how
ever, have complex beam paths, while the 
Cassegrainian geometry keeps the beam 
going in the same direction. Second, it is 
much easier to stack Cassegrainian optica! 
trains side by side to form a large amplifier 
array, and the small convex mirror in the 

Cassegrainian b. ' s von' little of the out 
put apoituo. It .nouki he muih cheaper to 
increase the output aperture ot a final 
Cassegrainian an ihher bv a tew percent ('o 
provide lor an integral preamplifier) than it 
would be to build a separate, smaller pre
amplifier and its additional components 
and controls. 

The main drawback of the Cassegrainian 
amplifier is that its spherically diverging 
beam picks up aberrations when ii passes 
through a disk at Brewster's angle. This dif
ficulty has prevented am serious consider
ation of the Cassegrainian geometry for 
disk lasers, despite its popularity' in other 
systems. Previous analysis' shows that the 
most important aberration is astigmatism. 
Consider a beam with a halt angle n pass
ing through a Brewstcr's-anglc disk having 
a thickness I and a nonlinear refractne in 
dex of 1.5 to 1.6. This beam picks up ,V 
waves of astigmatism from the center to 'he 
edge of the beam, where 

4,\ (I) 

As a specific example, suppose we h^\i' 
60 mi of glass in a cavity (fourteen 4.3-cm 
disks, for example) and can accept five 
waves of astigmatism in the output b e . 
Then n must be less than 9 mrad. i , 
other words, the length of the • . .• :••• 
be greater than 60D, where P •.:••• !i i,• . 
ter of the output beam. The , \ - i '•'• -pan' 
occupied bv fourteen -1.3 <••:• '".k- i: 
Brewster's angle .s about 22 i! -i< I'ur a hi 
less than two-thirds of the <"assegne"i ,i 
cavity will be open space. We prejer to 
make more economical use of space, bin 
even with this limitation the Cassc^air ian 
amplifier uses space about as well as other 
designs. If it is possible to correct a larger 
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aberration, then the cavity can become 
sh .let. though for -.hort cavities the devi
ation from Brewster s angle must be consid
ered. A rapidly expanding beam also has 
c.ioct-, on extracl\m and the B integral, 

file astigmatism in the Cassegrainian 
disk ampii'ic -s correctable in several sim
ple ivacv The easiest method is to fabricate 
one ir several of the disks in the shape of a 
thai ucngc-- it c m be shown that the ah 
en.vion- m'todiued b\ r an expanding beam 
.m ea^ilv i oi vi ted in this wav. 1 We could 
al-o ti,;-,:n- the •mall convex mirror in the 
ir ic^opi ' to (ompensate for the distortion 
: ei^u',,,.,! h\ the disks, l-mally, if a full-
j i - n n hall wave plate were available to 
iMiai.- the beam polarization, rotating half of 
: ] ' e di-.ks uli around the optical axis would 
ako iprieit the aberration. 

the maximum small-signal gain in a 
( a--.egraim.in geometry will be limited by 
AM- 01 parasitic osti ' ' itions, and by nonlin
ear effects (the B integral) at short pulse 
lenglhs. The maximum tolerable small-
signal gam between isolators in a practical 
i' 'sion is probablv between about c' and 
i1 which implies a single-pass small-signal 
gam in the amplifier of e' to c 1 (20 to 50). 
for i j - cm phosphate-glass disk? pumped 
io the same energy storage per unit volume 
as Nova .11 em amplifiers, the amplifier will 
have between 10 and 14 disks. 

A -impie l-'rant/-iV>dvik analysis shows 
'na: a 14 disk Cassegrainian amplifier 
••ho.ild have a telescope magnification of 
• .i •>"' 5 and g.'ve a stage gain of about 2000 
.:' '"• '. extraction The ^-integral increment 
ti i i ""< i s puts • m this amplifier vvould be 
V'- u; ^ 2. w'n.'ch is not outrageous, but 5 ns 
-•. ' . .iil\ . --hort pulse for this design A 
!;' ii-k '. ^cgvamian amplifier require.' a 
.iMenii'i./inu of 4.5, and would have a 
-i.is;r e.ai'-. ,,: r -uglily 200 at 75% extraction. 
with .: • •envu i i ai lower B-inlegral incre-
men: Ine t i a . on extracted from both of 
these ,;mpii icf- could he increased bv from 
5 to l()"n a: small tost bv driving the ampli
fier somewhat harder, but, as with all am
plifiers, B rises much faster than extraction, 
making this shategv useful only for very 
long output pulses. 

In summary, the Cassegrainian amplifier 
has the following positive features 
• High stage gain aiui extraction. 
• Verv simple geometry. 
• Very low component count. 

• No new technology or components. 
• Easy stacking into a large array. 
The disadvantages of the Cassegrainian 
architecture are as follows 
• Brewsttr-angle components introduce ab

errations in the laser beam, though these 
effects can be compensated cor in straight
forward fashion. 

o The optics of the simple Cassegrainian are 
not image-forming and, thus, cannot be 
used ,o form part of an image relay, 
though thev will transmit an image 
formed bv optics earlier in the laser chain. 
Propagation of the laser beam through 
Cassegrainian amplifier stages will there
fore be less controlled than in fully 
relayed chains. 

• The expanding Cassegrainian beam com
plicates the analysis of nonlinear propaga
tion and extraction; we will have to 
modify our SNOIiAL and MAI.APROP 
c ides to allow multidimensional propaga
tion and extraction before we can have 
full confidence in the accuracy of present 
amplifier models. 

• The small convex mirrors at the end of 
the preamplifier pass in the Cassegrainian 
amplifier block about 4 io 5% of the 
output-aperture of the amplifier array. 

• If the output beam is apodized, the edges 
of the beam around the convex mirror 
must he shaped as well as the outer 
periphery of the beam. 

The simplicity and low component count of 
the Cassegrainian architecture, and its likely 
low cost, suggest that we should analyze 
carefully how serious these disadvantages 
will be in practice. 

Author: J. R. Murray 

Major Contributor: L. G. Seppala 

Electrooptic Harmonic-
Conversion-Switched 
Multipass System 
We have developed a new approach to 
generating short-wavelength light with a 
multipass Nd:glass amplifier; the system is 
shown schematically in Fig. 6-11. A laser 
pulse at the fundamental Nd wavelength, 
1.06 nm (lw), is injected into a multipass 
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Hg. 6-11. Llectrooptic 
li.if;ndnic-con version-
switched multipass 
system. 

cavity through a partially transmitting mir
ror (as in Fig. 6-11) or reflected from a de
structible foil near the locus of the spatial 
filter. After the injected l u pulse has been 
amplified by repetitive passes through the 
Nd:glass amplifier, it is switched out of the 
cavity by electrooptic harmonic conversion. 
A pulsed electric field is used to control the 
phase-matching conditions for harmonic 
conversion in an electrooptic crystal (such 
as KDr, KD*P, or CD*A). The amplified lu; 
light is converted to wcond-harmonic (2«i) 
light (in this example) and leaves the cavity 
by transmission through a dichroic end mir
ror (as in I;ig. 6-11) or reflection from a po
larizer (for Type 1 frequency-doubling, the 
la- and 2u> beams are polarized orthogo
nally). The diohioic mirror reflects lu.' light 
and transmits 2w light. 

This optical-pulse swilchout technique 
simultaneously combines the functions of 
switchout and harmonic conversion. Hon,'' 
for example, has used this effect to compen
sate for detuning due to self-heating ol 
CD*A during average-power harmonic con
version with a lu; laser; an applied electric 
field was used to control phase-matching 
and provide efficient (57%) harmonic 
conversion. 

To understand the operation of the 
switching technique described above, con
sider elecrrooptic harmonic conversion with 
C .^A. An isomorph of KDP, CD*A has a 
42m point-group symmetry; the optimal 
harmonic-conversion configuration is 
shown in Fig. 6-12. The normally degen
erate crystal axes, v, and v :, are oriented at 
45" with respect to the propagation wave 
vector, k, . of the lu; beam; as shown in 

Fig. 6-12, this beam is polarized in the \ \ 
plane. The 2u; beam produced b\ the in MI 
linear interaction of the IU.- beam with 'hi' 
crvstal is polarized along the \. axis 

If we applv a short-pulsed v10 to ICO ns, 
electric field, / , along the I , direction i 
and i are rotated in their plane !'\ 4^ . i 
v, and \ : . The \ : axis is then parallel ,o •:-. 
electric field, / , , ol the lu.' beam I ho n o, 
of retraction seen bv the 1.* beam as a 
passes through the CP*-\ cr\stal >•> 

wheie '.',,, | is the ordinalv retractive index 
at Iu.', and i | p, is the appropriate elociroooiic 
coellicierl. liquation (2) is valid provided 
the duration ol the applied elec'ric pulse is 
short compared to the tvpi'. al mechaniuil 
response time ( - 1(1 «s) ol the bulk crystal. 
Otherwise we must account tor the indirect 
contribution bv the crvsial -train, indiued 
bv eithei the / tield or the reverse ol lire 
piezoelectric oiastoopttc clfeet. In the eon 
figuration of l-'ig. 6 12, the applied electric 
field. / , has no effect on the 2U- beam 
which is polarized with the electric lieln. 
/_.., along the 1 , a\iv The n)<.h'\ ol relnn 
tion seen bv the 2a' beam as H passes 
through the CD*A crystal is ':,, the 
extraordinary retra;li\e index at .V. 

Hlicient frequercv doubling requires 
that the phase ol the lu.- ami 2u- eleuromag-
nciic waves be matched in Iho harmonic 
conversion region where oie lu- beam is 
not depk'led siy;Taitii\intly. the ^ power 
generated is" 

input 

Partially ( 1%) 
transmitting mirror 

Relay/filter 

supply 

-Pk'hrok 
m i for 

I 
Moctrooptic 

u.niionn;-am version cr\ sUil 
(kl>!\ KPT. CITA ^U\ 



Electrooptic Harmonic-Conversion-Switched Multipass System 

'̂ . 1 sin" AA (/I 

•":. ••,.,- ' AAC/2 ' 

chcic C is '.he crystal length, and 

(3) 

_v v :*, (4) 

i -iii>', I ; :2i , i ' J <, 2irn/\, then 

' M ' ' (5) 

been amplified to the desired level, how
ever, a pulsed electric field, E, is applied to 
the crystal to produce phase-matching 
(±k = 0). Now when the lai beam passes 
through the crystal, it is efficiently con
verted to 2u; the 2K pulse is polarized per
pendicular to the In; beam and may exit the 
multipass cavity through a dichroic mirror 
or by reflection from a polarization splitter. 

The electric field required to turn on the 
harmonic conversion may be estimated 
using Eqs. (5) and (ft), and is 

i. - <V 

h'.'i I q i >), masimuM 2u; power is gencr 
itcii is hen the lie and 2u' beams are phase-
in. ilihed i.e. AA 0. According lo F.q. (3), 
.is AA is mi rcased from zero, the 2ic power 
dei 'eases, reaching zero when AA'C/2 •- 7r. 

Using these re .ills, we mav now describe 
the operation of an electrooptic harmonic-
lOiiMMsu n switch using (_'D*A. Suppose 
''iat no electric field is applied (I -̂  0), and 
the l l)*.\ irvsial is temperature- or angle-
tuncd to AAf/2 ir. According to Eq. (;">), 
this requires that 

(6) 

i in en tins inndition (and the la' beam po-
Mi'/.ition and CO*A crvMnl orientation 
shown in I ig. (i 12), each time the lu.' beam 
•r',isse- 'huuigh the CO*A crystal, no 2u; 
ihtii' s .;ene!Mtei! ,-\ftc. thi lu; beam has 

Suppose, for example, that the CD*A crys 
tal is 2 cm long, r M - 14.1 X 10 ' ; cm/V, 
and II„„I -sr 1.5; then I. ~. II. 1 kVA-m. 

At the high intensities that yield efficient 
harmonic conversion, depletion of the la-
hi'iim takes place and Eq. (3) is no longer 
valid; I he value of \k at which no harmonic 
conversion occurs becomes intensity 
dependent and shifts to smaller values than 
required by Eq. (3). This shift in M mav 
be troublesome, since it leads to prepulses 
and increases the optical loss of the lie 
beam as it propagates inside the multipass 
cavity. This problem may be overcome hv 
applying a field initially to prevent phase 
matching, and then removing the field after 
the multipass extraction has occurred. In ad
dition, the switch configuration with a 
transverse applied field (l-'ig. ft-12) is useful 
for smail apertures bill not readily scalable 

A 4 

Electrooptic 
harmor :c-conversion 

crystal 

rig. 6-12. Crys1.i1-.ixis 
orientation <md beam 
polarization for 
transverse-ficld-
excitcd electrooptic 
harmonic conversion 
using CO*A. 
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Rimfire Power Amplifier 

MR. h-lt. I.ll Sin);li'-
t.ipi-r .mil Hi) dmihlo 
t.ipor RiniHn* 
.implifii'r. 

to the large apertures required for Zeus and 
reactor-driver laser system-•. The problem of 
scaling for large apertures may be overcome 
by using other electrooptic crystals and by 
applying the electric field along the direc
tion of propagation. For example, for KDT 
with Type I phase-matching, the longitudi 
rial (along the propagation direction) 
voltage requirement is ^ 4 ? kV. 

Author: R. A. Haas 

\ d : doped 
y;lass -.ei;nuTt 

(a) Single-taper Kinitirc 

Rimfire Power 
?r 

in l ' ' s ^ we propose-,: .: design t. 
power amplifier dubbed R :"t 
design shou: i i • ' - - • i I ^ k •: -
glass disk •: v • .:..,»•• "... • 
the input :v,nn p:, , .: i <. -- • 1.:1 

i.erse to the :":• •' 1 • > 
: h e l i i l i [<" : : : • 

npllhei 

Input beam 

\ d : doped 
glass segment 

(b) Double-taper Kim I ire power .mipiilit'i 
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Rimfire Power Amplifier 

icuscd bv a convex output/turning mir-
th.r runs the gla-s disk. The disk is as-
:!-'• ! Irom pie-shaped \id:doped glass 
i:o."ts - l() cm :hi. k The segments of 
•ai.'Jc-tapci Knmi'v amplifier are of uni-
1 nmknes- whii^ double-taper seg-
" - ";\ i i \ i ;!' :!iick;:css with increasing 

' '••.'.• " M(hl| The glass segments 
, \ . " : •• : •'c.";. ,Ji 'he two largest faces; 
• • i •• . i: ' v i - 'lot propagate through 

• ;• ";• l a c s lhe\ do not require 
'• ! • :.''-.i', I ach segment requires 

".- •. ' ' 0:1 Ms two interior Lues, 
• ' !i' K -t'gnii'iits wnuid be set 

' 1 alion 1 onsniciottons 
, '..isr is injii tid into all the 

'.'•.u;h .1 sKuMr , one ronVi tor 
i' ' l ie . e n t e r ot t he gl i-s disk t he 
J e s ' i • 1- n e s s r l l i c 1') axicoii with 

' 1 ji.n J he :un'-\ rise area ot e.i' b 
•i, ; r ,-, .- hniv.i i\ u )!h KHIHIS m -.he 

\ i . v ,'.eoii'e'.i\ "I I ig. (1- 13(a) so that 

-otl'ienic '- mainumed na'utalh if 
,..-•• 1- .'o-Mii'd :n the hea\ il\ sain 
niode ot ,1 poue: amplifier An addi 

o:i;ii , on the llueiue as a linn lion 
MI- is obtained bv tapering the glass 

'-":'- in the othei cross sectional direc 
;-ei 1 ig e I "i(b)j and diverging the 
. :n til,-/ liiiii'iM.n b\- figuring [he 
'. ' lienor in :lii loublc tape; geome-

he Lvam :rans\ei-c area increases 
Kilicillv -A illi radius. 

The expanding-area feature of (he large 
Rimfire disk is an advantage, compared to 
conventional rod operation. Quasi-isofluent 
propagation means the nonlinear refrac
tion is proportional to -y/f. instead of 
l ( ( e" l)Av. For both geometries, the rim 
mirror is naturally off-loaded (without 
lenses) with respect to damage fluence, by 
the radiallv expanding area. B-integral con
siderations would affect tin1 allowed radial 
path length. 

We could achieve uniform gain over the 
1 loss sectional area of the Rimfire amplifier 
hv smoothie increasing (he Nd doping con 
lentialion with dislami Irom the pumped 
laics Allernat'vclv, we could implement a 
/•ig /ag" '' propagation path within the 
glass slabs, as shown in big. (1-14. A 'ig /.ag 
beam path averages the gain over the glass 
volume and has the additional advantage 
ot double passing the disk, therebv increas
ing extraition etfioencv and tancelling pri-
marv pump induced 0ptic.1l distortions. If 
we omplov the latter option, we incur the 
cost of optieallv finishing the large pump 
faces In addition, a saturable absorber ir.av 
be required to prevent runaway ASF in the 
thick disks. 

A stacked Rimiire amplifier is depicted in 
cross section in rig 6-IT (for comparison, 
both the single-taper and double taper op
tions are shown simultaneously). Surround
ing the 'amps with laser glass should 

N 

\l 

l i j ; . h-14. Kinifir. 
sin^li'-l.ipor disk 
monts fi^urvil fa 
(at simple ami (I' 
/.IK piop,in.ilion; 
/.»£ biMiu pnth w 
.lrhiovi' uniform 

i / i B . 
/ i K -

i.o Simple propagation (b) Zig-zag propagation 
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Fig. b-15. Cruss-
sectional view of a 
stacked Rimfire am
plifier, showing both 
single-taper and 
double-taper 
con f igu ra to r . 

Frequency Conversion of Zeus 

n : 

Flashlamps ; 

Input 

~ "' ! ' Output 

Single-taper 
Rimfire 

Multistage 
rone reflector 

Double-M per 
Rinitire 

Output 

contribute to high overall efficiency; large 
pump faces over which a coolant could be 
flowed would he useful for operation at a 
high repetition rate. 

Author: W. L. pTiith 

Frequency Conversion 
of Zeus 
There are several approaches to frequence 
conversion of Zeus. The first is simplv the 
use of present technology—the same crvst.il 
design, .--.ray fabrication, and construction 
techniques—without any changes; as fre
quency conversion is in its infancy, we 
expect considerable cost reductions in avail
able technology in the next few years. The 
second option is an upgrade of present 
technology, with performance and cost 
scaled from our present experience; this ap
proach would include new nonlinear ma
terials, for example, and streamlined 
array-fabrication and construction tech
niques. The third approach is a completely 
new frequency-conversion technology, one 
whose performance and cost cannot be reli
ably predicted from present experience. 

In this article, we look at the general 
requirements of performance and cost for 

Zeus frequency conversion, the applicability 
of present technology to those require 
ments. and the known possibilities lor tech 
nology upgrades ^vui new technologies A' 
present, however, we iack the technical in 
formation and othei data with which to 
make a compi te assessment ol the co-Is 
and performance of these latter appnac : i e s 

General Requirements 

As discussed in ' /oils C osi ba l i ng and 
Candidate Amplilier Aichitcc lures earlier 
in this section, the target cost loi /oris lie 
quency conversion is $2-1 million At this 
cost, the system must delicct .1 locii.abir 
output at \c (IVIT urn) or •!>.• (0 > unil 
with a high ( -711 to Nil",,) conversion 
efficiency, over a lairlv large (ifiM to 
3 CW.'cnv) range ol intensities I he -A Mem 
must bo compatible witti the laser be.in 
profile (including variations m inicnsi'v 
phase, and polarization), operate efticienib 
in a wide dynamic range, and occupy .)n 
appropriate location in the laser svstem 
Finally, the frequency conversion sWcni 
must not only match the properties of the 
laser svstem itself, but its effect oil lasei 
peiformance mils! be minimal 

If the frequeiic v eomorsion s\ ^em i- e\ 
tenial to the final amplitiei c.iviU loi c\ 
ample, it will hac - ''ssen'iaHv no impact i>n 
the laser performance: an c mal architec
ture alsci allows some1 tlexib,..,v in the hL-
parameters. It the frequency conversion sys 
lem is located inside1 the final amplifier , a\ 
itv, however, it ma\ have a si/eable impact 
on the amplifier's performance, hv intiodiu 
ing birefringence into the ca'itv. for exam 
pie. If the cavity is operating in a multipi— 
mode, the conversion efficiency on all out 
the 1c ; pass must be small: aiw light CCMI 
verted to .V or 4c- in prior passes appears 
as a loss in ''•" cavil" and detracts from the 
laser performance. 

Nova Frequency-Conversion 
Technology 

l\ir present technology, hrgti coiuorsion effi
ciency to aV requires that the detuning bud 
get in the la'"r beam be less than l?il /irad, 
the polari/.ation error be1 less than a , and 
the intensity range for the KPP conversion 
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Frequency Conversion of Zeus 

i-iv-uK U between I ,!;i,i 1 CW.'onr. Re 
uarding these parameters ;be frequencv-
aimi'i-sHin -.\sten u- ,'ii toi Nova and 
Xo\ -'tie is ai.ept.ible \ o \ . i technology also 
" \ t ^ ' i v i.-qunv'iicPi ol ~0'V. conversion 
- ' l i i ' . ^M ip 'lir rangi et ! •, > C W c n r 

!" 'h, :ow •;• or- "•. :ang,- ilrom 10 In 100 
MA w • 'lo. ' .i r r ("i ver- lnn etficietlcv is 
!•<•;<". " • 'i ul . ' i 'on interesting pulse 

' • ! • . ' • ; ' - . I 'M; C.V!o\ lnia te lv o n e third 
'I "i ' • . i' " " loo' ol thr pulse. 

.< . T H ' M J I I elfioeniv Irom 
• •• ' i • '•• "^' .. al U- .AI 2u- lln 

-I ;r »<n SO",, in arourul ^ lo 
. . ••• v :' .'•! the liM.uls nl ihi- spr 
' • I'.api- ! !i -ii'li'ir Nina li'i hnul 

' ; • '.. I'M! • :li<' nominal /i-us sponli 
; • 'i: ,l\ n.imii i angp 

'" " a ; s" . omenied about damage and 
.— si "ion .ss'.if with present frequent v 

.-•si.'ii tcihrologv Depending on Ihr 
,'i'"'~. ' - average :alii1 in the morr intense 
:'•. :;- . .s,.| beam tin' damage tlurnri' of 
kl >P .n.iv ha Irom i lo 2 limes too low. 
lu ' thonnore. ihe ahsorplion fraction or KDP 
•r- pi.'Kihlv i limes too high lor use inside 
•lii M'IIS .av.lv and 2 limes \oo large for 
•si. natside ihe lavitv. Iliough the damage 
r \ i absorption issues are not as serious as 
"ic issue ot low conversion efficiency due 
•• puNo shaping, ;!iey do mdiVate the ne 
ii —'I', el -coking malerials other than KOI1 

Nova Technology Upgrades and 
\e iv Technologies 

i ' ., ' .!•.-. i on\ arsion etiiii.. • s at loiv in-
•• ••-!• is proportional to the product of the 
••••• ..:• .oupling coefficient and the crvs-
ij i's::h. h \ leasing either parameter bv a 
t.iito! ot - :o 10 enables us to meet f he de
sign goal ot "[)"„ .onversion efficiency. 
s inu 1 material iosts tend to scale directly 
uith crystal volume, u e prefer Ihe option oi 
increasing the nonlinear coupling coef
ficient, rather than using a material having 
the same nonlinear coefficient as KDP and 
a much lower angular sensitivity. In search 
'tig for new materials, however, we must 
consider both options tor meeting the re
quirement of 70% conversion efficiencv 

n the area o'' totally new lechnoiog. 
we have explored frequer c conversion i 
atomic vapors, such as lithium and rubid

ium, using xenon gas for the phase match
ing; these schemes have typically achieved 
conversion efficiencies of less than 10%, 
however. Another technique involves dop
ing a nonlinear crvstal with an absorbing 
ion ov some other verv narrow line ah-
soiber. using anomalous dispersion for Ihe 
phase matching. Preliminary work suggests 
that for dopings ot 10 to 1000 ppm, a 
slronglv allowed transition (given an oscil
lator strength between 0 1 and 1) might 
nice' our technical requirements. 

Cost 

lor Nova toihnologv, the cost ot KDP and 
linishing is Mi",, ol the total cost of the ar 
rav. This cost is loosely proportional lo the 
volume ot KDP, is inversely proportional to 
Ihe growth rate, and is also inversely pro
portional to the si/e of the boule. The major 
cost is for labriiation labor. This suggests 
thai the hX cost reduction required for 
/ ' ' u s frequency conversion (see "Zeus Cost-
Scaling and Candidate Amplifier Architec
tures" earlier in this section) could he 
achieved bv 
• Making the si/e of Iho KDP boule much 

larger than the si/e of the crystal segment. 
• Artificially reducing transverse losses to 

suppress Raman scattering. 
• Increasing the number of parallel opera 

tions during crvstal growth. 
• Automating the growth process. 

Along with these options we expect lo 
derive a considerable cost improvement 
factor from the learning curve and r om 
volume scaling. 

Summary 

It is clear that neither KDP nor KD*P will 
meet the Zeus frequency-conversion speci
fication of 70°o conversion efficiency over a 
wide dynamic range. We do believe how
ever, that presently available technology 
holds the promise of a 6X cost-reduction 
factor, which qualifies it for consideration 
for Zeus on the basis of cost alone. Other 
technologies, involving KDP isomorphs or 
other nonlinear materials, cannot yet be 
assessed technically because we lack the 
necessary information. With continuing re
search in the areas of both current and 
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Large-Aperture Optics Technology 

Table 6-5. Comparison 
of Zeus and Nova 
optical-component 
goals and specifications. 

entirely new technologies, we expect to 
perform more complete cost-benefit 
analyses of the options for frequency 
conversion of Zeus. 

Author: D. Eimerl 

Large-Aperture Optics 
Technology 
Nova's optical comport'*;':'*, e- . hiding the 
laser glass, contributed about 10% of the 
cost of the total project, ibr Zeus, we intend 
to maintain or reduce this fractional cost 
while improving performance. Given the 
total Zeus target cost of $250 million (see 
"Zeus Cost-Scaling and Candidate Ampli
fier Architectures" earlier in this section), 
Zeus optic?! components excluding fre 
quency conversion must cost no more than 
about $25 million. The total area of finished 
optical surfaces for Zeus is expected to be 
about 1000 n r ; this gives us a target cost of 
$2.50/cm : of optical surface, compared to 
the Nova procurement cost of $10/cnr 
(see Table 6-5). Meeting this challenge will 
require substantial innovation. 

Some improve.nent in energy f *r unit 
aperture • .11 be obtained through an in
crease in damage faience and a reduction in 
the effects of nonlinear self-focusing at 
longer pulse lengths; both im.piovements 
will allow 0} -'ration at higher exciv .ion ef
ficiency. The major diff'-.ence between the 
optical systems of Zeus and Nova, however. 

Zc 'US Nr-a 
Parameter Range Nominal Notii:n.il 

System goals 
Energv (MJ) lu 10 0.1 
Wavelength (pm) 0.20-1.0 0.35 0.35 
Pulse length (ns) 0.1-100 10 3 
Cost ($ millions) 25 25 15 

Optical specifications 
Beam aperture (cm) 100-500 300 7! 
Number of beams 2-40 10 10 
FJuence (J/cm2) 10-20 15 3 
Optical surfaces per beam 5-15 10 15 
Total surface area (irr) 500-2000 1000 150 
Spot size (mm) 1-10 5 0.1 
f/No.—focusing 5-10 10 4 
f/No.—spatial filter 10-40 20 20 
Angular tolerance (*irad) 5-100 15 10 
Cost ($/cm2) 1-8 2.50 " 10 

will be Zeus' larger total optic .1 apt l u r e 
facing the target. Our experience wi.h am
plifier construction suggests that the cost 
per unit of output energy decreases sub 
stantiallv as amplifier size increases. Con 
struction of large optical surfaces using 
arravs of smaller segments in passive 
prealigned structures has been suggested 
The cost of this approach will h .nc to In 
compared to the cost of approaches thai 
rely on individual, sophisticated control s\s 
terns, which increase the cost ot the las.-i 
svstem. At some size Ihe cost ot optical 
components is expected to iru lease with 
aperture. The particular aperture where 
tne ba'ance between various approaches 
occurs, is dependent on specituaiioiis ,)n^ 
technologv. and is as vet unknown 

Zeus Optical-Surface Sperificdtions 

The specifications for specific optical sur 
faces are direetlv related to the aperture 
a-ea and the desired beam qualiH or spot 
size. A nominal spot size lor a single beam 
of Zeus is set bv the requirement tiiat the 
intensity in Ihe spot be between 100 and 
1000 rW/cirr; the requirement gives a 
nominal spot diameter of 5 mm fc a single 
beam—significantly larger than lor \ o \ a 
The f/No. of Zeus' focusing optus will have 
lo be kepi moderately large, to minimize 
aberrations and the cost ot construciing 
.ispheric surfaces; larger t / \ 'os. . in t'irn re 
quire higher pointing accurac\' and a he:!ei 
optical figure to produce * speufi. spn: si/e 

We expect that spatial tillers will be re 
quired lo remove small-scale amplitude 
modulation in the laser beam; Ihe angle lor 
maximum growth is — I mrad, and the pin 
holes in the spatial filter must intercept 
radiation at ingles ol — 100 urad u > be 
effective. The slope error for Mie surface ot 
the o; tical elements lor the spatial filters 
must he sufficiently low to maintain the 
major portion of Ihe beam well within this 
angular toierance. I-or inu u ip.v s si .;. .*.. 
that pass ihe beam throng!, the same nr. 
hole in the spatial filter several nr. is the 
slope errors must be even lower • n.c the 
angular deviations on each p„ .s tend lo 
add. In the same sense, the cumn'aovo ab
errations from all other optical surfaces m 
the svstem must be consistent with the spot 
sizes and angular pointing accuracy at tbe 
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target and spatial filters. Thus, the figure 
and pointing tolerances for the optical 
elements on Zeus will not be radically 
different from those for \ o v a . 

Cost-Reduction Options 

lo ac l in ic a significant saving in the cost 
ol :he / i n s OIVNJI s\sicm. iho total number 
;'l oi'iiial mpiponenls m each beamline 
r:: ; !• • st i as low as possible. A mini-
> .an : s|\ ;,ui;<' tm\i surfaces, exclusive of 
: . ',i'-c • disks, appears to be required: one 

•I ,,,• vr I,Hiising onto the target, two for 
' • . l u c e , conversion element, two for a 

•i an..! !'!ii-i. and one tor coupling the 
m i - M ilie final amplifier. Additional 
. 'rnponrnts ma\' be required for vacuum 
' ivr lan 's debris shields diagnostics, 

.-.I'ITSI, ;c -solation. multipass options, and 

for the driver itself. A total of 1C surfaces, 
which would represent a significant im
provement over prior designs, seems to be 
a realistic goal for the Zeus system. 

Various technologies mav reduce the cost 
of generating large optical surfaces. 1 1 Our 
approaches inciude 
• Extension of conventional optical finishing 

techniques, using computer control. 
• Use of thinner substrates with integrated 

support structures. 
• Stressed mirror polishing. 
• Segmentation and active electronic 

control. 
• Lightweight cast-pyrex substrates, 
• Replication from masters. 
• Diamond machining. 

We are actively pursuing such cost-
reducing approaches in the optical-telescope 
and laser communities; none represents a 
radical departure from current technology. 

Hg. 6-16, Large-
aperture membrane 
mirrors. 

Laser 
beam 

3 m 

Laser 
beam 
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t ig. d-ir. Geometry 
used for the calcula
tion of membrane 
deformations. 

One possibility that does break with tradi
tion is the concept of membrane, or 
"pillow," mirrors and windows. ' ' 

Membrane Windows and Mirrors 

The function of an optical component is to 
maintain a surface that is fixed with respect 
to some reference point such as a target. 
l;or conventional optica! components, the 
stability of the surface is maintained largely 
by the substrate material itself. As the aper 
ture of iho component increases, the thick 
ness of material must increase to resist 
deformation by its own weight. Thus, die 
weight and cost ol large optical components 
tend 10 increase faster than the surface area 
Thinner materials can be used, but the sur 
face figure must then be maintained b\ 
external rorces. 

If a differential pressure is applied uni
formly across a thin plate, it deforms into a 
cui-yed surface. Such a surlace might be 
used as an optical element, as shown in 

(b) 

* -Z 

Tig. 6-lfr: as a transmntmg element thv sur 
face could be used as a vacuum window \ 
pair of such windows lould be UM-J ',' ^ n 
orate a weak, variable po-i!iw lens h one 
surface is a reflector, then the two conticu 
rations shown in 1 ig. (> In , ouid ;-i ' . i-v • 
provide comerging or diverg'.h. 'm;: ," . ; 

big o-le,(a}, the tent .Tsp .uc i*. ah' 1 1. ' v 
ent pressure: a sev ond transmit:;!'.: - : . • 
might be required to lontam the pie-' .:< " 
this configuration. In I-g n 1'nbi t i n , v.-
spate is a! rodmed pressure 

The pnnurv i-sue is whelhoi a suil.uo 
with the desired local length .m^ op'nal 
ligui'i' i.iii be generated null lealMu in.: 
erials \o o\olore th h a w ana 

I wed Ihogeonu tn shoun in I ig e 1 \ 
thin ciu ular shoo! ct in.worm ' .hnknes. .• 
is su'iported at ladur- ,; 1 he dollo< tion ol 
'he surt.ue is r fetvin ed to a t \ imdrual <o 
ordinate s\siem > " . a: the ,ipe\ ol the 
i urve I lie lomponems ol a wUoi desuib 
mg the delormalioe, el a point initial!; at 
radius. - are fio.,'. nliiili lOrrespond to 
loial delormations in :he direi notis '-y':̂  
C'\ Imdru al s\'nirne!r\ is as. timed •' pies 
sure. /'. is applied normal lo the inner sur 
laci ot I he p'ate 1 vternal tones V and 
bending moments A! per unit length ma\ 
be applied at the edge ol the plate 

The suit.ice shape :s mam!,lined h\ a hi] 
ance ol radial and tangcnti.,1 l e i u s and 
bending moments in e u h suil.He element 
l-or siil'ii, icntlv thin pla'cs the contribution 
ol 'hi bending moments ..m he neglected. 
In this c .e, the pressure applied o> er the 
suilace is transmitted to the edge In radial 
torces, ,\ acting at angle, n where Ian u 

,!u-'ili is the local slope of the surtaie 
Thus, 

. Y - 2 • * • , ! • s i n , It <M 

lor small deflections, sin n tan u 
H ihr/iii. and 

i / r r / ' • >• 

,/r 2-n-h ' 

where n - \ /7i is the stress at radius > li 
the stress, a, in the foil is independent ol 
radii's, then Tq. (iS) can be integrated ;o give 
a parabolic surface. 

110' 
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w h o r e ir.,/n — (;'• ii\/{4• a• h) is t he re la t ive 
displacement at (no edge of the plate. 

Unfortunately the stress in the plate is 
not uniform. The stress arises from two 
sources: external loi^es applied prior to de
flection, ^n^ iwictUvi forces from the defor
mation of the plate The approximation '.hat 
the stress is constant is good only if the 
siress imni external iorces, or prestress, is 
mihh larger than Tie stress from the reac
tion tones the radial stress, a., in the 
merrixrane s a v i n s ihe equation'"1 

i' is Poisson's ratio, and L is Young's modu
lus. The total stress in the membrane is 
n = n-, +- a., where av is the prestress from 
the external forces. The relative deflection, 
a\,/if, at the edge of the foil is given by 

/. 
— - (0.96) 

4-L-h ' 
(13) 

1 i 

I. 
0.(11) 

I'h ' s"ess and delleclion are coupled by the 
nonlinear ti tins S-tiicitir in I:q. (8) and 
(M'.-C; . [ r ) : in l q . (11) . 

A solution cf I:qs. (8) and (11), accurate 
to second order in the shape of the surface, 
eives 

where •' has been taken to be 0.3. The first 
term is the contribution from the external 
forces, and the second term is the contribu
tion from Hie reaction forces. There are two 
asymptotic limits. The first, which corre
sponds to large prestress ana negligible re
action force '.• given by liq. (11). The 
second, which con\_:ponds to large deflec
tions with no prestress, givns 

Si 1 r-h 
(14) 

yl ; l (12) 

where 

1 - i- l f! ' ( a 

In this case, the deflection varies as the 
cube root of the pressure, rather than lin
early as for the case of constant stress. 

Figure 6-18 shows the f/No. = l/8(,)/;r„) 
of the surface plotted against the parameter 
.V = (;'•'')/(' •)>). The lower curve is the 
f/No. in the absence of nrestress; the 
upper curve is the f/No. in the absence of 
reaction forces prestressed to the value, 

_ N v 

I I I | I I 1 | I i 1 1 

~ \ P r e s t r e s s , — = 3 x 1 0 -1 

-
_ 

Operating points for 
" 

-
t, = 10 psi, - = 300: 

--
li Steel 

-

-
• Aluminum 

-

- No prestress - s ^ ^ 

, , , 1 , , , 1 \ , ^ ~ > 1 1 

Fig.6-18. Variation of 
f/No. as a function of 
normal. *ed pressure. 
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Fig. 6-19. Relative spot 
-size as a function of 
f/No. 

<r,.T = 3 X 10 "'. For Zeus, the f \ o s . of 
interest range from t o to f/40: this range 
can be reached at \ = 1 x 10 "* with pre-
st.jss and 1 X 10 without prestress. 

Figure 6-18 also shows typical operating 
points for steel and aluminum plates. The 
pressure differential is assumed to be 10 psi, 
and the ratio of radius to thi.kness is 300. 
Increased pressure moves the operating 
point to the right on the curves, and in
creased thickness moves them to the left. 
For a piate 3 m in diameter, the thickness is 
5 mm; this is a thin plate, though not what 
is normally considered to be a membrane. 
The use of still thinner plates is possible, 
provided that a reduced pressure differen
tial is applied. For a foil 50 Mni thick, the 
pressure differential required is only 
0.1 psi (7 Torr). 

For prestressed plates, the sensitivity of 
the focal length to pressure fluctuations is 
linear. To maintain a focal length to an ac
curacy of 1 'o, for example, the pressure 
must be controlled to within 1%. If one side 

10 ' -

10" 

10 

-
— r , — r J — 1 I - i 

No prestress 

— I 1 

Operating points for 
_ 

- p = 10 psi, - = 300: 
h " -

m Steel 

" 

• Aluminum 

- Prestress, — = 3 x l 0 ~ 3 

E -

-

, , , 1 

\ 
" 

10 
f/No. 

10-

ol the plate or toil is at ambient pn-
the use of small pressure differentia 
quires a correspondingly higher con 
the absolute pressure. Awirate < •;-•>. 
such small differential pre—ire- -r,.r. 
problem. In the nonlinear reciv. 'N 
tivitv is reduced onlv bv a ta<' •• ,•' • 

The abililv to reach an app,vp-t. '• 
is onh' one criterion for a viable '''< •• 
mirror, '-uificicntlv low aberratio--- e 
equal or greater importance In "hi ••. 
ear regime the stress disinhu'icn :- "• 
form, and the shape ol 'he surtax' .-
plate deviates from that ol a r v u h - . 
given bv l:.q.(12) \ lomenient mi .:-
this aberration is the deviation ;. .'I . 
from the edge of the beam as i: pass, 
thr ugh a plane at the paraxial tot..;-
suiface were a parabola, ihi- deviatio 
would be zero. The ratio i, .: where . 
size of the beam, is give,-, cv the rati. 
the first two coefficients m the pouei 
expansion of 'he slope of the surface 
Eo. (12). the relative spot si/e or dem 
nification ol the beam defined in this 
manner is 

o ! o l 

•! . ' I 

Ol 

s l ' P l 

I r o n 

1 ( 3 - ••)/(] (f. \ c .)-

where i' is Poisson's ratio, age in taken 
to be 0.3. 

This spot size is plotted in Fig. 6-19 as a 
function of f/!\'o. for the same parameters 
as in Fig. 6-18; the Zeus operating range is 
also shown. A 1-cm-diani spot with a 3-m-
diam mirror requires a demagnification of 
300 (i//n = 0.03). A 1-m mirror could pro
duce the same spot with less demagnifi-
cation or could tolerate more aberrations. In 
the nonlinear regime, the spot size is large 
and independent of the f/No. As prestress 
is added .o the plate, the spot size decreases 
rapidlv with f/\ 'o. However, for the value 
of prestess chosen (r.l = 3 X 10 ') tin-
spot size is onh' marginal at high f Vo

ir principle, the spherical aberration. ..n : 
spot size can he reduced to a mote .>. -, v 

'hie value bv application oi an, arbi:'•.'.• / 
.'arge pre-tre--. There is a limit :o t i e 
that can be applied io am mate::.!! no.-. 
e\'er, '.lilure u-uallv occurs m te'i-to:- ! e: 
brittle material- such us gla— the t.r.'uit -
usualh cal.i-trophu lor dm tile matena'-
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study is required before we reject the use 
of plastics. 

Conclusions 

In our study of membrane windows and 
mirrors to date, we have reached the 
following conclusions 
• Curved surfaces with focal lengths and 

f/Nos. in the appropriate range for Zeus 
can be generated by applying a pressure 
differential to large circular plates. 

• The required plate thickness will be a few 
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ferentials can be used. 

• The deflection of the plates is nonlinear 
with pressure. 
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duce a surface with high aberration. 
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Laser Research and Development 
Introduction W. H. Lowdermilk 

The major objectives of the Laser Research and Development program are two
fold. First, the Nova and Zeus Projects are supported principally by develop
ment of improved materials and components for Nd:glass lasers. Second, 
research on advanced laser systems will have eventual applications to ICF 
commercial-power generation. 

During 1982, we addressed the following broad topics 
• Solid-state amplifiers and related technology. 
©Optical-materials development, including laser-induced damage studies. 
» Nonlinear optical measurements. 
» Advanced-lasers research. 
We focused on methods of improving the efficiency of Nd:glass amplifiers; we 
measured the overall radiant efficiency and relative Nd-pumping efficiency of 
Xe flashlamps of various diameters; we advanced the theory of arc formation 
and plasma emission; we measured improvements in efficiency obtained by 
using fluorescent dyes or phosphor materials to convert those portions of the 
flashlamp spectrum not absorbed by Nd:glass into the absorbed spectrum; and 
we examined options for reducing the co.-t of pulsed power to excite the 
flashlamps, concluding that significant cost reduction can be achieved. 

We also made sensitive measurements of aberrations that can be imposed on 
the laser beam as it passes through the amplifier. Aberrations result from vibra
tions or temperature variations caused by flashiamp pumping. Understanding 
and eliminating sources of aberrations is particularly important for multipass 
amplifier systems. 

Our major effort in optical-materials development and damage testing was to 
extend the application of damage-resistant, graded-index antireflection (AR) sur
faces to the fused-silica opfes required for laser operation at 0.35 /jm. Work 
sponsored by LLNL is proceeding at Westinghouse R&D Center on a graded-
index AR coating, which is deposited from solution and is based on sol-gel tech
nology. We developed the method of producing graded-index AR surfaces on 
fused silica and other oxide glasses by etching nuclear tracks. 

Measurements of damage thresholds were made on a wide variety of coatings 
for operation at both single and multiple wavelengths. We measured damage 
thresholds with Nd:glass laser pulses at the fundamental wavelength of 
1.06 urn (laO, at the second harmonic of 0.53 (im (2a>), and at the third harmonic 
of 0.35 jim (3uj). and with a KrF laser at 0.25 /mi. The principal objectives of our 
measurements were to select for Nova the most damage-resistant materials and 
coatings and to provide data on the pulse-width and wavelength dependence of 
damage thresholds. 

We studied damage to KDP and breakdown in the index-matching fluid used 
in the KDP arrays for Novette and Nova. We used the outcome of the latter 
study to set the requirements for filtering the index-matching fluid and clean
ing the array cells. 

As part of the optical-materials research program funded by ;he Office of 
Basic Energy Sciences, we studied saturation properties of Nd-doped glass and 
measured two-photon-solarization losses in borosilicate optical glass. Nonlinear 
optical measurements were made to define materials requirements and fluence 
levels at which Novette and Nova can be operated. Our measurements included 
two-photon absorption, solarization, and the nonlinear refractive index. 
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Our continuing research on advanced lasers evaluated the technology and 
scaling properties of rare-gas halide (RGH) pulse-compressor systems. We com
pleted the pulsed-power system for the Rapier B amplifier, which is a prototype 
for larger RGH amplifiers, that require modularized pulsed-power systems and 
large gain lengths. We also advanced our understanding of the physics of KrF 
and Raman amplifiers. 

We investigated inner-shel! vibronic transitions in N p F 6 as a candidate for a 
gas-phase storage laser pumped by an efficient long-pulse Nd laser. Our experi
ments demonstrated that energy-storage densities up to 200 J/1 can be main
tained for ~ 1 ms in this system. Our energy density is one of the highest ever 
achieved in a gas medium. 

Finally, we participated with M Division of LLNL in preparation for an ex
periment with a long-wavelength, high-gain, high-extraction-efficiency free-
electron laser that will use the ETA accelerator. The experiment is now being 
assembled and will operate in early 1983. 

Fig. 7-1. Small-
signal gain vs bank 
energy for a 46-cm 
production-type 
amplifier. 

Solid-State Amplifier 
Development 
Introduction 

During I9b'2, we measured the gain perfor
mance of Nova components and began 
aggressive programs directed toward obtain
ing a detailed understanding of amplifier 
pumping. Our ultimate goal is to integrate 
our flashlamp and amplifier studies to de
velop a comprehensive amplifier model that 
will allow us to design the most cost-
effective amplifiers for Zeus. 

Author: H. T. Powell 

46-cm Amplifier Tests 

We measured gain as a function of input 
energy of a 46-cm production amplifier with 
phosphate glass to be used in Novette. 
Conventional cw gain measurements were 
made with the 1.05-jim YAG line, which is 

1.9 ! ' 1 ' _ 
1.7 --*'''""* -

1.5 — 
" * , 1 1 • 

100 300 500 
Bank energy (kj) 

700 

extremely close to the operating wavelength 
of lu). To reject unwanted background flu
orescence, we employed spatial filtering 
(30-cm focal length, 0.2-cm-diam pinhole) 
of the 1.0-cm-diam probe beam. Gain mea
surements were made at a position horizon
tally displaced 2.5 cm from the amplifier 
centerline and just outside the split region 
between the disks. (The horizontal displace
ment was in the direction of the vee formed 
in the center of the amplifier by the two 
disk pairs.) The electrical circuit consisted of 
16 circuits, each composed of 10 capacitors, 
giving a total of 145 nF capacitance and 
450 fiH inductance. Lamp breakdown oc
curred for voltages £ 14 kV without using a 
reflector bump. 

Figure 7-1 shows the measured gain as a 
function of input bank energy using all 16 
circuits and simply varying the charge volt
age. T'.ie gain value of 1.76 ± 0.02 at 600 kj 
is below the design range of from 1.85 to 
1.93. We reassessed the modeling previ
ously done with the code GAINPEAK1 

to predict the gain performance. The 
GAINPEAK predictions were overly op
timistic in the choice of current power. In 
addition, the predictions incorrectly applied 
geometric-coupling efficiencies and current 
powers (obtained for amplifiers with 
1.5-cm-bore flashiamps) to the present am
plifier, which has 2.0-cm-bore flashlamps. 
These factors explain most of the difference 
b-tween .he expected and measured gains. 

We also measured the reduction in gain 
caused by operating with varying numbers 
of disconnected lamp circuits. Such opera
tion might be envisioned in the case of a 
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Solid-State Amplifier Development 
few failed lamps. Furthermore, the variation 
in gain with number of circuits may provide 
a clue in explaining the strong gain rollover 
of our amplifier. Gain results were obtained 
with 1, 2, 4, and 8 circuits (out of 16) dis
connected at 20 kV and with 2, 4, and 8 
circuits disconnected at 12 kV. 

The curve in Fig. 7-2 shows the measured 
gain coefficient vs bank energy, indepen
dent of whether the number of circuits or 
the bank voltage was varied. The gain 
curve appears to be constant for the two 
different ways of varying input energy. Our 
resjlt suggest', that the blue-shift of the 
lamps with input is not the major cause of 
gain rollover. Otherwise, we would expect 
the gain coefficie- t at a given voltage to fol
low a linear curve, intersecting the origin, 
as the number of circuits is varied. One 
explanation that is consistent with the 
observed behavior is that amplified sponta
neous emission (ASE) and parasitics are 
clamping the gain. However, the maximum 
gain-diameter product for our amplifier is 
only about 2.6, which is reasonably small. 
A final possibility is that the rollover results 
from the decline in cavity Q; hence the de
cline in coupling to the Nd:glass caused by 
either increasing the number of lamps or 
increasing the lamp loading, both of which 
increase the absorption of pump light by 
the lamps. 

As a possible method to increase the gain 
of the 46-cm amplifier, we investigated the 
effect of reducing flashlamp pulse length, 
which can increase the gain by reducing the 
loss of excited Nd ions during pumping. At 
constant input energy, the benefit is some
what off-set by the well-known reduction 
in Nd-pumping efficiency that occurs for in
creased lamp-current densities. Thus, the 
net effect is somewhat difficult to predict. 

By paralleling two 450-^H inductors in 
each of 16 circuits, we easily achieved a cir
cuit inductance of 225 nH. Given our capac
itance of 145 iiiF per circuit, the pulse width 
(3 \ LC) was reduced from 766 to 542 jts. 
Unfortunately, at the 20-kV operating point, 
the change in pulse width increased the 
gain coefficient only by 2 ± 1%. As dis
cussed in "Flashlamp Pumping of Solid-
State Lasers." later in this section, the 
change is much smaller than that observed 
for open-lamp pumping of Nd:glass. 

Author: H. T. Powell 
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Disk-Amplifier Performance as a 
Function of Reflector Shape 

We assembled a simple 34-cm-aperture box 
amplifier to study the effect of reflector 
shape on amplifier gain performance. 
Although many previous tests have been 
made,2 a careful comparison of gain with 
different reflector shapes for otherwise con
stant conditions has not been made. We 
were particularly interested in whether 
Winston reflectors'1 provide an advantage 
[see Fig. 7-3(c)]. Winston reflectors direct the 
flashlamp emission so that no directly emit
ted light is reflected back into the lamp. 
However, such reflectors have a possible 
disadvantage in that all incident rays 
are routed through the lamp and may 
be absorbed. 

We constructed a box amplifier with two 
34-cm fluorophosphate disks (3.6-cm-thick 
LG812 glass, Nd doping = 1.6 X 1020 

cm 3). Our amplifier was mechanically very 
similar to the rectangular-disk amplifier 
(RDA) and used seven Ce-doped quartz-
envelope flashlamps on each 9ide, which 
were excited in pairs by our standard 

Fig. 7-2. Small- A 
signal gain coefficient 
vs bank energy for the 
46-cm amplifier. 

Fig. 7-3. Reflector 
shapes used in 34-cm-
amplificr experiments. 
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Fig. 7-4. Gain coef
ficient vs bank energy 
for an amplifier with 
three different reflec
tor shapes. 

Fig. 7-5. Transmission 
spectra of an ED-2 
Ndrglass sample and 
five separate bandpass 
filters used to generate 
the curves shown in 
Fig. 7-6. • 

Flashlamp Pumping of Solid-State Lasers 

c 3 
•o 
J 2 

T 
i 

Reflector type _ 
O Simple radius 
A Winston 
• Cornet 

I 
50 100 

Bank energy (kj) 
150 

0.4 0.6 0.8 
Wavelength (fim) 

electrical circuit (see "Flashlamp Charac
terization," later in this section). The lamps 
were spaced 6 cm apart for the three reflec
tor geometries shown in Fig. 7-3. Moreover, 
the reflectors were designed so that the 
lamps on a given side did not directly view 
one another. All reflectors were fabricated 
from copper and plated with silver of com
parable quality. To change reflector shapes, 
we unbolted one reflector and installed an
other. Thus, we made accurate comparative 
measurements over a relatively short time. 

Measurements of centerline gain were 
made at 1.05 nm, with the amplifier termi
nated at each end by flat, silver-plated 
reflectors. The measured peak-gain coef
ficients vs bank energy are plotted in 
Fig. 7-4. The results are essentially indistin

guishable for the three reflector shapes. We 
obtained similar results for the comer re
flector painted with white, reflective Kodak 
6080 paint. Our results suggest that reflector 
shape is not a major variable, at least for 
box amplifiers of this type having large 
lamp-packing fractions. 

Author: H. T. Powell 

Major Contributor: D. H. Ford 

Flashlamp Pumping of 
Solid-State Lasers 
Introduction 

Flashlamp plasma is viewed4 as being in 
local thermodynamic equilibrium at a tem
perature near 10 000 K. The temperature in
creases weakly with input power. Although 
blackbody emission at this temperature 
peaks at 0.3 Mm, the flashlamp continuum 
typically peaks in the visible region. The 
peak occurs because flashlamps are gray 
bodies; hence, t::e photon field is not in 
thermal equilibrium with particle morion. 

A fundamental phenomenon of flash-
lamps is the blue shift in their emission that 
occurs with increased power loading. As 
flashlamp loading is increased, emissivity of 
the plasma increase? most dramatically at 
short wavelengths/ causing the output to 
blue shift. Because the primary Nd-pump 
bands are at midvisible and near-infrared 
wn /elengths, the blue shift tends to de
crease the pumping efficiency of Nd ions. 
He .vever, the net decline in pumping is a 
relatively small effect at reasonable lamp 
loadings. Our results for open-lamp pump
ing of Nd:glass cannot explain the large de
cline in pumping efficiency of amplifiers, 
which was discussed earlier in this section. 

To illustrate the effect of the blue shift on 
Nd pumping, we used a special set of 
bandpass filters and a Nd-fluorescence de
tector. Transmission characteristics of each 
are shown in Fig. 7-5. The five filters were 
designed to have a constant transmission 
over each of the five main absorption bands 
of Nd:glass. Wc used the Nd detector to 
measure the peak Nd fluorescence pro
duced by our standard 1.5-cm-bore 
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clear-fused-quartz flashlamp (for details, see 
"Flashlamp Characterization," later in 
this section). 

By comparing the ratio of the peak Nd 
signals observed with each of the filters in 
front of the detector to the signal with no 
filter, wc- were able to determine the per
centage of Nd pumping that occurs via each 
band, as shown in Fig. 7-6. The percentage 

of pumping by the infrared bands generally 
declines with input to the lamp, while 
pumping via the 0.33- and 0.58-/itn bands 
generally inaeases. The shift in pumping to 
the shorter-wavelength bands allows the 
overall pumping efficiency to remain 
relatively constant. 

To quantify the spectral output of our 
lamp, we used a selection of long-pass 

Fig. 7-6. Nd-pumping 
fraction produced by 
various absorption 
bands as a function of 
flashlamp loading. 

Input energy (J/cm) 
Fig. 7-7. Transmission 
of filters used to iso
late various compo
nents of flashlamp 
emission. 

0.35 0.40 0.45 0.50 "0.60 0.80 
Wavelength (fan) 

1.00 1.20 1.40 1.60 
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Fig. 7-8. Fractional 
flashlamp energy at 
wavelengths longer 
than the cutoff wave
lengths ( \ f l of six 
filters. 

filters and a spectrally flat pyroelectric 
detector. By comparing the optical energy 
transmitted through each of the filters to 
the energy measured with no filter, we 
were able to determine the percentage of 
lamp output that was at a wavelength 
longer than the cutoff for each filter. Filter 
transmissions are shown in Fig. 7-7, and 
the transmitted energy fractions are shown 
in Fig. 7-8. 

The blue shift of the lamp is obvious 
from Fig. 7-8. At the nominal operating 
point (80 J/cm), roughly 20% of the lamp 
output is at wavelengths longer than the 
Nd-pumping region, and roughly 35 to 40% 
of the output is at wavelengths shorter than 
the Nd-pumping region. We hope to use 
this short-wavelength output in our amplifi
ers by employing spectral converters, as dis
cussed in "Spectra) Converters for Nd Laser 
Pumping," Liter in this section. 

Author: H. T. Powell 

25 50 75 100 
Input energy (J/cm) 

125 

Flashlamp Characterization 

Introduction. We are interested in charac
terizing flashlamps over a broad range of 
parameters to find the most cost-effective 
solution for Zeus. Provided their optical 
performances are equivalent, we favor large 
(5- to 10-cm bore and 200- to 400-cm art-
length) rather than small lamps. Large size 
is attractive from the standpoint of reducing 
the number of lamps and connecting wires 
ind because energy can be handled in 
largei units. Additionally, we need quantita 
tive information or the emission and ab
sorption characteristics of flashlamps to 
implement a predictive amplifier model. 

During 1982, we studied the performance 
of the 1.5- by 112-cm flashlamp used in 
Nova. We also evaluated the 1.0- by 112-cm 
and the 2.7- by 112-cm lamps that had been 
considered for use in Shiva. We developed 
experimental techniques and implemented 
computer-interfaced diagnostics for compar
ing diverse flashlamps. With slight modifi
cation, our present methods should suffice 
for testing the very large lamps being 
considered for Zeus. 

For each flashlamp, we measured the 
electrical characteristics, overall radiant ef
ficiencies (optical energy out divided by 
electrical energy in), and relative Nd-
pumping efficiencies over a wide range of 
input energies. We compared two methods 
for determining the radiant efficiency and 
obtained reliable values for this parameter 
We studied the angular dependence of 
flashlamp emission and compared two tech
niques for measuring the angle-averaged 
emission. For a 1.5-cm-bore lamp, we mea
sured the Nd-pumping efficiency vs pulse 
duration over the range of 0.2 to 1.2 ms. 

Diagnostics. We employed a simple 
set of diagnostics for recording the 
time-resolved behavior cf flashlamps. Di
agnostics include lamp voltage and current 
monitors, a spectrally flat pyroelectric detec
tor to record the radiant output power, and 
a Nd-doped fluorescer of ED-2 glass to 
measure the- pumping effectiveness of the 
lamp. The diagnostic signals were digitized 
with Tektronix digital-processing oscillo
scopes (10-bit resolution, either 6.5- or l-/is 
sampling resolution) and analyzed on-line 
by an LSI 11/23 computer. 
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The pvroelectric detector (Molectron 
Pl-35) had an essentially flat spectral re
sponse from 0.2 to 10 fim. The signal f r o m / 
such detectors is caused by the displace;.•' 
mem current, which is proportional ttSthc 
rate of change of the electric polaX/ation, 
as driven by the temperature/Jiange pro
duced bv the light intensi>r.'Thus, the low-
froquemv response of-'.in.' detector is limited 
h\ us thermal equi'-ibration time. Its high 
!n\ |;irnc\ response in our case was limited 
b\ the bandwidth ot the amplifiei built into 
Oic i!"i". lor housing. Th<' eleclricni hand-
wi.i'ii oi our pvroeleclric detector was 1(1 
lo -inn kl 1/ and lis optical sensitivity 
^ a- - 1 WW. 

Ihe \ d fluorescence deteclor (historically 
i.i'led ll c fluorescence-output voltage, or 
IX )\ . detector) was previously developed 
bv Hoi/ ichter." Our detector utilized a 1.27 
cm thick disk of FD-2 glass doped at 3 wt% 
NdjO,. The flashlamp light passed through 
an aperture, which was small compared to 
the disk diameter, and made one pass 
through the Nd:glass disk into a black-
painted pyrex dump. Nd fluorescence was 
detected bv a silicon photodiode placed be
hind a 0.01-jim bandwidth filter centered at 
1.06 jum. The photodiode was geometrically 
placed at the edge of the disk, outside the 
uiiio of flashlamp illumination, such that it 
viewed only the Nd fluorescence. 

Circuit Parameters. For amplifier pump
ing, the optical performance of different-
sized flashlamps should be compared at 
eneigies corresponding to a constant frac
tion of their single-shot explosion energies. 
In a given amplifier, the wall area for plac
ing lamps is fixed. Assuming fixed values 
for i!t^ lamp-packing fraction, r/, arc length, 
(', and amplifier width, u\ the number of 

FlasljMrnp Pumping of Solid-State Lasers 

b<hps of diameter it is given by rjri'/il If the 
input energy to the total lamp array is E, 
then the input energy per unit arc length 'S 
Eii/(;iu'H). Thus, the energy per unit length 
is simply proportional to lamp diameter. 
Since the single-shot explosion energy, 
empirically found to be 

20 000 ./P 7 (D 

is also proportional to u, then, for fixed in
put, the lamps in the various arrays are 
loaded at a constant percentage of their ex
plosion energies. The circuit time constant, 
;, is defined from the bank capacitance, C, 
and inductance, 1, and is given by (l.C'V '. 
ll is also convenient to define the explosion 
fraction, /,, the ratio of input energy 
to a lamp divided by its explosive e n c g y 
defined by Lq. (I). 

A schemata diagram est our flasblamp 
electrical circuit is shov, n in Fig. /-9. For 
diffeient lamp sizes, we used various num
bers of fundamental circuits in parallel to 
vary the input energy. By varying the num
ber of circuits, the 'ime constant, r, remains 
constant because C = nC„ and L = L,/n 
for n parallel circuits, where C„ and 1.,, are 
the ca - acitance and inductance of the 
fundamental circuit. 

To vary the input era rgy for a given 
lamp, we simply vaned the charge voltage 
of the bank. However, because of the non
linear current-voltage relation for the lamp, 
the electrical-input pulse shape is a function 
of charge voltage. The peak Nd fluores
cence depends on this pulse shape both by 
pulse duration and by lamp spectral 
changes. To counter the problem, we chose 
our electrical parameters so that the pulse 
shape was constant for each of the lamps at 

87 jiP 0.28 n 
45U AtH 

HV-

Trigger-
wrre 

Hg. 7-9. lilectrical cir
cuit employed to ex
cite flashlamps with 
1.0-, 1.5-, and 2.7-cm-
bores. 
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a given explosion fraction. Then, even 
though the pulse shape varies with input, 
it should at least vary in the same 
manner for each lamp, thus allowing a 
direct comparison. 

To obtain a constant pulse shape vs /, 
curve, we first assumed the empirically 
measured I-V relationship for an 
established arc K " 

K.r k0(£/,i)lU2 (2) 

where 2 is the source impedance ( l . / Q ! : 

and n is the number of parallel circuits 'n 
our case. Typically, the design point of am
plifiers is near a = 0.8. which corresponds 
to critical damping. Setting the energy 
stored on the capacitor bank ai the voltage 
V to equal some desired traction ', oi die 
explosion energy, we have 

»C,.V- - \ ( 2 0 0(Hi) (J 71 

Rg.7-10. Pulse width 
vs explosion fractions 
for flashlamps with 
1.0-, 1.5-, and 2.7-cm 
bores. 

where k0 = 1.3 ()V450)" ;. The Xe fill pres
sure, P, is in Tore. Neglecting circuit resis
tance, Markiewicz and Emmett" 1 showed 
that the electrical pulse shape of a flash-
lamp driven by an L-C circuit is completely 
specified by a single parameter 

a = K„(VZ) nk0{(/,1)(VZ0) (3) 

1.0 

0.8 

1 

0.6 

0.4 

Pulsevvidth at 0.5 peak current 
(50%-50% width) 

We can soke l-'qs. (.11 and (4) lot n and 
V, assuming the an length ('is specified 
Thus, (he ciivuil number .fid i barge vollage 
scale as 

k- '(' 
p) 

V 1.(1 cm, 450Torr 
O 1.5 cm, 300 Torr 
A 2.7 cm, 100 Torr 

I Statistical error over several shots 
at one condition on different davs 

I 

A , & • 
0 ©*? ci 

0.2 0.4 
Explosion fraction 
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and 

V -x. 7" (6) 

Equations (5) and (6) give the scaling of cir
cuit number and charge voltage to maintain 
a constant a vs t\ curve as the diameter, arc 
length, or ,\e till pressure are varied. 

We employed this scaling in going from 
our standard 1.5-cm-bore, 300-Torr flash-
lamps to 1.0-cm, 450-Torr and 2.7-cm, 100-
Ton lamps. The standard 1.5-cm-bore case 
utili/.ed two lamps in series with a total arc 
length of 224 cm and was excited by single 
circuit (C„ --- 87 j/F, I,, = 450 MH) over the 
charge voltage range of 12 to 28 kV. The 
corresponding calculated l\ variation was 
from 0.066 to 0.382, while a varied from 
1.08 to 0.70. To investigate higher lamp 
loadings at a 1.5-cm bore, we used a single 
h m p [C/2 in Eqs. (5) and (6)j, two circuits, 
and a voltage range starring at 14 kV. To 
study the 1.0 cm-bore lamp, we used 0.9 
circuits (five capacitors instead of the con
ventional six ;n parallel) to excite one lamp. 
For the 2.7-cm case, we chose three circuits 
to excite two lamps. 

To judge the success of our circuit match
ing technique, we measured the 50%-50% 
width and the 10%-10% width of the cur
rent pulse and compared their variations 
with t\ for each diameter. As shown in 
Fig. 7-10, the match wis extremely good 
when compared to the 0.3-ms storage time 
of ED-2 b U : . . 

Radiant Efficiency. The overall radiant 
efficiency of flnshlamps is limited by the 
passband (~0.2 to 2.5 pm) of clear-fused 
quartz (CFQ) and by the collisicnal loss of 
heat to the walls. We believe the latter 
mechanism is the major loss process for 
CFQ lamps. For lamps with cerium-doped 
quartz (CeDQ) envelopes, the short-
wavelength cutoff is ~-0.37 urn. Optical ab
sorption then becomes comparable to the 
collisional wall loss. 

To measure the radiant efficiency of 
flashlamps, we used either a total-absorbing 
calorimeter, which surrounded the lamp, or 
we measured the temperature rise of the 
quartz envelope and thereby inferred the 
heat deposition in the wall. The total ab
sorbing calorimeter consisted of a 5-cm-
diam, thin-wall (0.15-cm) copper tube that 
was chemically blackened The cylinder 
was terminated by end caps, which made a 
close-fitting (but not touching) connection 
around the metal electrode shields. Even 
though the cylinder was not perfectly black 
at all wavelengths and incidence angles, 
the emitted light had little likelihood of 
either leaking out or being reabsorbed 
by the lamp. 

Since the deposition along the length of 
the cylinder was not uniform, it was neces
sary to use several thermocouples to obtain 
a good thermal average. We used nine ther
mocouples positioned at equal mas c units 
along the can. We simply calculated the 
calorimeter response from the known heat 
capacity of copper and the sensitivity of 

9- 1 

—i 1 1 1 r -

(a) Charge voltage = 12 kV 

A Single thermocouple 
• Average from four 

thermocouples 

Fig. 7-11 Temperature 
rise of A 1.5-cm-bore 
CFQ flashlamp enve
lope vs angular posi
tion from a linear 
trigger wire. 
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Fig. 7-12. Radiant effi
ciency as a function of 
explosion fraction for 
four flashlamps. 

chromel-alumel thermocouples. The decay 
time of the temperature was quite long 
(~600 s) so that extrapolation to the zero 
point in time was straightforward. 

Measurement of energy deposition in the 
quartz wall was also complicated by the 
nonuniformity of the initial temperature 
rise. Figure 7-11 shows the initial tempera
ture rise, measured by a thermocouple held 
in contact to the wall by tension, as a func
tion of the azimuthal angle from a longitu
dinal trigger wire. The temperature rise was 
significartly larger near the wire, demon
strating clearly that the arc does not uni
formly fill the tube bore. Using four 
thermocouples in series, we obtained an av
erage temperature rise that agreed with the 
angular average at each charge voltage. 

To obtain the overall lamp efficiency 
from the wall-temperature rise, we assumed 
that the wall deposition was uniform and 
confined only to the region between the 
electrodes. By varying the position of the 
thermocouple array, we found the unifor
mity assumption to be good. However, we 
found the wall was also heated slightly be
hind the electrodes, presumably because of 
discharge blooming. In addition, there was 
undoubtedly some heat deposition in the 

electrodes themselves. Thus, the wall-
temperature rise provided an upper limit on 
radiant efficiency, while the calorimeter pro
vided a lower limit on lamp efficiency. 

Figure 7-12 displays the radiant efficien
cies vs input energy measured for the vari
ous lamp diameters. The data from wall 
temperature and the calorimeter gave ven 
similar results and differed in absolute etti 
ciency values by no more than 10%. I In
efficiencies generally increased with input 
starring at very low energies, reached a 
peak value of 75 + 5% for CI ;Q lamps, and 
then declined slowly "villi input. The peak 
efficiency was in good agreement with the 
result of 80% found by Holzruhlor" for a 
1.0-cm bore CFQ lamp. Over the bore range 
of 1.0, 1.5, and 2.7 cm, there was no obvi 
ous dependence of the efficient \ on diame 
ter. However, the efficiency of the CeDQ 
lamp in Fig. 7-12(b) is significantly lower 
because of optical absorption by the Ce-
doped quartz wall. Its efficiency is only 
about 62% at the typical operating point of 
amplifiers, / v = 0.2. 

Angular Dependence. Spectral measure 
ments of flashlamps are complicated by the 
fact that the spectrum varies with viewing 
angle. (The depth of plasma in the line of 

0.8 

0.7 

0.6 

£ 0.5 

S 0 A 

0.8 

1.5-cm-bore CFQ, 300 Torr 
<Js Wall temperature 

J Black can calorimeter 
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(b) "T 
1.5-cm-bore CeDQ, 30C Torr 

I: 
U 
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Fig. 7-13. Radiant-
output efficiency of a 
1.5-crr,-bore CFQ 
flashia.'iip vs input en
ergy and Nd-pumping 
efficiency vs input en
ergy for various view
ing angles. 

Fig. 7-14. Radiant-
output energy vs 
viewing angle for two 
explosion fractions. 

light and, hence, the effective emissivity, 
vanes with angle.) To determine the signifi
cance of the viewing-angle effect, we 
mounted a flashlamp on a turntable and 
measured both the Nd-pumping efficiency 
(from the peak fluorescence detector) and 
the radiant output efficiency (from the time-
integrated pyroelectric-detector signal) vs 
angle. The detectors were located behind a 
slit, the width of which was adjusted with 
angle so that the detectors always viewed a 
fixed 18-cm length of lamp. The slit aper
ture was located about 50 cm from the 
lamp; the detectors were located 100 cm 
from the lamp. Thus, the viewing angle 
was confined to ±5°. 

Figure 7-13(a) shows the radiant output 
efficiency (in relative units) of a 1.5-cm-bore 
CFQ lamp as a function of input energy for 
five viewing angles. An angle of 0° implies 
that the detectors viewed light emitted nor
mal to the lamp axis. The roll-off with in
put energy (presumably caused by the blue 
shift of the emission) is more significant at 
larger angles, consistent with the longer 
plasma length that is viewed at larger an
gles. Figure 7-13(b) shows that the Nd-
pumping efficiencies (peak Nd fluorescence 
divided by the input energy) behave simi
larly, except that the roll-off is more dra
matic. The effect seems reasonable since 
the shortest Nd-pump bands are at about 
0.45 (tim and, thus, the blue shift of 
the emission is more significant for 
Nd pumping. 

It is useful to plot the radiant output vs 
angle at fixed input energy to judge how 
much the angular pattern deviates from a 
Lambertian (i.e., black) radiator. Figure 7-14 
shows the data for the highest and lowest 

1.0J »-*».- ._ 

0.8 -

? 0.6 

Jj 0.4 | -

0.2 -

' 1 ' 1 ' 1 1 1 

\ \ 

\ \ \ \ \ , \ \ \ \ 
L \ 

\ 
\ \ 

1.5-cm-bore CFQ \ \ 
Explosion fraction = 0.05 \ \ \ 
Explosion fraction = 0.53 

— — Lambertian radiator 

\ \ \ 

1 , 1 , 1 
20 40 60 

Viewing angle (degrees) 
80 

input loadings used in Fig. 7-13. Signals 
were normalized in each case to the value 
obtained at 0°. The dashed curve in Fig. 
7-14 is the expected cos 0 dependence for a 
Lambertian radiator. The i.-.jasured outputs 
are generally above the cos 8 curve, when 
normalized to the 0° value, because the 
emissivity increases with angle. The plot 
more closely approaches Lambertian at 
large inputs because the lamp is closer to 
being "black." 

Angle Averaging. Figures 7-13 and 7-14 
clearly demonstrate that, to measure the 
lamp output, which is representative of am
plifier pumping, it is necessary to angle av
erage. In the first of two techniques, we 
mounted a 1.5- by 112-cm lamp along a 
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Table 7-1. Data for a 
1.5- by 112-cm CFQ 
flashlamp in an inte
grating sphere or an 
open geometry. 

Flashlamp Pumping of Solid-State Lasers 
12- to 26-kV ratios Wall thermocouple 

12 kV 
signals (mV) 

Pyroelectric Nd fluorescence 
Wall thermocouple 

12 kV 26 kY 

In sphere 
Sphere 25% open 
Open lamp 

(scatter plate) 
Through sphere 

3.90a 

4.27 
4.50 

4.30 

3.86 
4.20 
4.38 

4.30 

0.164 
0.155 
0.159 

0.675 
0.625 
0.60(1 

^Typical errors = ±2%. 

central chord of a 1-m-diam integrating 
sphere. The detectors were outside the 
sphere and viewed only scattered light 
rather than light directly emitted by the 
lamp. In the second technique, the detectors 
simply viewed light scattered from a small 
plate located near the center of the lamp. 
Angle averaging occurs in the second case 
because rays that strike the plate are emit
ted from different angles at various posi
tions along the lamp axis. Kodak 6080 paint 
(BaSOj in a polyvinyl alcohol binder) was 
used as a reflector in both cases because 
of the whiteness and diffuseness of 
its reflectivity. 

Although EG&G had previously used 
such an integrating sphere for angle-
averaging in similar flashlamp studies," we 
had reservations about using their tech
nique. Hrst, because the reflectivity of the 
Kodak paint falls off in the U V P I ' (differ
ent measurements disagree as to the 
amount), there is little question that multi
ple reflections in the sphere will modify at 
least the short-wavelength part of the spec
trum. Second, the presence of the lamp in 
the sphere may represent a significant opti
cal loss, which is then a function of lamp 
loading. Thus, the input-energy dependence 
of the cavity Q can affect the sampled 
light level. 

To compare the integrating sphere with 
the scatter plate for angle averaging, we 
used a Nd-fluorescence detector, a pyroelec-
tric detector, and a thermocouple array. The 
sphere was hinged in the middle to provide 
internal access and to allow us to look at 
the effect of having the sphere cracked 
open. We obtained data at 12- and 26-kV 
charge voltages (with a standard 87-jd:, 
450-iiH circuit and two lamps in series) cor
responding to lamp loadings of 25.7 and 
120 J/cm. Table 7-1 shows the 12- to 2b-kV 
signal ratios for a lamp in a closed sphere, 
for the sphere cracked to give an open area 
of 25%, and for a single reflection off the 
scatter plate. The "through-sphere" case 
corresponds to having the lamp outside the 

sphere and letting light enter the sphere 
through a 10-cm-diam hole. 

Table 7-1 clearly shows that the 12 to 
26-kV signal ratios are significantly smaller 
for the lamp in the sphere compared to the 
scatter-plale data. The ratios with the 
sphere 25% open are intermedial'.'. More
over, the thermocouple voltage1, at 25 kV 
clearly show additional lamp loading 
( + 10%), presumably caused by optical 
feedback for the lamp in the sphere. It is 
reasonable that there was no apparent in
crease in the thermocouple signal for the 
lamp in the sphere at 12 kV since the lamp 
absorption is smaller in thn* case. The 25%-
open case should be approximately midway 
between open and closed geometries since 
a 50% crack corresponds roughly to a 
completely open geometry. 

The decline in the signal ratios of the 
lamp-in-sphere data could be caused either 
by the blue shift of the lamp and, hence, a 
reduced reflectivity with multiple reflections 
off the sphere wail, or by the absorption of 
light bv the lamp itself, Both factors reduce 
the t? of the sphere. However, the through-
sphere signal ratios are considerably closer 
to the scalter-plate data than to the lamp-
in-sphere data even though multiple reflec
tions also occurred in that case. This 
outcome suggests that the primary diffi 
cultv of having the lamp in the sphere is 
the reduction in ca\ ilv CI caused bv 
lamp absorption 

To determine whether the scatler-plalc 
results do, indeed, properly average the 
lamp emission, we compared scatter-plate 
results to results obtained by numerically 
averaging over the angularly resolved data. 
Since the absolute signals were not com
parable, we simply compared the shapes of 
the curves with respect to input energy. The 
pvroelectric and peak-Nd curves agreed 
closely for the different averaging methods. 
It should be noted that, since the flash 
lamps were finite in length, the averaging 
provided by the scatter plate only extended 
to about 70°. However, we found the 
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(a) ~r~ T T 

l.O-cm-bore, 450 Torr 
1.5-cm-bore, 300 Torr 
2.7-cm-bore, 100 Torr 
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(b) 

* * 
' A . • 

1.5-cm-bore CFQ 
1.5-cm-boreCeDQ 

Tig. 7-15. Nd-pumping 
efficiency vs explosion 
fraction for various 
HashUmps. 
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Table 7-2. Theoretical 
dependence of V, L, 
and C on pulse width 
7" required to hold ei
ther L, t\, or /„ con
stant at constant it. 

numerically averaged data were not signifi
cantly different when averaged either 
to 70 or 90 . 

Nd-Pumpirtg Efficiency. Figure 7-15(a) 
shows the Nd-pumping efficiency vs input 
energy (in units of explosion fraction) for 
the 1.0-, 1.5-, and 2.7-cnvbore flashlamps. 
The Nd-pumping efficiency is simply de
fined as the peak Nd-fluorescence signal di
vided bv the input energy to the lamp. The 
data were angle-averaged using a scatter 
plate with 15- by 15-cm dimensions. The 
plate was located 10 cm from the lamp axis. 
The Nd-fluorescence detector was posi
tioned about 50 cm from the scatter plate 
and aperiured to observe only a central re
g i e , of the plate. The optical arrangement 
was fixed so that, by substituting lamps, we 
were able to make an absolute comparison 
of the different flashlamps. 

Figure 7-15(a) clearlv shows that the 
flashlamps with different diameters perform 
similarly in pumping Nd:glass when judged 
to equal fractions of their explosion energy. 
Thus, at least for fixed pulse length, explo
sion fraction may be a good parameter for 
characterizing the spectral output of 
flashlamps. The rise in the Nd-pumping ef
ficiency with loading ai small inputs follows 
the rise in the radiant efficiency, while the 
decline at high inputs again results from the 
blue shift of the lamp emission. 

Figure 7-15(b) compares the Nd-pumping 
efficiencies of flashlamps with CFQ and 
CeDQ envelopes, both having a 1.5-cm 
bore. The Nd-pumping efficiencies of these 
two lamps are considerably closer than their 
radiant efficiencies, shown in Figs. 7-12(a) 
and 7-12(b). The slight advantage of CFQ 

Constant 

E T~ 1/3 7'4/a 7-2/3 T» 7-1/2 T" 2/3 

k r- 1/6 7-7/6 7-5/6 7-I/2 7-0 T~ 1/3 

'P T° r T T 7-1/2 T» 

lamps in Fig. 7-15(b) may be caused by 
Ce ' '-to-Nd ' ' energy transfer within the 
ED-2 glass. 1 0 

A primary conclusion from Figs. 7-15(a) 
and 7-15(b) is that the roll-off in Nd-
pumping efficiency up to the normal opera
tion of amplifiers (fx — 0.25 after adding 
optical feedback to the lamp) is quite small 
( — 10%). Hence, we cannot attribute the ob
served 50% roll-off in the efficiency of am
plifier:, to this effect. We would argue 
that Nd pumping by lamps in a cavity is 
strongly affected by multiple passes 
through the disks and multiple bounces in 
the cavity. Single-pass pumping-efficiency 
measurements i-\o not directly relate to that 
case. Viewed in a multipass sense, another 
way of describing the decrease in amplifier 
efficiency is to say that the effective cavity 
1} of the amplifier box declines with input 
power. The cavity Q declines because lamp 
plasma absorption (coupled with less than 
unity reemission) and cavity-wall losses in
crease with input energy. The situation for 
amplifier pumping is closely related to the 
results found with the integrating sphere. 

Pump Pulse-Length Variations. The ex
citation pulse length affects Nd:glass pump
ing directly because of the 300-MS decay 
time of Nd* and indirectly because of 
change in the radiant efficiency and spectral 
output of the flashlamp. Using a 1.5- by 
112-cm CFQ flashlamp, we measured the 
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Nd-pumping efficiency as a function of 
pulse length over the range of from 0.2 to 
1.2 ms. We defined the pulse length, T, as 
the 10%-10% width of the current pulse. 
We experimentally found this width to be 
about 3.3 (LC) I / J at a = 0.8. 

The electrical circui; was varied to hold 
the input energy, the peak ciinent, or the 
explosion fractioi u,. aiaiu as he pulse 
width was varied. We attempt.::' to hold the 
pulse shape as constant as possib:° and suc
ceeded in keeping a within the range if 0.7 
to 0.9. As a baseline condition, we adopted 
the electrical characteristics of two lanit-< 
excited by a single circuit charged to 22 IV. 
This configuration gave T = 0.71 ms, 
a = 0.78, £ = 90 J/cm, Jp = 6.2 kA, and 
A = 0.21. 

To vary the pulse width while holding 
the other parameters fixed, it was necessary 
to vary the circuit capacitance, inductance, 
and charge voltage. The circuit equations 
that govern the lamp in this case are 

Fig. 7-16. Explosion 
fraction for a 1.5-cm-
bore CFQ flashlamp 
as a function of pulse 
width. 

T = A (LC)1' 

k0V~m (L/Q-
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(8) 
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J., = B V(I./C) 

(9) 

(10) 
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where A and B are constants for fixed a. To 
find V, L and C, three of the five equations 
must be used. Depending on whether the 
input energy, the explosion fraction, or the 
peak current is held lived, Eqs. (7) and (8) 
must be solved together with either Eq. (9), 
Eq. (10), or Eq. (11), respectively. 

1 low V, L, and C vary with T is summa
rized in Table 7-2. Using the power laws 
shown, it was easy to scale V. L, and C 
from our baseline condition (700 ms at 
22 kV, 87 nV. and 450 uH) to obtain other 
pulse lengths. In pracrce, our choice of 
pulse lengths was largely determined by the 
available inductors. This set the required ca 
pacitance, which was much easier to obtain. 
We then used the charge voltage for fine-
tuning to obtain the precise alue of the 
parameter he-id constant (£, („ or / ). 

The expected dependences of the electri
cal parameters were closely observed. For 
example, Fig. 7-16 show- how / varied for 
the cases of constant E, fv and 1 . From 
Table 7-2, we expect /, to vary as T ' \ 
T", and T 1 ' 2 in the three cases, as indicated 
by the solid lines. 

1 ne resuuir.^ Nd-pumning efficiencies as 
a function of pulse length are shown in 
Fig. 7-i7. There is ^Urpiisu'igi) little differ
ence in holding £ or /, or / constant. We 
suggest that the primary effect of changing 
the pulse length is caused bv the Nd* 
decay and not by spectral variations of 
lamp output. The Nd-pumping efficiency 
generally peaks at about 400 MS. 

From the thermocojple signals, we 
attribute the fall-off in Nd pumping for 
pulse lengths shorter than 400 tts to a de
cline in the overall radiant efficiency of the 
flashlamp. From its baseline value, the radi
ant efficiency decreased 9°o at the shortest 
pulse width and increased 6% at the long
est. We presume the decline in radiant effi
ciency with decreasing pulse width is 
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caused by the blue shift in the spectra and 
by increased recombination wall loss be
cause the arc channel spends a larger frac
tion of the pulse width near the wall where 
it starts. 

The results in I-'ig. 7-17 are for Nd pump
ing in an open geometry. In a closed geom
etry, such as an amplifier, the dependence 
of Nd-pumping efficiency on pulse width 
mav be much weaker. For instance, at con
stant input energy, the increased lamp ab
sorption thai occurs for shorter pulse widths 
tends to counter the improvements that 
might be expected This agrees with our ob
servation ol a relatively small increase in 
cam in the 4ft-cm amplifier bv shortening 
the excitation pulse from 800 to 500 jis. The 
i ' \pei 'ed dependence of Nd pumping is, in 
general, quite complex. The pulse-width de
pendence should depend on the fill factor 
of both Nd:glass and flashlamps in a given 
amplifier head. 

Authors: L. P. Bradley and H. T. Powell 

Major Contributors: R. D. Behymer, R. J. 
Poli and J. J. Dub 

Wall Losses in Flashlamps 

We developed a simple model for wall 
losses in xenon flashlamps and used our 
model to calculate theoretical radiant effi-
ciencv. Our results were then used to pre
dict the scaling of efficiency with diameter. 

Other than lamp radiation, the two major 
loss mechanisms are absorption of radiation 
bv a wall and ion recombination at a wall. 
Because the two mechanisms have different 
scalings with diameter and input energy, 
they were treated separately. 

Radiative losses occur because a wall is 
not perfectly transparent to radiation for 
the entire flashlamp spectrum. Using the 
Trenholme-Emmett l ' > model for temper
ature, T(j), and emissiviry, t(\,j), the xenon 
flashlamp spectra can be calculated as a 
function of current density and diameter 
and then integrated vs wall-transmission 
spectra to determine the loss. 

Figure 7-18 shows the calculated overall 
transmission vs current density for clear-
fused quartz and cerium-doped quartz. Both 

samples were used in our 112-cm arc-length 
flashlamps. The transmission of CFQ was 
high over the range of current densities 
studied, while that of CeDQ decreased for 
wavelengths <0.37 nm. 

For lamps of different diameters, we 
found that Ihe percentage of loss due to ab
sorption of radiation by a wall of CFQ was a 
very weak function of diameter at constant 
current density. The percentage of loss in
creased with increasing current density due 
to the blue shift of the flashlamp spectra. 

Fig. 7-17. Nd-pumping 
efficiency of a 1.5-cm-
bore CFQ flashlamp as 
a function of explo
sion fraction. 
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Fig. 7-18. Transmis
sion vs current 
density. 
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Fig. 7-19. Collision.il 
wall loss vs current 
density. 

Fig. 7-20. Wall loss vs 
explosion fraction. 

The serond mechanism for energy loss of 
plasma is energy transfer to the walls due 
to positive ions recombining at the wall. 
(The conduction of heat via neutral atoms is 
c much smaller loss.) For the loss due to re
combination, we used the Shcherbakov"' 
model and simply calculated the flux of 
ions to the wall. Due to the larger mass of 
ions, the wall accumulates a negative 
charge, which then modifies the flux of par
ticles to the wall until an equilibrium is 
established so that the flux of ions equals 
the flux of electrons. Since the wall be
comes charged, we defined a sheath poten
tial, l\, which is established at equilibrium 
by balancing the ion and electron current 
to the wall. 
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Thus, the energy from the ions is 

C, + 1/2 AT + cV, , (12) 

where £| is the ionization energv the wall 
gains when the ions recombine, and 1/2 > ; 
is the energy from the electrons. The total 
energy to the wall'" is 

/', - -<M i 

I 1 t 
AT 

(l.D 

where nt is the hulk number denskv and T 
is the wall temperature. The lasl and largest 
term represents the energv gain due to re
combination and is equal to the power den-
sit)' to the wall (W/cnr). 

Results for our simple model of the colli-
sional wall loss as a function of current 
density are shown in Fig. 7-19. The kiss per 
unit length due to collisions has a 
direct, linear dependence on diameter 
(because of area) as well as an implicit de
pendence on ion density (a function of tem
perature, which is, in turn, a function of 
diameter). Since energy into the lamp scales 
as current to the power 3/2, and since ion 
density (and, therefore, loss) does not in
crease as fast, the percentage of loss bv the 
recombination mechanism decreases with 
increasing current densitv. 

Comparisons with experimental data re
quire that the loss function be integrated 
over a current pulse. The current pulse was 
generated by solving the nonlinear differen
tial equation for the circuit (see Ret. 17 for 
further information). As discussed in detail 
by Powell,''1 the correct scaling considers 
changes in diameter while holding the frac
tion of explosion energv constant between 
various lamp sizes. 

figure 7-2(1 shows the final results for a 
fixed xenon pressure of 100 Torr Outcomes 
are shown for CFQ averaged over the cur 
rent pulse lor the combined losses caused 
by optical absorption and collisions with 
the wall. Theory tends to predict a lower 
overall efficiencv than that observed expert 
mentally. However, our results show a peak 
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in the radiative efficiency near an explosion 
fraction of 0.25, which is similar to that 
observed experimentallv. 

At very low explosion fractions, the theo
retical losses increase too quickly because 
many of the assumptions used to calculate 
the collisional loss (uniformly filled bore, 
equilibrium establV.ed at the walls, are 
invalid al low current densities. Our results 
tend to predict that, at constant pressure, 
the lamps with smaller diameter are slightly 
more efficient. The theory also predicts that 
the colhsional loss should 'iicrease with 
xenon till pressure. Neither effect has vet 
been observed exp Mincntallv. 

While our characterization of the absorp 
live wall loss is accurate the model used 
lor the collisional loss is inadequate a! low 
current densities. Additional studies of Ihe 
mechanism within a kinetic framework are 
in order. Nonetheless, our study has sup
plied a con'eit qualitative understanding of 
the loss mechanism. 

Author: A. t. Orel 

Flashlamp Arc-G'u»vth Model 

Xenon flashlamps have traditionally been 
analv/ed by assuming thev are arcs in local 
thermodynamic equilibnum (I.TIi). Using 
the I.TL assumption, flashlamps are com
pletely described by specifying the arc 
temperature, gas density, and spectral emis-
sivitv ol the plasma. Because this method of 
analysis has not been completely satisfying, 
the bulk of our knowledge about xenon 
flashlamps is still empirical. 

Xenon flashlamps are actually dynamic 
devices and are not total!}' amenable to 
steady-state analysis. One example of dy
namic behavior is the observation that the 
rate at which the discharge grows from a 
small filament to a fully developed arc is a 
function of gas pressure, tube diameter, and 
energy loading. The fraction of the bore 
filled by the arc is also a function of these 
three values. Such dynamic flashlamp be
havior can -ause, for example, the explosion 
iimit of the flashlamp to vary in an unex
pected manner when the discharge- tube 
geometry is changed. To investigate the 
issue of arc expansion and bore filling in 

xenon flashlamps. we have developed a 
detailed arc model. 

Consider an expanding arc within a 
xenon flashlamp. The cure of the arc is in 
I.TLi. In the core region, the electron, ion, 
and neutral gas temperatures are approxi
mately equal, and the densities of excited 
slates are given by their Boltzmann values. 
The transition region, between the arc and 
the neutral cold gas exterior to the arc. is 
dominated by complex kinetics and hydro 
dynamics. The neutral gas density rapidly 
increases across Ihe transition /one, wl ;le 
the gas temperature and ion density rapidly 
decrease. The electron temperature, how
ever, changes liule from its value in the arc. 
Within the transition /one, convection is 
driven by the pressure difference between 
the arc and Ihe outer cold regions. In the 
region exterior to the arc, the ion density is 
small or near zero, the electron temperature 
is below its value in the arc, the gas tem
perature is little more than its initial value, 
and the gas density increases as the bore 
fills with plasma, a result of convection 
from the arc. The driving force for the pro
cesses is the applied electric field. The elec
tric field is a function not only of the 
external circuit parameters but also of 
the arc itself, since the arc is a dynamic, 
time-varving resistance within the 
discharge circuit. 

The species in the arc model are 
• Electron temperature, 7",.. 
• Ion and gas temperature. /,, 
• Ion and electron density, n. 
• Heavy-particle gas density, \ . 
• Xenon excited-state and molecular ion 

densities, .V,. 
• Heavv-particle convective velocity, it. 
• Voltages and currents associated with the 

external circuit elements. 
The differential equations for some of the 

species are 

lit 

fll 

- r • (K.Y) (14) 

- V • \{n + /i|<)» + 71,VH 

V r,.V, - V „">. ,V, (15) 
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Fig. 7-21. Gas tem
perature and density 
in a fully developed 
arc initiated at the 
wall-
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lie,. 7-22. Arc width 
as a function of time 
and gas pressure for 
discharges initiated <i( 
the center i>f the dis
charge lube. 
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—0?H) = - V P - VI/JM'H) - V-7 . (18) 
(5/ 

Equation (14) is simply the heavy-particle 
continuity equatioi . In Eq. (15), />, is the ion 
mobility, t is the radial ambipolar electric 
field, D, is the ion diffusion constant, r, is 
the electron impact ionization rate for spe

cies .V., and r. is the ion recombination n> 
efficient for species i bv process ;. The 
forces resulting from self-generated mag
netic fields in the arc are incorporated into 
the radial amhipolar electric field. 

In Eq. (16). i is the longitudinal electric 
field, m and M. are the electron and 
heavv-particle masses, r„. is the electron 
momentum-transfer-collision frequency 
with species i, rM is the rate of electron im
pact excitation or relaxation between levels i 
and j of xenon with energv separation c,,, 
and \ is the electron thermal conductivity. 
In Eq. (17), i> is the heavy-particle mass 
density, c is the heavv-particle tvat capac
ity, and \ is the heavy-particle thermal 
conductivity. In Eq. (18), P is the gas pres
sure and r is the viscosity tensor. 

As written, Eqs. (14) through (18), cou
pled to a radiative transport calculation, are 
more appropriate to nonequilibrium kinetics 
than an I.TE plasma. The complexity of the 
problem results from the necessity of solv
ing our equations for the transition region 
between the arc and cold regions where ki
netics dominate, while also er.cuiiig LTE 
conditions within the arc. The compromise 
betwe :netic« and LTE v i s made by as
suming i.iat the excited states of xenon and 
the partitioning between atomic ions and 
molecular ions are in equilibrium with the 
species described above. The densities of 
these states are given by the steady-state 
solution to the appropriate differential equa
tions. The assumption is quite good, since 
the time required to reach equilibrium by 
the excited states is less than a microsecond, 
while the hydrodynamic time scalo is tens 
of microseconds. 

To account for photoionization processes 
resulting from recombination radia'ion 
within the arc, an effective electron-
recombination coefficient was used, The co
efficient was solved for by comparing the 
ETE value for ion density with the value 
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calculated within the arc. As I.TE is estab
lished in the art. the recombination coef
ficient is changed trom its kinetic value to 
its effective I.TL-. value Our treatment as
sumes an opticalh thick plasma within the 
an That is the absorption length for radia
tion is less than the characteristic distance 
ovei which the plasma properties change. 
I he assumption is not good at the edge of 
the an where the ion densitv changes rap-
idlv: however it does enable us to treat the 
radiation transport as a local propertv, 
therebv givatK -'mphfving the calculation 
Despite this imperfection, the results of the 
model appear lo be in qualitative agreement 
with observed behavior 

the calculation begins bv specifying the 
initial gas pressure, tube diameter, »ircuil 
parameters, and the location at which the 
initial breakdown filament occurs within 
the discharge tube. The external circuit is 
triggered, and the circuit equations and par
tial differential equations are then integrated 
in time. 

Computed gas densitv ;.nd gas pressure 
in a fully developed arc are plotted in 
Fig. 7-21 for an initial fill of 300 Torr of xe
non in a 1.5-cm-diameter tube (gas densitv 
•- 9.56 X 10'" cm '). The breakdown fila
ment was assumed to occur along the wall 
of the discharge tube. The full',' developed 
arc does not fill the entire bore of the dis
charge tube. The fraction of the bore that 
the arc fills is a function of gas pressure, 
tube diameter, and location of the break
down filament. 

The arc width and filling fraction (de
fined as an area ratio) for a variety of con
ditions are plotted in Figs. 7-22 through 
7-2-1. The edge of the arc was assumed to 
be the point at which the current density is 
0.1 of the maximum value at that particular 
time. Figures 7-22 and 7-23 show that the 
maximum filling fraction is obtained when 
the gas pressure is low and that the filling 
traction decreases with increasing rube di
ameter. (The fraction of explosion energy 
deposited in the discharge is constant for 
each plot.) Figure 7-24 displays the deciease 
in filling fraction when the location of the 
breakdown filament moves away from the 
center of the discharge tube and towards 
the wall. 

The slowing of the rate of arc expansion 
and its eventual stalling before filling the 
bore is, to a firs' order of approximation, a 
result of kinetic processes, but is ultimately 
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driven by hydrodynamics. As the discharge 
heats the gas within the arc, an expansion 
wave pushes gas into the cool region out
side the arc. thereby increasing the gas 
density in that region. The electron tem
perature, proportional to E/N, decreases in 
the cool gas region. The ionization rate is 
proportional to <•'' ', while the recombina
tion rate is proportional to 1/T". Therefore, 
as the gas density increases in the cool re
gion, the ionization rate decreases and the 
recombination rate increases. 

Eventually, the electron temperature falls 
below a critical value, at which time the 
ionization rate is less than the recombina
tion rate. This effect is exacerbated by the 
fact that the rate at which molecular ions 
are formed is proportional to the square of 
the gas density. Therefore, the fraction of 
molecular ions increases in the transition 
zone and cool regions. The recombination 
rate for molecular ions is, however, more 
than an order of magnitude larger than for 
the atomic ions. Therefore, the effective re
combination rate for ions in the cooler tran
sition zone is even greater than would be 
predicted based on only the electron tem
perature. When the breakdown filament 

Tig. 7-23. Arc width as 
a function of time and 
tube diameter for dis
charges initiated at the 
center of the discharge 
tube. 

tig. 7-24. Arc-filling 
fraction as a function 
of gas pressure and 
position of the break
down filament. 
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Fig. 7-25. Predicted 
wall temperature on 
the inside surface of 
the discharge tube as a 
function of time and 
position. 

occurs in the center of the discharge tube, 
the average gas density outside the arc is 
smaller than if the filament occurs near the 
walls. The decrease in gas density allows 
the arc to fill a larger fraction of the bore. 

In addition to the information concerning 
bore filling, described above, parameters 
such as flashlamp efficiency, wall tempera
ture, and pressure rise within the rube can 
be obtained from our model. For example, 
the inside-surface wall temperature of the 
discharge tube can be calculated from val
ues obtained from the model for the ion 
and electron flux to the walls, 1" and the 
known thermodynamic properties of the 
quartz wall material. Neglecting radiation, a 
prediction of the inside-surface wall-
temperature distribution for a discharge in 
300 Torr of xenon (D = 1.5 cm), where the 
breakdown filament was loaded halfwav 
between the wall and the center of the 
tube, is shown in Fig. 7-25. 

Author: M. J. Kushner 

Spectral Converters for Nd Laser 
Pumping 

Xenon flashlamps that pump Nc:glass 
lasers emit a broad-continuum spectrum. 

However, the Nd ions absorb radiation in 
discrete, albeit brood, bands. The fraction of 
flashlamp energy absorbed by Nd ions is a 
function of many parameters, including the 
optical depth of the glass and the energv 
loading of the flashlamps. Lightly doped 
glass is fairly transparent to the pump ligh-
whereas heavilv doped glass absorbs a hoi:. 
40% ot the flashlamp light into the laser 
pump bands. 

The absorption spectrum for L-.D Z glass . 
plotted in Fig. 7-26(a). The energv Iraciio;.-
in the 0.37-jim < A i : 0.94-j<m band th.r 
are not absorbed bv LD 2 Nd:glass are pi." 
ted in Fig. 726(b) as a function ol lamp 
loading and three optical depths •' In addi 
lion, the fractions of flashlamp encrgv 
emitted but not absorbed in the two 
bands ,\ '- (1.37 /im and A • 0 44 jiti art 
also shown. 

Approximately 20% of the fl-v-hlamp en
ergy is radiated at A • 0.37 urn and is not 
absorbed bv Nd ions. Similarly, from 16 to 
18% of the flashlamp energ\ is radiated at 
A > 0.94 ^m and is not absorbed. The frac
tion of energv not absorbed between 0.37 
and 0.94 nm is greater than 25% for the 
optical depths of interest. 

In principle, it should be possible to cap
ture the unused radiation in the three spec
tral regions to increase the rate at which Nd 
ions are pumpe 1. Two tvpes of converters 
are candidates for the purpose of capturing 
unused radiation: energy convert - and 
fluorescent converters Fnorgv converters 
are probably less generally recognized. 

The flashlamp itself is an efficient con
verter of electrical to optical energy. For our 
operating conditions, the plasma is in local 
thermodynamic equilibrium throughout 
most of the discharge period Ihus with 
the exception of the physical location of en 
ergy deposition within the volume of 
plasma, absorbed optical cnei,;\ •• :il heat 
the emitting and absorbing \eiu-n plasma, 
with effects equivalent to .. ;lt\!rua!-energv 
deposition As a result, the flashlamp can 
be used as an enert;v convenor. I he only 
significant difference between electrical 
heating and optical heating is the tesulting 
plasma-temperature profile. Thus, we mav 
assume that absorbed optical radiation will 
be converted to emitted optica: radiation 
with nearly the same overall efficiency with 
which deposited electrical energy is con
verted to optical radiation. A detailed analy
sis of flashlamps as energy converters is 
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discussed in Ref. 20. The limiting efficiency 
of pumping N'd ions can be increased by 
25'V bv optimal energv conversion by 
the flashlamp. 

A fluorescent converter is a material ex
ternal to the Nd:glass medium, doped with 
an ion or molecule that absorbs in a region 
not matching Nd ion absorption bands, and 
thai emits fluorescence that matches Nd-ion 
i\inils. The converter medium can be either 
i solid or liquid. 

One problem associated with the use of 
iluoresient lonverters to enhance the 
pumping o\ a laser medium concerns the 
pkuement of ihe converter in relation to the 
laser mcdi'.m to ensure efficient transport 
of converted radiation to the laser medium. 
Five possible geometries are illustrated in 
Fig. 7-27. The geometries with the highest 
fraction of converted radiation coupled into 
the Nd:glass place the converter medium in 
optical conlai t . 'ith the laser medium. 

The geometry shown in Fig. 7-27(d) is 
appropriate for conversion of the short-
wavelength radiation that will not pass 
through the glass. However, the geometry 
requires pump-cavity reflectors that have 
excellent reflectivity in the UV portion of 
the spectrum (not true for Ag reflectors). 
The geometry shown in Fig. 7-27(e) is 
appropriate for conversion of the long-
wavelength radiation flowing between the 
Nd pump bands. The geometries shown in 
Figs. 727(a) through 7 27(c) lose a signifi
cant traction of the fluorescence to total in
ternal reflection of the light when passing 
from the converter medium to air. Some of 
the loss mav be recouped by incorporating 

scattering centers into the converter to cou
ple out the otherwise trapped fluorescence. 

The obvious requirement for good con
verter candidates is that their absorption 
and emission bands be favorably located 
with respect to those of Ndrglass. In addi
tion, their quantum yields must be large 
and their radiative lifetimes short, compared 
to the length of the flashlamp pump. For 
converter candidates that use the geometry 
shown in Fig. 7 27(d), the requirement of 
minimum overlap between the absorption 
bands of the (inverter and Nd:glass is es
pecially impctant . The Nd ions have a pre
sumed quantum yield of unity for the laser 
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Flashlamp Pumping of Solid-St?*e Lasers 

pump bands. The net conversion efficiencv 
for the converter (quantum yield X geo
metrical coupling efficiency X absorption 
probability of N d ' ' ) is always less than 1. 
Therefore, a severe penalty is paid if there 
is substantial overlap between the absorp
tion bands of Nd:glass and those of 
the converter. 

Two classes of candidates for a short-
wavelength converter have been identified: 
divalent rare-earth ions (in glasses or pow
ders),"' Jnd i b .inic dyes (in solution or 
plastics)." Ot the former candidates, diva
lent europium ( t i r ' ) is especially attractive: 
of 'ht \if(ci t . u ldk l < . s e v e n ] ' 
high probability of success. 

Three classes of phosphors ave under 
consideration: conventional powder phos
phors, phosphors incorporated in optically 
clear glass, ami phosphors bound in white 
polymers. A powder phosphor would be 
coated on the interior of the amplifier box 
and would act as a white, diffuse reflector 
at wavelengths other than its absorption 
band. Alternatively, the powder might be 
incorporated into a solid, polymeric sheet 
material serving as the reflector. 

One potential problem in using polymers, 
either as sheets or as binders foi a paint
like coating, is that they tend to degradp 
under flashlamp illumination. Degradation 
also applies to organic dyes. Coatings pre
pared with available inorganic binders do 
not have the problem of degradation; how
ever, they have relatively poor mechanical 
properties. Optically transparent phosphors 
would ideally be located as sheets sand
wiched about the amplifier laser glass. Al
ternative locations are as blast shields or 
flashlamp envelopes, but the improvement 
of performance would decrease because of 
losses associated with total internal reflec
tions, as previously mentioned. Glass is a 
more attractive host than polymers from the 
standpoint of lessened optical damage by 
the laser beam and flashlamp emission. 

For phosphors incorporated in glasses, no 
known ion is ideal for our purpose, but di
valent europium is a reasonable candidate. 
Europium tends to enter alkali silicates in 
the bivalent state, which has unsuitable 
spectral characteristics. However, europium 
is readily incorporated in the divalent state 
in fused silica or in 96° silica. The generic 

term 96% silica is used for a class of glasses 
manufactured bv the Vvcor process, which 
consists of manufacturing the sample, with 
oversized dimensions, from a certain alkali 
borosilicate glass. A heat-treatment phase 
separates the glass to an interconnected 
two-phase structure. One phase is high in 
alkali, and the other is approximately 96% 
SiO,, 3% B :0-„ and 0.4% A1 : 0„ with traces 
of alkali and As. The alKali-nch phase is 
chemically leached out ol the glass, leaving 
a porous body with an interconnected po
rous structure having S-nm pores. The po
rous material is then wintered at moderate 
k'inpL wilLiic^ to a solid both, with shrink 
age giving the sample its desired size. The 
overall process is quite economical. 

The porous intermediate of the Vvcor 
process is commercially available and can 
be doped with various ions prior to consoli
dation. In the i«.w of europium, the porous 
glass is placed in an aqueous solution of 
Eu(NO,),, which is drawn into the pores by 
capillarity. As the glass is dried and the wa
ter evaporates, the salt is deposited -> the 
pore structure. Upon heating, the nitrate de
composes to an oxide; at higher tempera
tures, the glass sinters and the oxide 
dissolves in the glass, leaving the Eu ion 
in the divalent state. Other ions can be 
added along with E u : ' by simply adding 
an appropriate salt to he solution. 
The salt permit- ;,ome adjustment of 
the Eu"' spectrum. 

We have prepared samples of 96% silica 
doped with Eu" in this wav. Our samples 
fluoresce blue under UV illumination, with 
the emission band centered at 0.44 (im. The 
maximum absorption band is at 0.37 jum 
The emission band is somewhat too =hort a 
wavelength for ideal Nd pumping. iV. will 
attempt to shift the omission spectrum to 
somewhat longer wavelengths by codoping 
with the other ions and bv varying the 
heat-treatment conditions to maximize 
overlap with the Nd pump bands. 

We have developed a model to aid in 
evaluating converter candidates. Our model 
calculates the change in Nd pumping rate 
as a function of converter type and geome
try, glass type, and doping level using the 
xenon flashlamp spectrum calculated from 
the Trenholme-tmmett model."' For eval
uating candidates, our results from the 
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mode! are discussed in terms of ED-2 glass 
and the double-sided surface-converter 
geometry shown in Fig. 7-27(d). 

An important parameter in evaluating 
converter candidates is the optical depth 
( ions/orr) of Nd:glass. Results for the 
change in Nd pumping rate as a function of 
optical depth are plotted in Fig. 7-28. The 
results in Fig. 7 2S(a) are for organic-dye 
candidates, and those in Fig. 7-28(b) are 
for Fir ' lonvcrters in different hosts. The 
coupling efficient \ lor surface converters 
was calculated to be 0.85 because of the 
benefit of lolai internal reflection. Increases 
in the \ d ' pumping rate in excess of 20% 
are possible toi our best converter {\md\ 
dates I he amount of increase, however, is 
a Imii 'ion of the optical depth of the glass, 
as discussed below. 

For one class ol converters shown in Fig. 
7-28 the i lunge in pumping rate decreases 
as optical depth of the l\'d:glass iruroases. 
The decrease results from the fact that, as 
the optical depth of Ndiglass increases and 
its absorption bands broaden, the overlap 
between the absorption bands of the con 
verter and Nd:glass increases. As discussed 
abo\e . this is not a favorable situation for 
efficient conversion. For the second class of 
converters shown in Fig. 7-28, the change in 
pamping rati1 increases as optical depth of 
tin \d :glass increases. The increase results 
Irom the broadening absorption bands of 

Ndiglass, increasing their overlap with the 
emission bands for ihe converter. 

Our laboratory evaluation of converter 
candidates has begun. We have given spe
cial attention to organic-dye phosphors 
doped with E u : ' for short-wavelength con
verters. The converter candidate is placed in 
contact with a disk of Ndiglass to simulate 
the ('. ,'ometry shown in Fig. 7-27(d), and the 
assembly is exposed to a pulsed flashlamp. 
A photodiode equipped with a narrow 
bandpass filter monitors fluorescence from 
the upper laser level of Nd. Comparing the 
Nd fluorescence for a converter material 
with and without the active ingredient 
(undoped vs doped Vycor) yields the 
change in Nd pumping resulting from the 
conversion process. 

Typical experimental results for the 
change in Nd pumping with the dyes cou 
marin 522 and 9,10-bisphenylethynvl 
anthracene are plotted in Fig. 7-29. experi
mental results are compared to our model 
calculations. Increases in Nd pumping 
( 10"ot have been demonstrated when us 
ing single sided conversion and pumping. 
The dves were in a liquid solvent and con 
tained in a reservoir that was in contact 
with the Nd:glass. The coupling efficiency 
assumed in our calculations was 0 45 be
cause total internal reflection in the outer 
window is not useful. In contrast, a cou 
pling efficiencv of 11.85 would be obtained 
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Fig. 7-29. Experimen
tal results for the 
change in Nd pump
ing using two organic 
dyes as converters. 

Laser-Induced Damage 

Fig. 7-30. Absorption 
and emission spectra 
of Eu2 _ t in Vycor 
manufactured by two 
different processes. 
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with the dye dissolved in a low-index plas
tic and optically coupled to the glass. (The 
calculated curves in Fig. 7-28 are for a cou
pling efficiency of 0.85.) Practical imple
mentation of dyes as converters for disk 
glass lasers requires the development of 
suitable plastic solvents to obtain the 
required optical-damage limit and high 
coupling efficiency. 

Samples of Vycor glass doped with E u : ' , 
using the process described above, were 
tested as converter candidates. The absorp-
tion and emission spectra of a typical sam
ple are plotted in Fig. 7-30. The spectra are 
shifted to the blue from the ideal; neverthe
less, the sample yielded an increase in Nd 
pumping in excess of 8%. Also shown is 
the spectra of Eu" * in a Vycor host pro
cessed in a somewhat different manner, 2 , 

illustrating the discrete tunability of the 
method. This result is especially encourag
ing, since glass converters would be more 
easily implemented than organic-dye-
doped plastics. 

Increases in Nd pumping of more than 
10% have been measured for extrinsic flu-
o escent converters. Our modeling results 
indicate the increases would be in excess 
of 20% for conditions with ,i larger 
coupling efficiency. 

Authors: M. J. Kushner and K. Hopper 

Major Contributors: J. L. Emmett, W. F. 
Krupke, J. B. Trenholme, R. PoM, and 
H.T. Powell 

Laser-Induced Damage 
I n t r o d u c t i o n 

The Nova laser requires coatings that are ei
ther antireflective (AR) or highly reflective 
(HR; at some combination of the lu;, 2u;, 
and 3u. wavelengths. Reflectne-focusing op
tics thai are highlv reflective tor wave
lengths between 1 Oh and 0.25 nm may be 
needed fur future lasers Having studied 
laser damage at several frequencies during 
1982, we first review our experiments at la;, 
2u.\ ami 3u- that were performed to support 
the design of Nova. In the final section, we 
review our experiments at j .25 jim. 

D a m a g e at IUJ, 2OJ, a n d 3OJ 
for A R S u r f a c e s 

Neutral-solution processing 2 ' ' (NSP) pro
duces damage-resistant AR surfaces on 
components made of borosilicate glasses 
that can be used to transmit high-intensity 
pulses at either lw or 2UJ. A physical plant 
for NSP treatment of surfaces on lenses up 
to 1 rr in diameter was installed at LLNL. 
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Laser-Induced Damage 
The damage thresholds measured with 
1-ns, lu pulses on our NSP surfaces ranged 
from 12 to 14 J/cm2. Our range is compara
ble to thresholds of the NSP surfaces ini
tially made at Schott Optical Glass, Inc. 
(Du'ryea, P a p 

Recent experiments with NSP-treated 
surfaces indicated that the threshold for 
damage induced by 0.7-ns, 2u pulses was 
the same as that for damage induced by the 
parent 1-ns, lu; pulses.'7 The damage 
thresholds were the same for entrance and 
exit surfaces of windows with NSP sur
faces,"'' and the threshold of NSP surfaces 
scaled as the square root of laser-pulse 
duration (see Fig. 7-31 and Ret. 28). 

We also determined that the damage 
threshold of an NSP-treated surface could 
be increased by repetitively irradiating the 
surface at fluences below the damage 
threshold (,V-on-l irradiation). In a typical 
test, during which each test site is irradiated 
only once (1-on-l irradiation), laser-induced 
emission of light occurred on test sites ir
radiated at 8 to 10 J/cm2 in 1 ns. Damage 
visible by Nomarski microscopy was pro
duced on sites irradiated at fluences exceed
ing 12 J/cnr. If, however, a given test site 
was repetitively irradiated at fluences of 
from 8 to 10 J/crrr, laser-induced emission 
of light ceased after a few shots. The 
fluence could then be increased to a level 
exceeding the typical 1-on-l threshold be
fore either light emission or damage oc
curred. The median .V-on-1 threshold 
measured with 1-ns pulses was 17 J/cm ;: 
the maximum was 25 J/cm2. Increase of 
thresholds by \-on-l irradiation was ob
served at pulse durations from 1 to 20 ns 
(see Fig. 7-31), although fractional increases 
in rear-surface thresholds were less for the 
longer pulses. 

The mechanism for the threshold in
crease is unknown, but we assume that the 
surface is cleaned by low-fluence irradia
tions. We were unable to measure a change 
,.i surface reflectivity on sites subjected to 

on-1 irradiations. Evidently, the porous 
surface is not collapsed by the irradiations. 
S...me photographs taken with a scanning 
electron nrcroscope showed that areas sub
jected to .V-op-1 irradiation were free of 
small particles that existed on adjacent areas 
of the surface. 

The NSP process does not produce AR 
surfaces on fused silica, which is the only 
materia! presently capable of transmitting 
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high-intensity 3w laser pulses. Therefore, we 
continued our evaluation of several tech
niques for producing AR coatings on fused 
silica for use at 3w. Figure 7-32 shows 
thresholds measured with 0.6-ns, 3w pulses 
on 16 AR films made by electron-beam 
evaporation at Optical Coating Laboratories, 
Inc. (OCLI, Santa Rosa, Calif.); thresholds 
ranged from 2 to 3.5 J/cm2. The films with 
the greatest resistance to damage were 
made of scandia/magnesium fluoride, a 
combination of materials that was tested at 
3w because of its resistance to damage by 
0.25-fim KrF laser pulses.2'' 

We investigated several techniques for 
producing graded-index AR surfaces on sil
ica. Scientists at Westinghouse Research and 
Development Center, Pittsburgh, Pa., dem
onstrated the production of a porous silica 
layer by spreading an organometallic solu
tion on a silica substrate and baking it to 
drive off the volatile compounds.1" The 
coated substrate was then held at a tem
perature of from 400 to 700°C for several 
hours to partially sinter the coatings and re
duce the median size of the coating pores to 
~40 A. Etching was done in weak hydro
fluoric acid. The resultant porous layer had 
tapered pores, a graded refractive index, 
and behaved as a single-layer AR coating. 
Transmission >99% at 3a>, and some reduc
tion of surface reflectivity at all wavelengths 
from 3u> to lu>, was obtained for silica 
substrates coated on both surfaces. The 
damage thresholds measur?d with 
0.6-ns, 3a) pulses on 20 of the porous silica 
surfaces ranged from 0.6 to 4.1 J/cm2; the 
median threshold was 2.2 J/cm2. 

We also evaluated porous coatings made 
at Owens-Illinois, Inc. (Toledo, Ohio) and at 

Fig. 7-31. Damage 
threshold a l u vs 
laser-pulse duration 
for NSP gradient-
index AR surfaces of 
BK-7 glass. 
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Fig. 7-32. Damage 
thresholds with 0.6-ns, 
3a- pulses on four-
layer AR coatings 
made with four com
binations of materials. 

Laser-Induced Damage 

l ;ig. 7-33. Cones 
formed bv LNT dam
age in silica. 

i ' Cr 

AR coating 

Battelle Research Laboratories (Columbus, 
Ohio). Their coatings were made bv sol-gel 
technologies, similar to that described 
above, in that a homogeneous surface lavor 
of borosilicate glass was deposited on a pol
ished silica surface. A porous layer, com
posed primarilv of silica, was then produced 
by leaching the glass in an acid that pref
erentially removed constituents other than 
silica. The thresholds of two films from 
each vendor, measured with 0.6-ns, 3u.> 
pulses, ranged from 1 to 2 J /cml The 
thresholds of 15 sol-gel films made by 
Owens-Illinois, Inc., measured with 1-ns, lu; 
pulses, ranged from 7 to 15 J/cnr. 

We believe that damage thresholds in 
coatings made by sol-gel techniques are 

limited bv inclusion •'> microscopic contami
nants in the solutions. However, clean 
sol-gel films have potential as damage 
resistant, broadband AR coatings. Therefore, 
we have begun a major effort to produce 
porous coatings on large c omponents under 
clean-room conditions 

As a backup to bo'k electron-beam 
evaporation and sol gri vihniqik 's wo 
studied production ot graded-mdex surfaces 
bv etchmg-nucleai-trac k (I \ T ) damage in 
silica I he substrates were covered with .1 
foil ol enriched uranium and bombarded 
with (hernial neutrons, 1 ission fragments 
entering the silica left trails ot damaged ma 
tenal, whu h etched at a rate greater than 
the etch rate ot the undamaged silica. I-tch 
ing a single track produced a conical pit. 
The cone angle oi about 2^ was estimated 
bv using a scanning electron microscope to 
photograph replied ot c ernes that were 
etched to a deplh ot several micrometers. 
An example ot such a photograph is shown 
in l\-, 7-33. A surface thai bears a high spa
tial density of conical pits has a graded re
fractive index. However, to serve as an AR 
film at a wavelength of 1 iim, the gTaded 
layer must have a minimum thickness (cone 
depth) of —0.3 ^m. The problem is that 
cones with the necessary dep f h have 
diameters so krge that they are efficient 
scatterers of light. Our experiments, 
aimed at producing a larger differential 
in etch rates and smaller cone angles, 
arc continuing. 
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Dielectric Reflectors 

In studies of Hi? coatings, our first priority 
was the testing at lu), 2a, and 3a' of coatings 
made of common oxide materials that will 
probably be used to fabricate reflectors for 
Nova. We tested 24 quarterwave-stack 3a; 
HR coatings made by electron-beam 
evaporation at OCI.I. The coating designs 
were (HI ) ill I, where H and I. are the 
quariiTuave thicknesses of high-index and 
low index materials, respectively. The low 
in, i ' \ >;i,Henal lor all reflectors was silica; 
the li^ii index materials were /irconia, 
i.iiu.ii.i and hatnia. 

1 hirsholds lor the coatings shown in Fig. 
U ue ie measured with O.h-ns, 3a' laser 

pulses I hresholds oi the /irconia/silica and 
lantala. silua coatings ranged from 1.7 to 
>3 l .uiv. Thresholds of (hi hafnia/silica 
coatings were lower (— I I/cnr). bul the 
outcome is probably a characteristic of the 
particular coatings tested and not a general 
indi' tion thai hafnia is inferior to either 
zircoii.a or lantala. 

An unusual result was that thresholds of 
overcoated reliectors were less than or 
equal :o thresholds of nonovercoated retlec 
tors The outcome is contrary to results ob
tained m previous expe.mients at both 
it : - uin I Ret. 31) and lu- (Ref. 32). Addi

tional tests will be necessary to determine 
whether the result is generally true. We are 
presently testing 3a> HR coatings made with 
scandia/silica and scandia/magnesium flu
oride, combinations that were previously 
found to be resistant to damage at 0.25 ixm. 
Preliminary results indicate that thresholds 
for these films will routinely exceed 3 J/cnr. 

We tested 24 trichroic mirrors, highly re
flective at lu;, 2a, and 3a, made by deposit
ing one multilayer reflector over another. 
Some of the individual reflectors were 
quarterwave stacks, which are reflective al 
the primary design wavelength, X, and at 
, \ /3. Using this design alone, a trichroic re
flector can be made hv first depositing a 
primary l a mirror (also reflective at 3a) and 
then depositing over that mirror a primary 
2a reflector. The trichroic reflector is desig
nated as Q(2a')/Q(la-3a). 

The individual reflectors can also be 
made using a nonquarterwave (NQ) design 
in which the optical thickness of the low-
index layers is twice that of the high-index 
livers. Nonquarterwave 2:1 coatings are 
reflective at a primary design wavelength, 
,V and at ,\/2. Some trichroic reflectors 
were made bv placing a conventional 
quarterwa.e-staek 3a reflector over a 2:1 
coating that was reflective at l a and 2a. 
Such a trichroic reflector is designated as 
Q(3a)/NQ(lu;-2a). 

IV 
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Fig. 7-34. Damage 
thresholds with 0.6-ns, 
3a> pulses <»n Hit 
coatings made with 
three combinations of 
materials. 
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10° 

O LLNL lw (1-on-l) tests of 
silica/titania HR coating. 

O LLNL l<u (N-on-1) tests of 
trichroic reflect&r. 

O Median threshold, research-grade films. 
• Median threshold, production-tank coatings, 

nonovercoMed research coatings, 
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HR coatings.33 
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Fig. 7-35. Damage 
thresholds at 1a> vs 
pulse duration for HR 
coatings. 

Trichroic reflectors fabricated by both 
OCLI and Spectra Physics, Inc. (SP, Moun
tain View, Calif.) were tested with 1-ns, lu; 
pulses; 0.7-ns, 2u> pulses; and 0.6-ns, 3w 
pulses. None of the 24 trichroic reflectors 
'....d good resistance to damage at all 
three wavelengths. 

The most successful coating supplied 
by OCLI was a Q(3w)/NQ(lw-2<u) design 
fabricated of zirconia/silica. The average 
thresholds at lu>, 2a, and 3UJ were 6, 4, 
and 2 J/cm2, respectively. The best 
frichroic reflector supplied by SP was 
a Q(2u>)/Q(lu)-3o>) design fabricated of 
hafnia/silica. The average thresholds at lw, 
2u>, and 3u were 9, 10, and 0.3 J/cm2, re
spectively. The thresholds observed for the 
outer reflectors in each design were 2 J/cm : 

for the Q(3w) reflector and 10 J/cm2 for 
the Q(2 '̂) costing. 

The results for outer reflectors are com
parable to, or better than, thresholds ob
served in corresponding monochromatic 
coatings. With the exception of the 9-J/cm2 

threshold measured at lu> on the SP reflec
tor, thresholds of the buried reflectors in 
each design were lower than would be ex
pected had the buried reflector been tested 
individually. The low thresholds for buried 
reflectors may arise from a systematic diffi
culty that limits our ability to make 
damage-resistant trichroic reflectors. 

We investigated one new technique for 
depositing thin-film coatings. Ion-beam 
sputtering was developed at the Honeywell 
Corporate Technology Center (Bloomington, 
Minn.) as a technique for producing low-
scatter mirrors, fourteen 3ui tantala/silica 
HR films supplied by Honeywell were 
tested with 0.6-ns, 3u> pulses. The damage 
thresholds ranged from 0.5 to 2.6 J/cm"; the 
median threshold was 1.4 J/cm-. The 
coatings had a spatiallv uniform damage 
morphology that suggested that the coating 
absorption was large. Honeywell is investi
gating production of coatings with lower 
absorption. 

Pulses with durations of 1, 3, 6, 9, and 
20 ns at lu; were used to measure damage 
thresholds of a titania/silica quarterwave-
stack reflector designed for use at lu.' and a 
zirconia/silica trichroic reflector of the de
sign Q(2u!)/Q(lu-3u)). Thresholds for the lw 
reflector were measured bv 1-on-l tests; 
those for the trichroic were measured by 
N-oii-1 tests. 

The measured thresholds shown in 
Fig. 7-35 scaled with pulse duration, T, as 
r"4. The trichroic reflector was tested 
.\'-on-l because it exhibited a behavior that 
is highly unusual for multilayer dielectric 
films. Its 1-on-l threshold was low (4 J/cm2 

at 1 ns), but the damage only consisted of 
slight enlargement of a few existing pin
holes. When test sites were repeatedly ir
radiated (,V-on-1), fluences larger than the 
1-on-l threshold were required to produce 
either additional damage or laser-induced 
emission of light. Fur both reflectors, 
thresholds measured with 20 ns pulses fell 
within the distribution of thresholds 
measured with 23 ns, 0.69-fim pulses.1' 

Bare Polished-Silica Substrates 

Since fused silica is the only material 
known to be free of two-photon absorption 
and color-center formation when irradiated 
by intense 3u' pulses, we lontinued to study 
damage on bare polished-silka substrates. 
Three materials were teste.i v. :th 0.6-ns, 3u' 
pulses: Suprasil U and Optui ! (Amersil, 
Inc.) and a recently improved code-7940 
silica (Corning Glass Works, Inc.), Test 
substrates were polished by Zygo Corpora
tion. Thresholds for the three types of silica 
ranged from 8 to 11 l/cnr. 
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We used 1-ns, iw pulses to test nine silica 

substrates that were polished at the 
Honeywell Corporate Technology Center 
on dry powders: either colloidal silica or 
strontium carbonate, or a mixture of nickel 
and manganese oxides. Material removal in 
this polishing process occurs primarily by 
chemical attack, rather than by abrasive 
fracture, so that little subsurface fracture is 
induced. Damage thresholds for the nine 
silica substrates ranged from 5 to 17 J/cm2; 
the median threshold was 12 J/cm2. The 
thresholds were somewhat lower than 
the median threshold of 16 J/cm2 for 
substrates polished in conventional 
abrasive ceria "lurries. 

We tested two glasses, NG-1 and NG-4 
(Schott Optica! Glass, Inc.), that will be 
used in absorbing-glass calorimeters. NG-1 
thresholds measured with 0.7-ns, 2w pulses 
and with 0.6-ns, 3u> pulses were 9 and 
4 J/cm', respectively. The corresponding 
thresholds for NG-4 were 13 and 6 J/cm2. 

Plastics 

We measured bulk-damage thresholds of 
several plastics with single 1-ns, lu> pulses. 
The plastics were PMMA, CR-39, and poly
carbonate. PMMA is polymethyl methacry-
late (Lucite, Perspec, and Plexiglas) with 
outstanding transparency. Two PMMA 
samples were of general-purpose grade; one 
was i>i c'inical grade (used to make lenses 
for ,uiman eye implants). CR-39 has the 
common chemical name allyl diglyrol car
bonate and is used in spectacles because of 
its exceptional abrasion resistance. Two of 
the CR-39 samples were of a general gTade; 
two were fabricated (PPG Industries) 
under documented conditions from mono
mer filtered to 1.2 ^m. Polycarbonate 
(L.exan, Tuffak) is the polymer with the 
repeating unit 

-COO-C„H 4-(CH rC-CH 1)-C (,H 4-0-

and is known for its impact resistance. 
While none o f the polymers had special ad
ditives (UV absorbers or flame retardants) 
or surface treatments, the clinical-grade 
PMMA might plau: ibly contain a UV ab
sorber. The measured damage thresholds 
are listed in Table 7-i 

Number of 
samples 

Damage 
threshold 
0/cm2) 

CR-39, filtered3 2 
CR-39, general b 2 
PMMA, dinical c 1 
PMMA, general*1 2 
Polycarbonate6 1 

18 ± 0.6, 4.1 ± 0.4 
2.2 ± 0.2, 2.6 ± 0.3 
3.4 ± 1.0 
4.2 ± 0.4, 4.6 ± 0.5 

<1.4 
aSupplied by S. D. Jacobs (Univ. of Rochester) and fabricated by Richard 

Schwarz (PPG Industries). 
^Supplied by Signet Optical Corp. 
cPerspec CQ (Imperial Chemical Industries). 
dPlexiglas V920 (Rohm and Haas), 
""uffak A (Rohm and Haas). 

Table 7-3. Damage A 
thresholds in bulk-
plastic materials tested 
with 1-ns, 1^ pulses. 

Table 7-4. Damage 
thresholds for thin 
sheets of several 
plastics. V 

Test Pulse Damage threshold 
Material wavelength duration (ns) ( l / 0 0 1 ^) 

Sun Gain )tii 6 9.2 + 0.9 
la> 1 6.0 ± 0.6 
2u 0.7 <0.7 
3a> 0.6 <0.55 

Teflon FEP 
4mi l a lai 6 12.0 ± 1.3 
5mi l a \w 1 6.7 ± 0.8 
4mi! a 2u 0.7 7.4 + 1.1 
4 mil a 3u 0.6 3.2 ± 0.5 
1 mil a lm 1 3.2 ± 0.3 
1 mil b \w 1 3.0 ± 0.3 

Mylar (1 mil, extra clean) la. 1 0.9 i 0.1 
Polyvinyl alcohol 
(unstretched) 

lu> 1 1.5 ± 0.5 

a N o surface treatment. ^Treatment on one side. 

In all samples, damage consisted of iso
lated internal microfractures that are pre
sumed to result from heating of included 
absorbers. While absorbers might be ex
cluded by careful manufacturing proce
dures, it may not be possible to produce 
plastics with damage thresholds equal to 
that of glass. Failure depends on the mate
rial strength and the temperatures of the in
clusions, so that, for comparable levels of 
cleanliness, glasses should be more resistant 
to failure. Another potential damage mech
anism in polymers is thermal degradation 
around absorbing inclusions. The result 
would be an accelerating degradation with 
successive shots due to local carbonization. 

We tested thin sheets of four polymeric 
materials. Sun Gain is a UV-stabilized poly
ester (similar to Mylar) made by 3M, avail
able in sheets bearing broadband AR 
coatings, and reportedly34 consists of a layer 
of acicular Al(OH), crystals. Teflon FEP is a 
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Fig. 7-36. Damage 
thresholds with 20-ns, 
0.2S-^m pulses on 
four-layer AR 
coatings. 

copolymer of tetrafluoroethylene and 
hexafluoropropylene and is made by 
Dupont. Extra-clean Mylar was made by 
Dupont. Unstretched polyvinyl alcohol was 
provided by Polaroid Corp. (this material is 
normally stretched to make it birefringent 
and is sandwiched between plastic sheets 
for use as quarterwave plates). Teflon FEP 
is available either with a surface treatment 
(necessary if the material is to be cemented 
to another substance) or without the treat
ment. Teflon FEP has a single-surface spec
ular reflectance of —2% and a rather 
nonuniform birefringence. 

The results of our damage testing are 
given in Table 7-4. Teflon I'EP might be 
usable at all three Nova wavelengths as a 
debris shield. At values equal to and just 
above threshold, the damage observed in 
Teflon FEP is minor. Sun Gain is poten
tially interesting at lu;. 

KDP Harmonic-Generation Cells 
with HC-56 Index-Matching Liquid 

In the harmonic-genera^nn cells for Nova 
and Novette, the internal s u i t e s of KDP 
crystals and windows are covered by thin 
layers of a halocarbon index-matching 
liquid, HC-56. In January 1982. .- «-i,i'' 
prototype third-harmonic cell , ,ss - >i-
bled and installed on the '. •> :.;.*• : e 
cell consisted of a borosib '. i ; t ' t win 
dow, the outer surface of v. hi h was AR 

coated for incoming l a Kght; an 18-mm-
thick Type II KDP doubling crystal; a 
9-mm-thick Type II KDP tripling crystal; 
and a bare fused-silica output window. All 
internal surfaces were covered by very thin 
lavers of HC-56. The cell produced a spa 
. ially uniform 3u beam and survived for 
several hundred shots when used witl" 
0.2-ns, 1« input pulses with fluences 4 
from 0.4 to 0.6 J/uiv. However, small bub 
bios were created in the HC-56 layers when 
the cell was exposed to l.ll-ns input pulses 
at 1 to 2 J/env. 

We then tested 1-cm thick cuveltes filled 
with several liquids, including HC-56 
water, and othei index matching liquids. 
We observed that lu.' irradiation ol all the 
liquids pioduced bubbles both at the cell 
windows and at randomlv distributed sites 
in the bulk of the liquid. At lluences 
slightly above that necessar\ to produce 
bubbles, carbon was produced by decompo
sition of halocarbon liquids. However, care 
fullv cleaned cuvettes filled with HC-56 
filtered through 501) or 10(1(1- A filters were 
usually undamaged when irradiated by 
1-ns. la- pulses at fluonces up to 10 1'Vnr. 
The experiments suggested thai the liquid 
boiled and decomposed at loial sites when 
light was absorbed b\ contaminants on the 
windows and in the liquids 

A lest program requiring more than 1(10 
damage tests was begun to dev innne 
acceptable techniques lor cleaning the i ell 
bodies, windows and crystals; tor filtering 

B 

I 
4 — i* '1 

No undercoat 
MgF7 undercoat 

Ji ±1 ± 

Sc 2 0 3 /MgF 2 

AR coating 
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the liquid; and for maintaining the required 
cleanliness during cell assembly The 
Novette second-harmonic cells and two as
sociated small certification cells were assem
bled by procedures developed during our 
tests. The certification cells were damage 
tested with 1-ns, Iw pulses in a collimated 
beam 1 cm in diameter and with the cells 
aligned to optimize conversion to the sec
ond harmonic. The threshold for randomly 
selected sites in either cell was 5 J/cm2, a 
level thai should ensure successful opera
tion of the Novette cells. 

Damage Studies at 0.25 fim 

Our principal objectives in damage studies 
at 0.25 jim were to identify or develop AR 
and HR coatings that could withstand 
5 J/cm" and to measure thresholds in UV-
window materials. All planned studies of 
damage induced by 20-ns, 0.25-^m KrF 
laser pulses have been completed. The 
thin-film coatings discussed in this section 
were fabricated at OCL1 by electron-
beam evaporation. 

Initial experiments at 0.25 ixm indicated 
that damage-resistant AR coatings could be 
fabricated by using the high-index/low-
index combinations scandia/magnesium flu-
• iride or scandia/silica or by using coating 
designs that required only low-index ma
terials. Both approaches were evaluated. 

Figure 7-36 shows the thresholds for 24 
four-layer scandia/magnesium fluoride and 

scandia/silica AR coatings on fused silica."" 
A halfwave-thick undercoat layer of either 
magnesium fluoride or silica was placed be
tween some AR coatings and the substrate. 
Comparably large thresholds (~6 J/cm2) 
were observed in coatings of either design 
with silica undercoats. 

We then tested AR coatings of three de
signs requiring only low-index materials: 
lanthanum fluoride/silica (four layers), 
thorium fluoride/silica (six layers), and 
silica/magnesium fluoride (three layers). We 
also tested additional coatings made with 
scandia. Damage thresholds measured in 
this experiment are shown in Fig. 7-37. The 
three-layer silica/magnesium fluoride 
coatings and the four-layer scandia coatings 
had the largest threshold, —6 J/cm2. 
Thresholds for films of both designs using 
scandia were the same as those observed in 
the first experiments (see Fig. 7-36). There
fore, our testing program identified three 
coating designs that provide AR films with 
thresholds exceeding our goal of 5 J/cm2. 

We conducted two major experiments 
with HR coatings. The first was a study of 
the relationships between damage thresh
olds and the deposition and design param
eters of scandia/magnesium fluoride HR 
coatings.2'* We tested 12 variations of HR 
coatings made by depositing coatings of 
three designs (19 layers without overcoat, 
19 layers plus a halfwave magnesium 
fluoride overcoat, and 19 layers plus a 
halfwave silica overcoat) on substrates 
made of two materials (BK-7 and fused 
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silica) at two substrate temperatures (150 
and 250°C). A few 31-layer coatings were 
also tested. Thresholds measured on the 
subset of films deposited on BK-7 substrata 
are shown in Fig. 7-38. The presence or ab
sence of an overcoat layer was the pararr 
eter that most strongly affected thresholds 
Overcoated rlR coatings had thresholds of 
from 5 to 7 J'cm2. Comparable results 
were obtained in the films deposited on 
silica substrates. 

To identify other materials for use in 
0.25-(jm HR coatings, we tested halfwave-
thick films of 15 materials, and HR coatings 
made from 13 combinations of these ma
terials.1^ Thresholds for the single-layer 
films are shown in Fig. 7-39. With a few ex
ceptions, thresholds were greatest for films 
of low-index fluoride materials, which have 
UV band edges well below 0.25 nm (low 
absorption). Thresholds were lowest for 
films of high-index oxide materials, which 
tend to be absorptive because their UV 
band edges are only slightly below 0.25 tim. 
Thresholds of the reflectors in Fig. 7-40 
were generally greater than those of high-
index, single-layer films and less than those 
of low-index films. Further, the threshold 
rankings of the various HR coatings could 
not be predicted from the threshold 
rankings of constituent materials. Therefore, 
neither magnitudes nor rankings of thresh
olds of single-layer films were particularly 
instructive in selection of materials for HR 

Fig. 7-38. Damage 
threshold- with 20-ns, 
0.25-jxm pulses on HR 
coatings. 

Fig. 7-39. Damage 
thresholds with 20-ns, 
0.25-Mm pulses on 
halfwave-thick films 
of 15 coating 
materials. 
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"ZrOj 
latac 

Ally. ThO, X x ^ a 
:ez 

-

Film material 

7-32 



Laser-Induced Damage 
coatings. Our study of reflectors did, how
ever, identify the combination of magne
sium oxide/lithium fluoride as a candidate 
for prcduction of damage-resistant 0.25-Mm 
HR films. We believe, therefore, that HR 
coatings made from several combinations of 
materials will have thresholds exceeding the 
program goal. 

I'inallv. we tested bare, polished samples 
of several materials that are potentially use
ful a' 0.25 fim (Ref. 36). In press-forged lith. 
iuni fluoride samples (Honeywell Corporate 
Technologv Center) and in single crystals of 
lithium fluoride (Harshaw Chemical Corp.), 
the median thresholds for rear-surface dam
age and for bulk-inclusion damage were 
lomparable (— 16 J/cm2) All 19 samples 
withstood at least lOJ/cnr. 

We tested four fused-silica windows. The 
safe operating fluence in fused silica was set 
by the threshold for rear-surface damage, 
which ranged from 5 to 9 J/cm". Bulk 
damage was not a limiting problem in 
fused silica. 

F:our potassium dideuterium phosphate 
(KD*P) crystals and one crystal each of po
tassium dihydrogen phosphate (KDP) and 
ammonium dideuterium phosphate (ADP) 
were tested. Safe operating fluence in these 

crystals was set by the threshold for 
entrance-surface damage, which ranged 
from 3 to 6 j/cm 3. Nonlinear absorption in 
the bulk of the crystals prevented damage 
to the exit surfaces. Therefore, for sub
strates made of lithium fluoride or fused 
silica, damage thresholds are greater than, 
or equal to, thresholds of the AR and 
HR coatings with the greatest resistance 
to damage, whereas thresholds for iso-
morphs of KDP are generally below 
coating thresholds. 

Authors: D. Milam, W. H. Lowdermilk, 
F. Rainer, J. E. Swain, and R. W. Hopper 

Major Contributors: C. K. Carniglia, 
T. Tuttle-Hart, and W. P. Klapp (Optical 
Coating Laboratory, Inc.); B. E. Cole, T. J. 
Moravec, and H. Vora (Honeywell Cor
porate Technology Center); G. DeBell 
and F. Doss (Spectra-Physics, Inc.); T. S. 
Hahs (North Technical Center); S. P. 
Mukherjee (Ceramic and Glass Technol
ogy, Batelle, Columbus); S. E. Peluso and 
M. C. Staggs (LLNL); and B. E. Yoldas, 
P. D. Partlow, and H. D. Smith (Westing-
house Research and Development Center) 

Fig. 7-40. Damage 
thresholds with 20-ns, 
0.25-Mtn pulses on HR 
coatings made with 13 
combinations of 
materials. 
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Fig. 7-41. Two-
photon-induced 
solarization. 

Nonlinear Optical 
Measurements 
Introduction 

In 1982, we conducted two major measure
ments of nonlinear optical properties in 
support of the 1CF movement towards short 
wavelengths. First, we expanded the study 
of nonlinear absorption and solarization in 
potential L'V-transmitting glasses. Our work 
led to a numerical model for nonlinear loss 
in window materials that incorporated four 
newly measured parameters. 

Second, we used two methods to mea
sure the nonlinear refractive index at 3w in 
fused silica. Because rime-resolved interfer-
ometry proved difficult and uncertain at 3u>, 
we developed the technique of direct mea
surement of small-scale self-focusing. We 
found that, in fused silica, the nonlinear 
refractive index, n2, is the same at both 
3w and lw. 

Author: W. L. Smith 

Two-Photon Absorption and 
Solarization in UV Glasses 

During 1981, we showed ' that fused silica 
would remain loss-free under high-intensity 
illumination at 2.-;. However, fused silica 
is not amenable to the phase-separated, 
gradient-index treatment that provides A.> 
surfaces with high damage resistance. In 
addition, fused silica is several times more 
expensive than borosilicate glasses. Hence, 
our goal in 1982 was to investigate alterna
tives to fused silica for optics that must 
transmit high-intensity 3i.- laser pulses. 

The processes involved in two-photon-
induced solarization are shown in Fig. 7-41. 
Two-photon-absorption (2PA) transitions 
deposit energy in the solid, thereby popu
lating excited electronic states in the glass. 
During the lifetime of the 2PA-induced 
state, it may absorb an additional photon 
by excited-state absorption (ESA). Upon de-
excitation, a fraction of the pvcited popula
tion relaxes into midgap energy states 
rather than into the lower-energv initial 
state. The midgap states in pjasses are long-
lived (> months) at room temperature and 
give rise to absorption bands in the one-
photon spectrum, extending well into the 
visible The induced absorption resulting 
from prior exposure to light is solarization. 

Equations (19) through (23) express the 
attenuation of a laser wave of intensity ' ;) 
by the above processes. In addition to the 
usual linear (one-photon) attenuation term, 
we identify four other terms, each described 
bv a coupling coefficient—n,, ;i. a:, or a:]— 
so that 

(c) Two-photon absorption 
plus excited-state absorption (d) Final spectrum 

foi one-photon absorption, 

-T , ,— I nodt-dz 

for one-photon Polarization, 

-d 1(1) Jz 

for two-photon absorption. 

(19, 

(20) 

(21) 
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;-(C) jf dz 

for ESA following 2PA, and 

- "-, : ~ I l2(t') 'it' dz 
2 ni^ i , 

(22) 

(23) 

lor two-photon solarization. 
Our apparatus for measuring the five co-

of'lrionts is shown in Fig. 7-42. The lw 
pulses tmni the Cvelops laser were fre
quency tripled lo provide up to 3 J of en-
rrg\ ,'i lu Die beam quality at 3w, shown 
in ( u; " -13. w<v •• cellcnt. The hcam was 
leiliiied [ - In .">im c ' diam) and directed 
along the heamline defined by crosswires 
\ , and \ . . Beam splitters S,, S v and S 4 

reflected energy to the incident- and 
transmilted-beam diagnostics (IBD and 

TBD). The energy detectors (absorbing-
glass-aperture calorimeter), spatial-shape 
detectors (vidicons and multiple-image cam
eras), and temporal-waveform detectors 
(apertured biplanar photodiodes) were lo
cated both before and after the sample. The 
IBD were located at a position of propaga
tion equal to that for the input surface of 
the sample. The TBD, except for photodi
odes, were located with lenses L, and L 2 in 
image planes of the output surface of the 
sample Silicon diodes and the associated 
radiometer were used with the 3w line of an 
argon laser to measure the passive trans
mission of the sample. The cw beam was 
also aligned to crosswires X2 and X,. Aper
tures of 3-mm diameter were centered on 
the beamline in front of the calorimeter and 
all four diodes, so that only the central 
3 rnm of the pulses and cw argon beams 

Fig. 7-42. Apparatus 
for measuring two-
photon absorption and 
solarization at 3u. 

Fast diode 
S-20 

Fast diode 
S-20 

cw diode 
radiometer 

3-J, 3tD pulses 
at 1.1 and 7 ns 

TEK 
7104 

scope 

Legend 
Equipment used for passive-transmission 
measurements between pulsed shots 

Lj, L 2 Lenses 
M,, M ?, M-, Reflecting mirrors 
MIC Multiple-image camera 
RP Multiple-image reflector pair 
S v S 2 , S 3 , S 4 Beamsplitters 
* i ' *2' *3 Alignment crosswires 
Biplanar photodiode with filters 
cw-diode radiometer-dual-feodback picoammeters and 
radiometer used with cw diodes 
cw diode-Si-pin diode with visible-ausorbing filter 
TEK 7104 scope used to record fast-diode signals at 2 ns/cm 
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Fig. 7-43. Photographs 
of the Cyclops-beam 
spatial profile at 3a). 
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0.3 GW/cm 2 

i u.6 GW/cm 2 

Fig. 7-44. Nonlinear 
absorption Kr a 
4.95-cm sample of 
BK-10 glass. 

0.6 GW/on: 

were used for the measurements. Over the 
central 3 mm, the pulsed beam was spa
tially flat to an excellent approximation. 

A typical run began with an initial mea
surement of passive transmission. Next, a 
[.ulsed shot was made for which the inci 
dent intensity and instantaneous IranMiii*. 
sion were recorded, finally, the passive 
transmission was remeasured. The sequence 
was repeated as the laser intensity was va 
ied over a desired range oi as a number o! 
shots were accumulated at a fixed intensity 

In 1982, we recorded soiarization data of 
two types. We first made time-integrated 
measurements ot the energy transmission ot 
1.1 -ns pulses through the samples, as in our 
earlier work with subnanosecond pulsus.' 
Tvpical results from our 3a- m°asurements 
lor BK-10 glass are shown in Fig. 7-44. F'g-
ure 7-44(a) shows the intensity-dependent 
absorption of the pulses by the glass. Figure 
7-44(b) shows a 20°i> reduction in passive 
transmission (i.e., soiarization) caused by a 
series of pulses ranging fr°:n 0.7 to 2.3 
GVV/cnr. /As should be the case, soiariza
tion varies quadraticallv with laser intensity, 
as shown in Fig. 7-44(c). The major =^urce 
of scatter in the data shown in Fig. 744(c) 
arises from the f, :t that the amount of so
iarization at a given pulse intensity depends 
on the number and intensity of pulses pre
viously transmitted through t'"e sample. 
That is, the soiarization saturates. 

From time integrated data, we extracted 
2PA coefficients, which were considerably 
larger than tho-e we mtv.^ured earlier with 
shorter pulses. !he variation continued that 
ESA bv the two-photon-created state1- is 
signifiiant in L'V glasses. We then modified 
our apparatus to record with 0.4-ns resolu
tion the time-dependent transmission of 
7-ns pulses. 

1 1 1 1 _ 
(a) One shot per site 

100 

~—«• -
80 - • 

60 
1 I I 1 

-

(b) High-intens:ty shots 
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4 6 
(a) Raw waveforms 

2 4 6 8 10 
(b) Normalized stacked waveforms 

Fig. 7-45. Procedure 
for extracting the 2PA 
coefficient, 0, and the 
excited-state cross sec
tion, o2, from time-
resolved transmission 
data. 

Calculated values 
/3 = 5.5cm'TW / -
T, = 9.0 xlO " c m 2 -I 

2 4 6 
Time (ns) 

(c) Fitting procedure with incorrect 
/Sand tr-, values 

4 6 8 
Time (ns) 

(d) Fitting procedure with incorrect 
0and rr, values 

Sample BK-10 
Sample size (cm) 5.0 
Sample steps 10 
Input fluence (J'cm2) 4.1 

Reflectivity 0.0422 
Alpha (1/cni) 0.0067 
jS(cm/TW) 5.5 (final) 
IT, ( cm 2 ) 3.2 x 10 - 1 8 (final) 

P 1 1 1 1 1 P (5.5 ± 1.5) cm/TW 
0.8 — a7 (3.2 ±0.8) x 1 0 " 1 8 c m 2 

fir Sample BK-10 
£ 
g 0.6 

Sample length (cm) 5.0 £ 
g 0.6 —Calculated Sample steps 10 

Input fluence (J/cm2) 4.1 
£-0.4 ji Transmitted — Input fluence range (J/cm ) 0.05 to 4.1 

Input peak intensity 0.91 
J5 0.2 — (GW/cm2) 

Input-peak-intensity range 0.060 to 0.91 

0 i i 1 i 1 V (GW/cm2) 
Alpha (cm - 1 ) 

0 
2 4 6 8 10 

(GW/cm2) 
Alpha (cm - 1 ) 0.0067 

Time (ns) Reflectivity 0.0422 

Fig. 7-46. Incident, 
transmitted, and calcu
lated waveforms from 
which 0 and a2 are ex
tracted for BK-10 
glass. 
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Table 7-5. Measured 
parameters of nonlin-
ea'. absorption at three 
pulse lengths. 

Our procedure, shown in Fig. 7-45, began 
with an oscillogram bearing the incident 
waveform (of approximately trapezoidal 
shape) and the transmitted waveform. The 
waveforms were digitized, entered into a 

<?(cm/TW) 
Glass 0.7 nsa 1.4 ns a 7ns a 

<r2(10-'8cmz) 
7ns b 

BK-10 
BK-7 
BK-3 
BSC3A 

45 : 
6.0: 

1.5 
3.0 

17 
40 

5.5 ± 1.5 
30 '- i0 
ij ± 5 

0.5 ± 0.2 

3.2 ± 0.8 
t0.3 ± 2.5 

30 ± 7 
212 + 70 

aPrevious measurements. 
b1982 measurements. 

Fip. 7-47. Variation of 
effective ESA cross 
section with the 3w 
laser pulse for four 
glasses. io-

| 10-1 7 

Fig. 7-48. Procedure 
for extracting the 
two-photon-induced 
solarization coeffi
cient, ffj]. 

10-

111 H I — 1 — 1 111 i n 

3K-3 

BK-7 

BK-10 

-J " 
10" 1 10° 

3o) fluence fj/cm2) 
101 

0.04 

0.03 

B 0.02 
<1 

0.01 

£ a s _ _ f 
2HuL ) 

BK-7 = - ( a + Aa)dz 

2fta>L dAa 

* = 0 / Q / 'pulse «')df'<fe 

4 6 8 
¥ (10 9 J 2 / cm 3 s ) 

10 

computer, and overlapped on the time axis, 
as indicated in Fig. 7-45(b). We then used 
the input waveform and the known linear 
transmission of the sample as input for a 
computer program based on Eqs. (19) 
through (23). We searched for the li-ir- pair, 
which gave a computed-output waveform 
that agreed with the measured transmitted 
waveform. Figures 7-45(c) and 7-45(d) iJlu-
trate the fitting procedure. In Hg. 7 45(c), 
the value of a: is too large bv a factor of 2 
In Fig. 7-45(d), there is pooi agreement on 
the leading section of the pulse because ,i is 
too large by a factor of 2, However, the fit 
over the trailing section of the pulse is good 
because the product (ia: is well chosen. In 
Fig. 7-46, both rf and a2 are proper!)' 
chosen, and the overall fit is good. 

Values for /i and o, are collected -n Table 
7-5 for BK-10, BK-7, BK-3, and B5C3A 
glasses. For BK-10 glass, we found that a 
single value of a2 could be used to fit shots 
of low and high fluence. For the other three 
glasses, a variation in a2 was required for a 
fixed fJ. Figure 7-47 shows the fluence de
pendence of the effective cross section, a:. 

The final parameter measured in our 
work was two-photon-induced solarization, 
Hi,, We determined (i ; ] from plots, such as 
that shown in Fig. 7-48, of the 'bserved 
change in linear attenuation coefficient ( i n ) 
vs the fluence-related integr.-.l (*) from Eqs. 
(19) through (23). 

The measured parameters 1" are collected 
in Table 7-6 along with the coefficient for 
one-photon-induced so1 irization, o,. Our 
materials were borosilieate glasses BK 10, 
BK-7, BSC3A (Hoya), and fused silica (Cor
ning 7940). We conclude that none of the 
borosilicate glasses is an acceptable alterna
tive to fused silica for high-power transmit
ting windows or focusing lenses for Nova. 
However, such glasses may still be used in 
components in beam diagnostics, which ex
perience lower intensify. In addition to the 
materials already discussed, solarization 
data for a number of other materials are 
listed in Table 7-7. 

Author: W. L. Smith 

Major Contributors: W. E. Warren and 
C. L. Vercimak 
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N o n l i n e a r O p t i c a ] M e a s u r e m e n t s 

I n p u t b e a m at 3a> 

In ter ferometer -i 
o u t p u t 1 

\ ( > 1 % ) 

\ 
Bare Supras i l 

(3° w e d g e ) / ^ V \ 

V j * Vidicon 
Scientech b e a m profile 

calor imeter 

50-50 
beamsp l i t t e r 

S t reak camera 
t ime- reso lved fringes 

- P u l s e s h a p e moni to r 

S a m p l e rod J — I 
ii - B a r e silica 

\ ,\ (4° w e d g e ) 

H— 

Material 

One-photon 
solarbation, 

"1 
( 1 0 - 2 4 cm 2) 

Two-photon 
absorption, 

0 
(cm/TW) 

Two-nhoton-induced 
ESA,a 

"2 
t l 0 " 1 8 c n i 2 ) 

Two-photon-induced 
solarlzarior,, 

"21 
( 1 0 - 1 8 c m : ! ) 

!<,K 1(1 
BK 7 
BK 3 
BSC.14 
Silica'1 

1.8 ± 0.3 
3.4 ± (U. 

5.5 ± 1.5 
30 ± 10 
15 ± 5 

0.5 ± 0.2 
<0.5 

3.2 ± 0.8 
10.3 ± 2.5 

30 ± 7 
212 ± 70 

0.82 ± 0.2(1 
1.2 ± O.Z'i 

0.74 ± 0.20 
2.4 + 0.6 

0 

''•\t 1 1/cm- fluence. 
h i uming 7940. 

Nonlinear Refractive Index at 3OJ in 
Silica 

T i m e - K e s o l v e d I n t e r f e r o m e t r i c M e a s u r e 
m e n t of » : . D u r i n g 1982, w e o b t a i n e d the 
first m e a s u r e m e n t s in t h e UV region 1 " 1 of 
t he n o n l i n e a r re t rac t ive index, i,, in fused 
silica a n d BK-10 g lass . Figure 7 49 s h o w s 
o u r e x p e r i m e n t ! ! l avou i , whii.ii w a s s imi la r 
to t h e con f igu ra t ion of p r e v i o u s n: m e a s u r e 
m e n t s . Table 7-8 s h o w s t h e m e a s u r e d 
v a l u e s of ii; for t h r e e s a m p l e s u s i n g i ime-
r e s o l v c d i n t e r f e r o m e t r y at 3x- wi th p u l s e s 
o b t a i n e d by t h i r d - h a r m o n i c g e n e r a t i o n in 
K D r crys ta ls . 

G l a s s * p r e d i c t e d tha t t h e va lue of it2

 a l 

3u.' w o u l d b e 1.5 t imes t ha t of i ; ; at lu.' in 
fused silica. H o w e v e r , b a s e d on 28 m e a 
s u r e d da t a p o i n t s , w e found t ha t n2 w a s n o 
g r e a t e r at 3n' t h a n at iu.. Unfor tuna te ly , 

Borosilicates 
Hoya ARG2 
Schott BK-10 

anrisolarant 

Fluorophosphates 
FK51 
FK54 
TCD10 
Schott FK54/2 
Schott FK5 
Schott FK5/11 
Schott K-11A/1 
Schott K-11A/2 
Schott FK5/8 

Silica 
Hereaus Ultrasil 
Hereaus Homosil 
Hereaus Suprasil !l 
Hereaus Optosil 
Hereaus Optosil MS 

Filter glasses 
UG-11 
TFF-1 
TFF-2 

Other materials 
KDP crystal 
Halocarbon 56 fluid 
N a d crystal 
Kl crystal 
H 2 0 
CR-39 polycarbonate 

plasbc 

spat ia l i r regular i t ies assoc ia ted w i t h t h e 
h a r m o n i c - c o n v e r s i o n p rocess l imi ted b e a m 
qua l i ty a n d c o n t r i b u t e d a la rge u n c e r t a i n t y 

Fig. 7-49. fcxperimen-
tal apparatus for 
time-resulved interfer
ometric measurement 
of H 2

 a t •*"'• 

Table 7-6. Summary 
of measured nonlinear 
absorption parameters 
a< 3u\ 

Fable 7-7. Additional 
materials tested for 
solarization. 

7-39 

http://whii.ii


Nonlinear Optical Measurements 
to our results. Table 7-9 compares our 
results at 3UJ to those from previous 
measurements at W 

Authors: W. T. White HI and D. Milam 

Major Contributors: W. L. Smith and 
M. C. Staggs 

Direct Measurement of Small-Scale Self-
Focusing. To overcome the difficulties of 
the interferometric technique in the UV, we 
began a second approach for measuring >h. 
In 1974, Bliss et al. demonstrated that spa-

Table 7-8. 'Measured 
values of H2 at 3w. 

rial modulation deliberately imposed on a 

Sample 
2-pass length 

(cm) 
Number ci 

measurements 
"2 

(10- , 3esu) 
Dynasil 4000 
Suprasil II 
Suprasil 11 
BK-10 glass 

308 
20.0 
6. '! 
20.0 

9 

19 
9 

2.2 ± 0.5 

1.0 ± 0.85 
0.6 ± 0.6 

Table 7-9. Comparison 
of »2 a l ^ ' ^ d 1".'. Materia] 

«2 at 3w 
(10" I 3esu) 

ii2 at leu 
(10- 1 3esu) 

Fused silica 
BK-10 glass 

0.9 ± 85% 
0,6 ± 100% 

0.95a 

0.49b 

aValues from Ref. 41. 
bValues determined with the empirical method 

of Ret 42. 

laser pulse grew in a predictable fashion as 
the pulse traveled through a glass sample 
(see Fig. 7-50). Bliss et al. used a shearing-
plate interferometer to generate modulation 
of a single spatial frequency. Although only 
a limited numerical analysis was available 
at the time to compute the expected nonlin
ear growth, the observed growth was con
sistent with their computation using the 
known value of n2 at lw. 

For applying the spatial modulation to 
the UV pulse, we investigated four different 
apodizers 
• A filament (soft apodizer). 
oA wire. 
• A razor blade. 
• Two kn'fe edges crossed at 90". 
The two-dimensional diffraction pattern 
from the knife edges was the most success
ful in terms of enabling the imposed modu
lation to grow faster than the ambient 
noise modulation. 

Our experimental layout for studying the 
modulation growth is shown in Fig. 7-49. 
The crossed-knife-edge apodizer was lo
cated 40 cm before the first surface of beam 
splitter S|. Multiple-image cameras (MIC) 
with 1Z film were used to record the spatial 
profiles for computer analysis. 

Fig. 7-50. Nonlinear 
growth of .spatial 
modulation on a laser 
pulse due to propaga
tion through a glass 
sample. - 1 1 

Spatial frequency = 21mm 
VoakS 5 C W W 

!7%cm 

Input Output after propagating 24 cm 
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Nonlinear Optical Measurements 
rig. 7-51. Vidicon spa
tial profile of the 
apodized beam. 

(J) Without silica (b) With 31-cm fused silica 
I'ig. 7-52. Huencc vs 
position without and 
with a silica sample. 

40 60 
Position 

figure 7-51 shows the appearance of the 
apodized laser pulse both without a silica 
sample and after traveling through the 
31-an sample of Coming 7940 fused silica. 
Fast diodes recorded the 1.1-r.s (FWHM) 
temporal waveform on each shot. Figure 
7-51(a) shows the checkerboard pattern of 
peaks and valleys on the beam without sil
ica formed by diffraction from the Tossed-
knife-edge apodizer. With silica, the peaks 
are enhanced by nonlinear growth, as 
shown in Fig. 7-51(b). 

Several experimental checks were neces
sary to rule out beam-shape effects from 
sources other than n2 ' n t n e sample. With 
the sample and apodizer removed, we ran 
shots to check that identical beam profiles 
were recorded at the two film locations. 
With the sample removed and the apodizer 
in place, vw checked that plasma formation 
at the knife edges did not distort the beam. 

Fig. 7-53. Exponential 
growth of a peak in
duced by fused silica. 

1 2 3 4 
Flux without sample 0/cm 2) 

With the sample in place and the apodizer 
removed, we documented the amount of 
modulation growth that occurred or. the 
unapodized laser pulse. The latter was 
negligible compared to the growth that 
occurred on the apodized pulse. 
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Nonlinear Optical Measurements 

Information regarding film calibration 
was recorded on sheets of film taken from 
the same box as the film bearing the n2 

20 40 60 
Grid location 

Fig. 7-54. MALAPROP . 
model without a 
sample. Fig. 7-55. MALAPKOP 

model with self-
focusing. T 

3.28 

0.09 0.11 0.13 0.15 0.17 
X position 

data. The film was developed in tb ^ame 
batch of processing chemicals. The patterns 
of optical density were digitized with 57- by 
57-^m resolution on a Photometries Data 
Systems 1010A microdensitometer. 

The conversion of the digitized film to 
peak fluence without vs with a sample I 
lowed normal procedures. The digitized 
film was caiefullv calibrated to provide rela
tive fluence values for both without-sample 
and with-sample data. Using the energy 
into the calorimeter and its location with re 
spect to the without-sample beam, absolute 
fluence values wore determined, and total 
beam energies were fixed. The latter al
lowed conversion ol the relalive-fluence 
data to absolute fluencc. In Fig. 7-52, we 
show cuts across the fluenee profile of one 
pulse both without and with the sample. 
Data for the ;;towth of one he peaks are 
plotter in Fig. 7-53. These data exhibit the 
anticij ited exponential growth induced by 
the nor linearity of the sample.44 

Our computational model consisted of 
two parts. In the first par' M.APROP4^46 

generated a data base r ng of the re
sults of laser profiles with a i.inge of inten
sities propagating through the experimental 
setup. In the second part, a MATHSY4' pro
gram integrated MAI.APROP data for com
parison with experimental data. 

The MA1.APROP model began with a 
spatially shaped intensity profile striking 
the crossed ra/or blades. For the path with
out the sample, the beam propagated to the 
film plane. Due to the relatively long 
propagation path, high frequencies were re
moved before propagation. The resulting 
profile showed the same spacing between 
peaks as the exper icntal data. For the 
path with the sample, the beam propagated 
to the entrance to the sample. Alternate 
steps of nonlinear phase adjustments and 
free-space propagation modeled propaga
tion through the glass. As MALAPROP 
models single time slices, a series of results 
can be integrated to represent fluence mea
surements. However, for the path without 
the sample, the relative intensity at the film 
plane is independent of the initial intensity, 
a H) a single result is sufficient. 

Figure 7-54 shows the four primary 
peaks induced by the razor blades for the 
without-sample path. Since the peaks 
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narrow with increasing distance from the 
blade, nonlinear effects are different for dif
ferent locations. In this way, the experiment 
sweeps a range of source terms. Figure 7-55 
shows the extreme self-focusing that is 
possible on the witli-sample path. In the 
presence of nonlinear self-focusing, the 
innocuous peaks of Fig. 7-51 become 
sources for damage. (Our experiment did, in 
fact, damage the fused silica.) The pe;,ks 
low on the exponential-growth curve ad
just visible. 

The second part of our computational 
model consisted of converting instantaneous 
results into fluence values representing a 
particular value of n;. The evperimcntal-
beam pulse shape was almost indistinguish
able from a 1.1 -ns Gaussian pulse, and this 
shape was used for integration. Since 
MALAPROr results were based on an H2 

equal to the 1-̂ m value, the results were 
mapped to equivalent results for other val
ues of n2 by multiplying the intensity by 
the ratio of the 1-ftm n2 to the new value. 
Thus, the MATHSY portion of the analysis 
provided results for a range of inten
sities and gamma factors. Figure 7-56 
shows the exponential growth in the 
MALAPROP model. 

The analysis of our data, particularly of 
the error limits, remains unfinished. How
ever, preliminary results indicate that ex
perimental data can be successfully 
matched by calculations. Figure 7-57 shows 
the agreement for one peak. (The final 
hook on the curve results from the resolu
tion limits of the model.) More importantly, 
for the prospects of 1CF research at UV 
wavelengths, the agreement between ex
perimental data and calculations does not 
require an increase in the value of m for 
wavelengths down to 3u. 

A constant >i2 is currently being used in 
MALAPROP for simulations of lw, 2u, and 
3w laser beams. Our final results await com
pletion of refinements to the data reduction 
of the film and analysis of the sensitivity of 
the model to experimental errors. 

Authors: W. L. Smith and W. E. Warren 

Major Contributors: W. W. Simmons, 
D. Milam, and C. L. Vercimak 

Fig. 7-56. Exponential 
growth of a peak in a 
MALAPROP com
puter model. 

0 1 2 
Flux without sample (|/cm2) 

50 

*T 40 

30 

£ 2 0 -

10 -

- 1 1 1 1 1 _ 
Model results 

- o Experimental data for — 
nominal values 

- D Preliminary experimental -
error 

- A Preliminary experimental — 
error 

- Nominal pulse width = 1.1 ns 

- D_ 

A / 

. / Q 

-
lv/ 

• * T i i i 

Fig. 7-57. Comparison 
of experimental re
sults and model 
growth. 

0 1 2 3 4 5 6 
Flux without sample (J/cm2) 

Optical Materials 
Research (OBES 
Programs) 
Spectral and Polarization Hole-
Burning in Nd:Glass Laser 
Amplifiers 

Dopant ions in laser glass reside in a vari
ety of environments and experience differ
ent perturbing local fields. In principle, we 
may use fluorescence-line-narrowing (FLN) 
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Fig. 7-58. Extraction 
efficiency vs ncrmal-
ized input fluence for 
a homogeneous and a 
spectrally in homoge
neous amplifying me
dium having different 
homogeneous-to-
inhomogeneous ratios, 
Ar h /Ai . i h . 

Fig. 7-59. Extraction 
efficiency vs normal
ized input fluence for 
amplifying media 
having isotropic 
(homogeneous) and 
anisotropic [aja ) 
stimulated-emission 
cross sections. 

Fig. 7-60. Comparison 
of measured and cal
culated normalized 
output fluence vs in
put fluence for a 
model ED-2 laser-glass 
amplifier and a homo
geneous (Frantz-
Nodvik) amplifier. 

to measure energy levels and transition 
probabilities over the ensemble of local 
environments in glass, thereby providing 
the information necessary to predict the 
gain saturation for amplifier glass. In prac
tice, for the technologically important 4 F 3 / 2 

— 4 l n / 2 transition of N d M , precj.se deter 
mination of the gain saturation is made 
difficult by site-to-site variations in homo
geneous line widths, cross-section 
anisotropics, and nonradiative transition 

i i i I i i i i I i i i i 

Initial small-signal gain, e 
| I I I T 

2 

0 0.5 1.0 1.5 2.0 
Normalized input fluence, 4> 

1.0 

£ 0.8 
QJ 

•c 
S 0.6 

0.4 -

£ 0 . 2 

-t 1 1 1 1 1 1 1 T T T T T I " I I I T ^ 

Initial srnall- signal gain, e2 — 
^f"^-^~— 

. • ^ - ' ~~ - - ~ ~ . 
/•^>'""' -

///' 
- 1/ — — Homogeneous -

1 i i i l i < i 

- "s '^p 

1 1 1 1 1 1 1 1 1 1 1 
0 0.5 1.0 1.5 

Normalized input fluence, <!• 
2.0 

1 I ' I ' I ' I 
Initial small-signal gain, e~ 

0 0.2 0.4 0.6 0.8 1.0 
Normalized input fluence, <!> 

rates, as well as the possibility of accidental 
coincidences of transitions between pairs of 
Stark states. Nevertheless, simple models 
that allow for the physical mechanisms of 
inhomogeneity provide the potential for op
timization of glass composition with respect 
to energy extraction, without the need for 
construction and testing of actual amplifiers 

During 1982, we developed such a 
model to predict the saturation behavior ot 
Nd:glass short-pulse amplifiers. Spectral >n 
homogeneity is modeled by assuming th.i'. 
the broadened fluorescence lino of the laso; 
transition is the result of a superposition ol 
I.orentzian lines of equal strength and 
homogeneous line width (Ai',,), having con 
ter frequencies distributed about the ob
served fluorescence peak with a Gaussian 
probability of width Aj'h. The polarization 
inhomogeneity treats the ions as an iso-
tropically oriented collection of anisotropic 
oscillators, with cross sections rr. and a for 
light polarized perpendicular and parallel, 
respectively, to an ion site's principal axis. 

The effect of the calculated spectral inho
mogeneity on energy extraction is shown in 
Fig. 7-58 for several values of Ai'i/Ai',,,. The 
extraction efficiency, n, is defined as the ra 
tio of energy gain of the amplified beam to 
the extractable energy initially stored in the 
amplifier. Fluence (energy/area) is normal
ized by the saturation parameter, hv/{nK). 
where /; is Planck's constant and K is the 
effective degeneracy factor. Note that all the 
curves approach an extraction efficiency of 
unity with increasing input flnonce, this in
dicates that the inhomogeneity does not 
limit the extractable energy. To get the 
same fraction of stored energy on! of an 
amplifier, however, we must operate a 
more inhomogeneous system at higher 
fluence levels—an important consideration 
when component damage is the I'miting 
design factor. 

The effect of cross-section aniso.ropy on 
extraction efficiency for a plane-polarized 
input beam is shown in Fig. 7-59. The be
havior is similar to thai of the spectral 
model, except that, in the polarization case, 
there is a limit to the decrease of the effi
ciency curve with increasing inhomogene
ity. Whereas the width of a Gaussian 
distribution of Lorentzian-line center fre
quencies can conceptually be increased 
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indefinitely, a system with a^ = 0 (a system 
of pure dipoles) is the most anisotropic 
case possible. 

We have combined our models of spec
tral and polarization inhomogeneity to 
u.inipare the computational results with ex-
pt-iimental amplifier data. Scaling param
eters required to predict a specific glass 
performance include the effective degen-
eiacy factor, K. the average cross section, a, 
the ratio of polarized cross sections, aja 
and the ratio of homogeneous line widths, 
Aiv'-V.... 
e The eltcctive degeneracy ratio is related to 

the average rate of relaxation of the lower 
laser level and can, in principle, have the 
range I - K n 2 for Nd 1 ' in glass; ex
perimental results1'" indicate K = 1 for ex
traction pulses of duration >1 ns in a 
wide variety of glass compositions. 

• ludd-Ofelt analyses of absorption and 
emission spectra have provided values of 
n for hundreds of glasses; variations in a 
of more than a factor of 8 have been ob
served in various oxide, halide, and sul
fide glasses. 

• B; the end of 1982, average values of 
njn.„ had been determined by a polarized 
resonant Fl.N experiment" for two silicate 
glasses (ED-2 and LG-650); the ratio was 
0.42 T 0.05 for both glasses, within experi
mental eiTor. 

• The homogeneous line width, Ai>h, has 
been measured"" for a single host glass, 
ED 2; variations of other, more easily 
measuied, transitions have shown that 
Ach can vary with the host composition 
by a factor of 4 (Kef. 51). 
Because of the multistate character of the 

relevant Nd 1 ' transition, a precise value for 
Aclh is difficult to glean directly from FLN 
experimental results. FLN results do indi
cate that the inhomogeneous broadening is 
approximately equal to the average Stark 
splitting of states of the lower laser level. 
We have used this observation to obtain a 
value for Ai',h. 

Figure 7-60 compares measured and cal
culated output vs input fluence behavior, 
using parameters appropriate for ED-2. The 
experimental data points"" are scaled by 
lw/(aK) = 6.9 1/ctrr. The excellent experi
mental agreement with our model contrasts 
with that of the homogeneous Frantz-

Nodvik treatment, which overestimates the 
output fluence by more than 12% for 'nputs 
greater than 0.5 Iw/aK. 

Authors: D. W. Hall and M. J. Weber 

Stimulated-Eniission Cross Sections 
of Rare Earths in Glass 

One of the most important parameters for 
laser action is the stimulated-emission cross 
section, n, of dopant ions in laser glass. The 
value of IT for paramagnetic-ion lasers de
pends upon the chemical composition of 
the host glass. Systematic studies of rare-
earth ions in glasses conducted during the 
past decade have demonstrated that large 
variations in a can be achieved by varying 
the glass-forming anions and cations. This 
knowledge has provided the laser designer 
with a much wide range of parameters and 
makes possible the tailoring of a for specific 
applications.''2 

Figure 7-61 summarizes the general types 
of known inorganic glass-formers. These 
are grouped by the glass-former anion into 
oxides, halides, and chalcogenides. Simple 
<rIass-formcr cations are denoted by a circle; 
conditional glass-formers—those that re
quire the presence of one or more com
pounds to form a glass—are denoted by a 
half-circle. The color of the circle indicates 
the possible glass-former anions. 

The compositional space of inorganic 
glass-forming systems is obviously vart and 
has by no means been explored exhaus
tively. We have, however, investigated a 
sufficiently large number of selected glasses 
that we can broadly define the relative 
ranges of stimulated-emission cross sections 
that are possible for two trivalent rare-earth 
ions: neodymium and ytterbium. 

Neodymuim. The slimulated-emission 
cross section of a transition between states J 
and J' is given by^' 

hi- + 2f 
3/ic(2J + 1) 

-su,n (24) 
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where n is the refractive index, X^ is the 
wavelength of the emission peak, S is the 
line strength, and AArff is the effective line 
width of the "mission. Since the emission 
bands of rare earths in glass are usually 
asymmetric and consist of inhcnio-
geneously broadened transitions between 
several Stark levels, we obtained the effec

tive line width in Eq. (24) by integrating 
over the band and dividing by the 
peak intensity. 

Table 7-10 summarises the ranges of ef
fective stimulated-emission cross sections 

I I 1 / 2 transition of Nd' ' ob-for the %, 
served for different glass types; also given 
~re the associated ranges for n, A\.„, \ and 

Table 7-10. Range of 
spectroscopic proper Refractive Cross section, Wavelength, Line width. Radiative 
ties for the 4 l n / 2 tran
sition of N d 3 + in 
differen* glasses at 

Glass index «<pm 2) Xp(nm) AXC(I (mil) lifetime, T R {us) Kef ties for the 4 l n / 2 tran
sition of N d 3 + in 
differen* glasses at Oxides 
295 K. Silicate 1.46-1.75 0.9-3.6 1057-1088 34-55 170-1090 51 ^ 

Germanate 1.61-1.71 1.7-2.5 1060-1063 36-43 300-460 54 
Tellurite 2.0-2.1 3.0-5.1 1056-1063 26-31 140-240 54,56 
Phosphate 1.49-1.63 2.0-4.8 1052-1057 22-35 280-530 54.57 
Borate 

Halides 

1.51-1.69 2.1-3.2 1054-1062 34-38 270-450 54 

Fluoroberyllate 1.28-1.38 1.6-4.0 1046-1050 19-29 460-1030 5438 
Fluorozirconate 1.52-1.56 2.9-3.0 1049 26-27 430-450 59 
Fluorohafnate 1.51 2.6 1048 26 520 54 
Fluoroaluminate 1.41-1.48 2.2-2.9 1049-1051 30-33 420-570 54 
Chloride 

Oxyhalides 

1.67-2.06 6.0-6.3 1062-1064 19-20 180-220 52 

Fluorophosphate 1.41-1.56 2.2-4.3 1049-1056 27-34 310-570 54 
Chlorophosphate 1.51-1.55 5.2-5.4 1055 22-23 290-300 60 

Fig. 7-61. Inorganic Chalcogenides 
glass-forming systems Sulfide 2.1-2.5 6.9-8.2 1075-1077 21-22 64-100 61,62 
grouped by anion Oxysulfide 2.4 4.2 1075 27 92 62 
type. 
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the calculated radiative lifetime, TR. In the 
cases of silicate, phosphate, and fluoroberyl
late glasses, we explored a large compo
sitional space; for other glasses, we 
examined only a few compositions. The:e-
fore, the values in Table 7-10 are represen
tative, but may not be the most extreme 
values possible. 

The ranges of cross sections are shown 
graphically in Fig. 7-62. For silicate glasses, 
a \ a nes by a factor of 4 with a change of 
host composition from an alkali silicate to a 
biMin'th militate having a high refractive in
dex. I he peak cross sections obtainable for 
phosphates are larger than for silicates. This 
i-. not Ixxanse the Judd-Ofelt intensity pa
rameters (12,) are significantly larger, bill be-
i.au.e Ihe line widths are narrower. Some 
tellimle glasses have even larger cross sec 
tions than phosphates, not because S or 
AA,.,, are more favorable, but because of 
Mu'i large refractive indexes. 

As expected, the halide glasses have nar
rower line widths than the narrowest oxide 
glass (phosphates) in Table 7-10. for the 
fluoroberyllate glasses, this does not result 
in larger cross sections than for phosphate 
glasses because the li, parameters are small
er. Chloride glasses combine a small AA,.,, 
with a larger Si, and a high refractive index 
to yield values for a larger than those for 
an}' oxide glass. The high-index, narrow -
line-width, covalently Winded chalcogenide 
glasses result in the largest Nd 1 ' cross 
sections observed thus far. 

The above results are for the principal 
lasing transition-, 'F,,i — !li,,<2, but a similar 
trend with composition has been observed 
for the 4 F ; , : — ''I,,,-, transition for a few 
glasses."*"'1-b-1 Note that in all cases, the 
above results are the stimulated-emission 
cross sections, not the net cross sections 
that include contributions due to losses 
such as excited-state absorption (net cross 
sections also vary with glass composition). 

Ytterbium. We investigated the variation 
of the effective stimulated-emission cross 
section of Yb1 * with glass composition, us
ing absorption and emission measurements 
taken for 41 different oxide, fluoridt and 
oxyfluoride host glasses. Whereas silicate, 
phosphate, and fluoroberyllate glasses have 
been investigated extensively as hosts for 
N d ' \ borate glasses received less attention 
because of the low quantum efficiency and 

rapid decay of the Nd l 4 fluorescence in 
these glasses—features that are deleterious 
to the efficiency of flashlamp-pumped 
lasers. In the case of Yb 1 ' , nonradiative de
cay from the : F^ / : state by multiphonon 
processes is negligible even in borate 
glasses. Therefore, we have emphasized 
borate glasses in these studies. 

We also made measurements of selected 
silicate and phosphate glasses to compare 
the behavior of the spectroscopic properties 
of Yb 1 ' and Nd' ' in these hosts. Since 
large amounts of fluorine can be added to 
several glasses, we included some mixed 
anion fluoroborate and fluorophosphate 
glasses to complete the survey. Details of 
the glass compositions and preparation 
procedures (glasses were melted at the 
National Bureau of Standards) are given 
in Ref. 64. 

Due to the low symmetry at rare-earth 
sites in glass, the degeneracy of the 2 F V 2 

and T 7 / 2 levels is completely removed, ex
cept for Kramer's degeneracy; thus, the op
tical spectra consist of transitions between 
the four states of ; F 7 , 2 and the three states 
of "FV 2. As evident from the fluorescence 
spectra in Fig. 7-63, only the transition be
tween the lowest Stark levels of the 2F-, 2 

and : F S 2 manifolds at -974 to 978 nm (the 
1-1 transition) is clearly resolved in all 
glasses. Inhomogeneous broadening and 
vibronic transitions combine to reduce the 
resolvability of the other transitions. 

Fig. 7-62. Ranges of 
peak stimulated-
emission cross sections 
reported for the 
4 F 3 / 2 — 4 I n / 2 transi
tion of N d 3 f in 
glasses al 295 K. 
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Fig, 7-63. Comparison 
o f H w 2 F 5 , 2 . 2 F 7 / 2 

fluorescence spectra of 
Yb 3 4 in Ba-La borate, 
Na-Ba-Zn silicate, and 
Li-Ca-Zn phosphate 
glasses at 295 K. 

Fig. 7-64. Ranges of 
stimulated-emission 
cross sections for 
the secondary peak of 
the 2 F 5 / 2 - F7/2 tran
sition of Yb 3 + in 
glasses at 295 K. • 

Table 7-11. Variation 
of physical and spec
troscopic properties of 
Yb 3 + -doped borate 
glass at 295 K with 
changes in alkali mod
ifier M. Composition 
(mol7r>: 66B 2 0-
3 3 M 2 O - l Y b 2 0 3 . T 

We calculated a from the corresponding 
absorption spectrum via the relation 

3 M o f f 

(25) 

where a is the peak cross section for the 
1-1 line; £ is the integrated absorption cross 
section, /<7,bs<fX, of the 2 F 7 / 2 — 2 F 5 / : transi
tion; and AArfl is the effective emission line 
width obtained by integrating over the 2 F S . : 

—. 2 F 7 / 2 fluorescence band and normalizing 
the peak intensity to unity. 

Low-threshold, efficient lasing of Yb'' 
occrs for transitions terminating on higher-

0.8 -
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Stimulated-emission cross section (pm2) 

Alkali ion M Lithium Sodium Potassium Rubidium 

"d 1.567 1.522 1.504 1.508 
V 66 66 65 67 
n 2 ( 1 0 - 2 0 m 2 / W ) 3.4 3.1 3.0 2.9 
d (g/cm 3) 2.41 2.47 2.38 2.91 

2 F S /2 —. 2 F 7 / 2 fluorescence 
a (pm 2) i\70 0.52 0.37 0.33 
Xj (nm) 1010 1018 1010 1013 
AA e f f (nm) 49 46 45 50 
T R (ms) 0.82 1.28 1.72 1.87 

lying Stark levels of "F- 2 or on vibro.iic 
states and not for the intense zero-phonon 
1-1 transition, which forms a three-level 
lasing scheme. The cross section, n., of the 
broad secondary peak in the fluorescence 
spectrum (which occurs in the region of 
0.99 to 1.02 Mm for .ill the glasses we exam 
ined) was determined from the fluorescence 
intensitv. ', and the -elation''" 

i-m '7/MV" i 
(26) 

where A and H are the wavelengths and 
refractive indexes at the primary and sec
ondary peaks in the fluorescence spectra. 
The radiative lifetime, TK, of the "1-̂  _, level 
was calculated from" 

3X. 

32-n-arl 
(27) 

Although there is small difference in the 
n.ean wavelength for absorption and emis
sion at finite tempera*ures, we simply used 
the wavelength of the "F r ;(l) - >", :(1) 
transition for X throughout. 

The variation of n with glass i imposition 
is illustrated in Table 7-11, which summa
rises the effects on Yb-doped borate glass 
of changing the alkali species M in a series 
of alkali diboraus (M,0-2B :0,)-

A summary of the cross sections deter
mined thus far for different glass ivpes is 
presented in Fig. 7 64; glass compositions 
and cross-section values are tabulated in 
Ref. 64. The effective peak cross sections for 
transitions to Stark levels above e ground 
state range from 0.24 to 0.84 pm The larg
est values occur in borate and phosphate 
glasses; the smallest values occui n silicate 
and low-refractive-index fluoride glasses. 
Radiative lifetimes calculated from inte
grated absorption spectra range from 
0.6 to 2.7 ms. 

As discussed in Ref. 64, systematic varia
tions in spectroscopic properties \ ith 
changes in modifier ions can be i.-ed to tai
lor stimulated-emission cross sect ins and 
fluorescence lifetimes in Yb V t . A noted 
above, when the category of inoi ranic 
glasses is expanded to include tht heavier-
anion halide glasses and chalcogenide 
glasses, we found even larger val les of 

7-48 



Optical Materials Research (OBES Programs) 
Nd , J cro:.s sections. Therefore the 
stimulated-emission cross sections reported 
here are not necessarily the extreme values 
possible for Yh 1 ' . 

Authors: M. J. Weber and J. E. Lynch 

Molecular-Dynamics Simulations 
of Glass Structure 

Molecular-dynamics simulations have 
pioved to he a powerful technique for in
vestigating local structure and interactions 
at dopant-ion sites in laser glass."" ' 2 In this 
artule. we present calculations of vibra
tional spectra and glass-relaxation phenom
ena, after comparing simulated glass 
structures with various experimental mea
surements of the structure of rare-earth-
doped glasses. 

Comparison of Simulated Glass Struc
ture with Experiment. To compare our 
simulated structures of BeF, glass with aver
age ion separations and coordination num
bers obtained using x-ray'1''1 and neutron 
diffraction,'"' we very slowly relaxed a 
system of 130 BeF2. The repulsive param
eters used in the ion-ion potential were 
/l(Be-F) = 25.5, /l(F-F) = 31.2, and 
/l(Be-Be) = 15.6, with a constant softness 
factor a - 3.45. A continuous random net
work of BeF̂  tetrahedra joined at comers 
was formed. The Be coordination number is 
4.0 at 2.0 A, but increases to 4.04 at 2.4 A, 
indicating the presence of a few "defects" in 
the structure.'1 

Table 7-12 compares the peaks of the cal
culated pair-correlation functions and aver
age coordination numbers (averaged over 
five configurations involving a total of 
650 Be ions) with x-ray diffraction data. The 
overall agreement is good, demonstrating 
that simulations of simple glasses using sys
tems of a few hundred particles and slow 
relaxation are capable of yielding physically 
meaningful structures. 

Although we have tested our simulated 
3iie lu site structural variations using optical 
and FLN spectra of Eu''' in BeFr gla„s, it b 
difficult to relate optical spectra and local 
glass structure directly because of the ap
proximate treatment of the local field. We 

have therefore supplemented the FLN stud
ies with tests based on measurements of 
• The extended x-ray absorption fine struc

ture (EXAFS) spectrum of Nd.7h 

• Neutron-diffraction studies of glasses con
taining mixtures of Dy isotopes selected to 
yield information about the rare-earth 
environment.7' 

Both methods yield information only about 
distributions of ion-pair distances and 
average coordination numbers. 

The results of the neutron-difitaction 
studies, using a glass of (mol%) 60BeF;

2-
29NaF-UDyF„ are summarized in 
Table 7-13 and compared with predictions 
for a simulated glass consisting of five con
figurations of a 380-particle system of the 
same composition. In this table, the num
bers in parentheses after the simulated co
ordination numbers are the radii of the 
coordination spheres, in A. The simulation 
coordination number of Dy by F, for 
r = 3.0 A, is slightly higher than that deter
mined experimentally. The EXAFS tests, us
ing a BeF2 glass containing 4% NdF,, 
yielded an average Nd-F separation of 
2.43 ± 0.09 A and a coordination number of 
7.1; these values are in good agreement 
with the simulated values of 2.35 A and 
7.2, respectively. 

Beryllium Sites in Complex Glasses. 
For simple BeF2 glass, simulations predict 

Ion Average separation (A) Coordination number 
i 1 Measured Simulation Measured Simulate:! 

Be F 1.554 + 0.004 1.55 3.8 ± 0.3 4.0 
F F 2.537 + 0.004 2.47 5.7 ± 0.3 66 
Be Be 3.037 + 0.005 3.05 3.8 ± 0.3 4.1 

Table 7-12. Comparison 
of simulated and mea
sured (x-ray diffraction 7 , 1) 
average separations and 
coordination numbers for 
BeF, glass. 

Table 7-13. Comparison of 
simulated and measured 
(neutron diffraction 7 7) aver
age separations and coordi
nation numbers for 80BeF2-
40NaF-15DyF 3 glass. T 

r. Average • sr iration (A) Coordinat ion number 

nii 2.31 

Simulation Measured Simulation11 

••'} nii 2.31 2.32 7.7 8.5 (3.0) 
Dy F(II) 4.65 4.6 32 (3.0-5.4) 
Dy Be 3.75 3.7 — 7.7 (4.5) 
Dy Na — 3.8 — 5.6 (5.3) 
Dy Dy — 4.2 — 2.7 (5.9) 

aNumbers in pat •entheses are 1 radii of the coordination spheres in A. 
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Fig. 7-65. Comparison 
of the radial distribu
tion function and co
ordination number for 
two computer-
simulated Be glasses. 

fourfold coordination of Bt by F within 
2.0 A. For mere complex fiuoroberyllate 
glass compositions, simulations predict that 
the coordinaion number at 2 A is signifi
cantly greater than 4. The simulations are il
lustrated in Fig. 7-65, which compares the 
Be-F radial distribution funcron, g(r), and 
average coordination number from five sim
ulated configurations each of 80BeF 2-
40NaF-15DyF 3 and 130BeF, The peak of 
g(r) for both glasses is at —1.55 A, but the 
distribution of Be-F distances is broader 
and more asymmetric for the latter and ap
proaches zero only at r =* 2.4 A. The associ
ated average coordination number, n(r), 
becomes greater than 4 at r > 1.8 A. 

The definition of a coordination shell for 
Be in multienmponent glasses is not as 
straightforward as for simple BeF2. There 
are a number of BeF5 complexes with four 
short and one long Be-F distance; these 
complexes might be considered perturbed 
tetrahedra. There are also a significant num
ber of complexes for which all five Be-F 
(distances are less than 2 A, and no such 
simple physical interpretation is possible. 
The number of nontetrahedral'y coordi
nated Be complexes in well-relaxed 
molecular-dynamics computer glasses de
pends on the presence of modifiers and in
creases with the concentration and valence 
of the modifier. 

Whether such sites really exist in labora
tory glasses or are a consequence of the 
rapid quenching and other approximations 
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involved in ma» .£ computer glasses is 
subject to experimental verification. 
Neutron-diffraction studies of BtT ;, BeF : -
Nar, and BeF 2 -NaF-DyF, glasses show an 
increase in the average Be coordination 
number (by —0.2 F ions).' The predicted 
Be coordination number for the simulated 
BeF : -NaF-Dyr, glass is 4.3 at i = 2.0 A 
This value is slightly higher than the 
neutron diffraction result, but the lattei wjs 
obtained by fitting the correlation function 
peak with a Gaussian distribution. The cal
culated pair correlation function is skewed. 
as shown in Fig. 7-65: therefore, an asvm 
metric distribution should be used to avoid 
intprating the contributions at large >. 
whei t the average coordination number 
becomes greater than 4. 

Another potential tc-t of the presence of 
nontetrahedrally coordinated Be sites is the 
observation of a change in the quadrxipoie 
broadening of the "Be(I — 3/2) WV1R spec 
trum. If Be ions are perfectly tetrahedrullv 
coordinated by nearest-neighbor 1. then in 
symmetry there will be no electric field gra
dient (efg) at the Be site and no quadrupole 
splitting of the nuclear resonance due to 
these ions. To search for this effect. Brav 
and Dell " have compared the NMR spectra 
of a BeF : glass and a 65BeF :-35.\aF glass. 
We have simulated the h ^-modified glass 
using a system of 95BeF:. 2.\'aF, » f find 
that about 25% of the Be sites have odd co
ordination. We also find that ihere is a dis 
tribution of F-Be-F a n g l e for both simple 
and modified Bel\ glasses, indicating devi
ations from perfect fourfold terrahedral co
ordination. Because of the rapid ouenching 
and lack of angle-dependent bonding in the 
potential used for the simulations, however, 
the predicted geometric arrangements of 
ions about the different Be ions aie not suf
ficiently meaningful to calculate distnbu-
nons of dipolar and quadrupolar splittings 
for comparison with the observed 
.\MR sperra. 

Vibrational Spectra of Simulated 
Glasses. During 1W2. we employed our 
t;]jss s:-ih!Lire ^:i:u.!a:u :; to perform ah :;i 
itio calculations of the vibrational density of 
states and of the spectra of infrared absoip-
non. Raman scattering, and inelastic neu
tron scattering. The force constants required 
for these calculations are obtained directly 
from the interaction poi "•ntia1 used in the 

7-50 



Optical Materials Research (OBES Programs) 
structure simulations. The spectra are ob
tained with no free parameters, apart from 
an overall multiplicative constant. 

Vibrational spectra can be calculated in 
two ways. The first method is direct diag-
onalization of the dynamical matrix for the 
glass and using the resulting eigenfunctions 
and frequencies to evaluate the formulas for 
the scattering intensities. The second 
method is to evaluate appropriate auto
correlation functions computed directly 
from a low-temperature molecular-
dynamics simulation where the •• _'m is 
harmonic We used both methods and 
found thev gave the same result. 

The results of the calculations are sum
marized and compared with experimental 
results " in Fig. 7-66 which also includes the 
calculated density . states (DOS) The 
agreement with c\ 'riment is generally fair. 
The shapes of the calculated spectra are 
similar to those of the experimental spectra, 
but the calculated band maxima are from 
100 to 150 cm ' too small. The reasons for 
this discrepancy an not known, but it is not 
due to the small SIA of the sample. 

Thus far, we have treated only the case 
of simple BeF2 glass, lor which experimental 
data are available. The details of the lattice 
dynamics of harmon; systems and calcula
tions of vibrational spectra have been de-
sciibeds"",l:; the explicu expressions used 
here are to be jv.Miohod in Kef. 83. 

Phenomenology of Glass Relaxation. 
During the course of our simulations of 
rare-earth-doped glasses it became appar
ent that the simulated glasses were more 
disordered than laboratory-produced 
glasses. The discrepant is due fo the high 
quenching rate of computer-simulated 
glasses, necessitated by the limitations on 
computer time and the speed of programs. 
While we could rcproduc qualitative pre

dictions and trends in the optical properties 
of rare-earth ions in glass, quantitative 
agreement with experiment was elusive. 

It became clear that extrapolation of the 
results from computer-simulated glasses to 
real glasses requires knowledge of glass re
laxation. With the support of DOE's Office 
of Basic Energy Sciences (OBES), we have 
compiled extensive information on glass 
relaxation,81 developing the following 
main points 
• The phenomenology of the glass transi

tion is consistent with the idea that glass 
is a frozen liquid. 

• The physical properties of any particular 
sample of glass depend on it' 'hernial and 
mechanical history and require more than 
a one-parameter description. 

• The relaxation process is governed by a 
broad distribution of relaxation times. 

• Immediately following a temperature 
jump, the apparent activation energy for 
the relaxation time is about half that for 
the equilibrium fluid (the relaxation time 
increases with time during the relaxation). 

• Relaxation at temperatures below the 
glass transition temperature, 7'R, can be ex
plained by extrapolation of relaxation ob
served above T , and there are anomalous 
excitations at temperatures much below TB 

giving rise to unusual thermal, acoustic, 
dielectric, and optical properties. 

Authors: S. A. Brawer and M. I. Weber 

Thermal-Lensing Studies: 
Measurement of Two-Photon-
Induced Color Centers in 
Borosilicate Glass 

During 1982, we used thermal lensing, 
a sensitive calorimetric technique for 

Fig. 7~66. Comparison 
of simulated and mea
sured (a) reduced in
elastic neutron-
scattering cross sec
tion, (b> infrared ab
sorption, and (c> 
reduced Raman-
scattering intensity. 
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Fig. 7-67. Apparatus 
for transient thermal-
lenring measurements 
of nonlinear absorp
tion and photo-
induced color centers 
in materials. 

measuring small optical absorbances, to 
measure nonlinear absorption in a borosili-
cate glass (BK-7) at 2u: (0.53 urn). BK-? glass 
i- generally considered a suitable material 
tor transmitting high-intensity 2u: laser 
beams. Experiments at ?•-;, however, show 
that borosilicate glasses f icn as BK-7. 
BK-10, and BK-3 are unsuited for high-
intensity applications due to sizable two-
photon absorpti in and UV-induced lim ar 
absorption (soiarization).M We have 
now observed polarization in BK-7 at 2u.; 
for one sample irrad. jnce of several bun 
dred to one thousand laser pulses at 
intensities of >1.5 CW/cnr . 

F'gure 7-67 shows the experimental con
figuration and apparatus used for ur 
thennal-lensing measurements, The labora
tory itself is pictured in Fig. 7-68 and de
scribed in the l°81 Annual Report. S l 

One of several data sets is illustrated in 
Fig. 7-69, where we plot the photo-
inducc-d linear absorption coefficient at four 
pump-fluence levels vs the number of laser 
shots into the sample. The computed peak 
intensity for these runs ranged from 1.5 to 
3.8 GYV/cnr. At the 10-Hz laser rate, each 
data run of 1.8 X 10'' laser shots lasted 
30 min. There is a slight offsc. in the c im
puted value of the absorption coefficient at 

zero laser shots because this coefficient ac
tually corresponds to an average '"near 
absorption induced by approximately the 
first 100 laser shots of the sampling period 
of each data run. At sufficiently high mten 
sitv (>1.5 GYV/cnr), we obsened that e \y -
the first laser shot into a 'fresh region ot 
the sample showed a finite lending signal 
this signal max arise from residual linear 
absorption, two-photon absorption or so 
larization induced by the first pump puke 

From a log-log plot of the data, we found 
that the induced absorption depended qua 
dratically on the laser intensity. This depen 
dence is indicative of two-photon-induced 
color-center formation, which is energeti
cally allowed. [As a test, we irradiated a 
sample of fused silica of equal thickness 
(1 cm) at an intensity of -~4.0 GVV/cnv. As 
shown in Fig. 7-69, we observed no absorp
tion or SiO : ; the outcome is expected. Lie-
cause the fundamental band gap is >4u\] 
Nole that, at the higher intensity runs in 
F'ig. 7-69, the absorption appears to saturate. 
The color-center band was stable at ambi
ent temperature, but could be bleached at 
elevated temperatures. 

The two-photon-induced solarization per 
shot at 2w is very small after transmission 
of a few laser shots, and no discoloration is 
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eudent. But alter an accumulation of —10 
Mios at intensities >3GVV/crn\ a brown 
di-ioloratton track was clearly visible 
against a .vhite-light background. The spec-
'rum ot the photo-induced absorption is 

similar to thai observed in glasses due to 
UV and ionizing radiation. 

The probability per shot for three-
pholon-induced color-center formation at 
intensities near the laser damage limit of 

0.10 

t i'.04 

BK-7 (23 J/cm2) , 

103 laser shots 

Fused silica (24 J/cm2) 

Fig. 7- 68. Laboratory 
and apparatus used for 
thermal-lensing 
studies. 

Fig. 7-69. Photo-
induced color-center 
absorption coefficient 
at 1* for BK-7 glass, 
measured by transient 
thermal lensing. 
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Fig. 7-70. Experimen
tal setup for measur
ing excited-state 
absorption in laser 
glass. 

optical crystals and glasses is estimated to 
be lower than that for two-photon pro
cesses by ~10~ 4 . For laser applications re
quiring high repetition rates or long 
lifetimes, however, these higher-order pro
cesses may contribute significant losses un
less corrected by materials development. 

Transient thermal lensing, in addition to 
its usefulness for detecting multiphoton-
induced color-center formation, can also be 
used to measure transient color centers, 
small absorption due to dilute impurities or 
excited-state absorption, fluorescence quan
tum efficiency, rates and yields of chemical 
reactions, and thermal properties of materi
als In many of these applications, measure-
lents of materials of known absorbance, 

introduced either in series or as substitutes 
fot the sample, can be used to calibrate the 
absorption strength. 

Authors: M. A. Henesian, M. J. Weber, 
and W. T. White 
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Fig. 7-71. Change in 
absorption induced by 
dye-laser excitation. 
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Excited-State Absorption in 
Neodymium Glass 

At high excitation densities, absorption of 
flashlamp photons by the N d 1 ' ions in the 
upper laser level could seriously impair 
amplifier efficiency. During 1982, we per
formed a direct measurement of excited-
state-absorption cross sections in the 
spectral region of interest. 

The experimental setup is shown 
schematically in Fig. 7-70. Typically, we 
fired three shots witli both the dye laser 
and flashlamp, three with the flashlamp 
only, and two with the dye laser only, to 
measure the background at each wave
length. The region from 350 to 800 nm was 
covered in steps of 10 nm. Energy output of 
the dye laser was monitored on each shot 
and kept c« stant within 10% during a run 
The electrical signals from the photomulti
plier (PM) rubes v ere fed into a pair of 
gated in tegrators, and their outputs v ;re 
plotted on a chart recorder. The change of 
transmission due to the excitation was mea
sured and averaged for each wavelength. 

Figure 7-71 plots the change in the ex
ponential absorption coefficient thus re
tained for a l-wt% Nd-doperi silicate glass, 
ED-2. Qualitatively similar results were ob
tained for a phosphate glass, LGH-8. The 
large positive signals occur at the wave
lengths corresponding to strong absorption 
from the \ / 2 ground state. This "gain" is 
due to bleaching of the absorber and can be 
used to calculate the exciteo-state density. 
Approximately 20% of the Nd ions were 
excited to the upper level. The negative sig
nals in the spectrum can be identified as 
absorption from the 4 F V 2 state of Nd 3 ' ions 
(the upper laser stale). 

Figure 7-72 shows the same data normal
ized to the known ground-state absorption 
cross section of the oeak at ~750 nm. Note 
the good agreement with the ground-state 
absorption at 800 and 530 nm and the 
strong excited-state absorption at ~600 nm. 
The cross sections for excited-state absorp
tion are clearly small enough here not to 
cause trouble in the existing Nd:glass lasers 
and excited-state populations. 

Table 7-14 compares the experimentally 
observed absorption with line strengths cal
culated using the Judd-Ofelt model.86 The 
data again were normalized to the ground-
state-absorption line strength at 750 nm, 
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Fig. 7-72 Cross 
sections for the 
ground-state and 
the excited-state 
absorption. 

Table 7-14. Compari
son of predicted and 
observed excited-state 
absorption and line 
strength. 
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assuming for simplicity a constant line 
width for all transitions. Reasonable qualita
tive agreement can be seen between the 
model and ground-state absorption; excited-
state absorption in the visible region is also 
in reasonable agreement. The discrepancy 
at "~360 nm, with the observed excited-state 
absorption an order of magnitude larger 
than expected, is explainable. First, this 
absorption band is in the vicinity of the 
absorption edge and overlaps possible emis
sion rrom C e 1 ' , wHch is present as an 
antisolarization agent. The absorption band 
at 360 nm also overlaps a region of strong 
ground-state absorption. 

In conclusion, we have qualitatively mea
sured the excited-state absorption in Nd 
glasses; its magnitude is not large enough to 
cause problems for existing laser systems. 

Author: J. Goldhar 

Major Contributors: M. J. Weber and 
J. R. Murray 

Laser System and 
Component Evaluation 
Optimization of Multipass Systems 

Introduction. The next generation of fusion 
lasers will operate at the multimegajoule 
level with pulse durations in the 10-ns 
range. High energy-storage and extraction 
efficiencies are necessary to reduce cost. To 
evaluate and optimize various architectures, 
a methodology to trade off different design 
features and to obtain a relative perfor
mance scaling is essential. Actual perfor
mance and costs will be obtained from 
more detailed beam-propagation analysis 
and costing of all components. 

Performance-to-cost ratios of various ar
chitectures and options are typically well 
within a factor or 2. Thus, it is important to 
maintain high accuracy of system simula
tions while reducing the complexity of the 
various designs f c better side-by-side com
parisons. Difficulties arise in comparing sys
tems that differ in dynamic range and 
isolation characteristics. Since we have not 
yet found a sing!'.' figure of merit that will 
completely det.rmine the quality of a 

system, cost effectiveness, Q (J/$), at a par
ticular pulse duration remains our best mea
sure. To avoid biased conclusions, it 
is important to compare only equivalent 
characteristics and side effects (e.g., risk 
and operating cost) while selecting for 
systematic evaluations an average laser 
pulse duration and pulse shape thai covers 
most experimental requirements. An opti
mum system is then usually simultaneously 
limited at the selected pulse duration 
by nonlineai effects, damage, and 
energy extraction. 

Simulation of complete laser .systems is 
complex and too slow for optimization pro 
cedures. However, il is possible to subdi 
vide the system into components with weak 
interactions. Thus, we can optimize the am
plifier on a per-disk basis without concern 
about the impact of other components. The 
only system impact on the amplifier can 
then be reduced to a specific criterion for 
either high power, high energy, or high 
overall efficiency. Amplilier design differs 
significantly for these various tasks. The 
Mgh-power amplifiers tor Shiva had thin, 
highly pumped disks, iile a high-
efficiencv amplifier for a fusion drive re
quires thuK disks pumped at low flashlamp 
energir- For megaioule lasers, high-energy-
storage amplifiers are of primary interest. 

Laser System Design. Our system 
optimization procedure is simplified by 
separating the cost ot the dominating out
put siage, C,„ from that of the driver stages 
C I ) r in the form 

•r„ ' . 

*" ~ Si-", ~ C~\ i I I - V C 7 

= £ ( * - £ ) • (2B) 
where ;.„ is output energy, k -- ( JAJ n > 1 
is the ratio of cost effectiveness of the com
plete system Q relative to the driver Qv 

= £"|i/C|,, and G„„ is saturated gain of the 
output stage. 

Our approach eliminates the need for de
tailed design and simulation of the drive 
stages. Thus, we reduc-< both complexity 
and potential distortions for relative com
parisons. The driver can be scaled in rela
tion to the output stage because any 
improvements made on the output stage 
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should also apply for the drive stages. 
Hence, a simple A-weighted scaling with the 
required drive energy, ED, is sufficient. 

Amplifier-stage cost is best described by 
two components: amplifier cost, C.y and 
fixed cost. AC. associated with isolation, 
spatial filtering or beam expansion, and 
alignment. The amplifier cost is 

I, 

C>. 
M 

(29) 

where / . is stored energy, C/. is the cost ef
fectiveness of sioring energy, A/ is extracted 
energy I is I he fill factor, and 17 is extraction 
efficiency. 

I'lie cost effectiveness of a high-energy 
laser system can then be described bv 

<- \„ + A(„l C,„ 

= '"C?.„ 
1 - AA/lC, 

1 + A 
(30) 

where Ak = k - 1 and A •-= AC0/CAl, < 1. 
Both correction terms vanish for isofluent, 
isoquality stages (QM = constant) and low 
fixed costs. The laser system is then domi-
naled b\ the cost effectiveness of extracting 
energy Q| = i/Q.., which allows the separa
tion of amplifier optimization, (J„ from sys
tem optimization, C?. 

Bv separately optimizing the amplifiers 
and the chain assembly, we reduce the 
number of independent variables from 
about 20 to 10 each and, hence, make the 
process more tractable. The most important 
variables for disk amplifiers operating at 
long pulse durations are 
• Clear aperture 
• Disk thickness. 
• \ d doping. 
• Nimulated-emission cross section. 
• Interna! ASH control. 
• Fluorescence lifetime. 
• Pump-pulse duration. 
• Number of lamps. 
• Bank energy. 
• Specific costs for ME. EE, and optics. 

The above variables lead to specific val
ues for the cost effectiveness of storing 
energy, Q,. A detailed analysis shows that 
the cost of storing energy depends on the 

clear aperture, P, of the amplifier and the 
stimulated-emission cross section, a, of the 
laser material. For Qs-oprimized disk ampli
fiers, the relative change in cost effective
ness can be approximated by 

a, = 
Q... 1 + b 
\<r 1 + ( M O „ / n , | -

(31) 

where (£„ = 55 Jpm/k$ for disk amplifiers. 
Size scaling can be derived from a model 
containing a cost component that is inde
pendent of / l For laser glasses with 
n = (2 t 1) pnr, a scale factor of /> a 0.025 
and maximum segment size D„ = 0.5 m 
provides a reasonable match to the ampli
fier simulations shown in Fig. 7-73. Glasses 
with higher stimulated-emission cross sec
tions are limited to smaller segment sizes to 
avoid internal ASE losses. 

The laser-chain design can be optimized 
bv applying these generalized performances 
and cost scalings for various amplifier sizes 
and evaluating the remaining variables for 
the chain assembly. For comparison of dif
ferent system architectures, the focusing 
and target requirements are usually quite 
similar and, hence, do not affect such a 
side-by-side comparison. It is necessary to 
add other correction terms to Eq. (30) only 
if there are distinctly different requirements 
with respect to >he >arget chamber or facili
ties. The comparison of different laser ar
chitectures can then be accomplished bv 
applying the same basic amplifier charac 
teristics for the evaluation of the r.ost 
costly output stages, while the drive stages 
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Tig. 7-73. Normalized 
cost effectivc.iess of 
storing energy, Qs, for 
various amplifiers and 
laser materials. 
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and other specific requirements are added 
in the form of appropriate correction terms. 

Cost Scaling of Driver Stages. For 
linear-chain designs with low stage gains 
of ~2 to 3, a relative drive-cost factor of 
k = 1.2 was obtained from, systematic chain 
optimizations and applied for most previous 
evaluations. However, for multipass sys
tems with high-gain stages, the relative 
drive-cost factor, k, must be appropriately 
scaled with the gain of the output stage. 
Such a scaling can be obtained from the 
relative cost of various-sized amplifier 
stages by evaluating 

E..Q, 
Q D £D(C„ + CD) 

1 + Q,/C n 

(32) 

with 6 = 0.1; G0, is the saturated net gain, 
counting .. om the output stage to the ith 
driver stage. Size scaling of the driver stages 
is then 

i.n./D0r = G°„ (3?) 

Second, for complete system optimiza
tion, Q must be evaluated for various gains 
of the individual stages. Complexity was re 
duced by scaling the saturated amplifier 
gains by 

C-,, = G"S (36) 

jiid optimizing Q for various values of G„„ 
and w > 1, where in = 1 corresponds to 
isogain stages. Saturated net gain is then 
determined by 

The stage costs include fixed costs for spa
tial filters, isolation, and alignment. The 
costs are, to the first order, proportional to 
L). We approximated tile fixed cost by 
AC « £D, where $ a 2.3 k$/cm for 
spatial filters. 

The relative drive costs are determined 
by 

£( C Ai + AC) 

CA„ + AC„ 

' Q s o r ; In G, ' D, 
' ; + A > -— 

1 + A 
(33) 

where G is the small-signal gain of the am
plifiers and lis the stage I lumber, counting 
from the output stage with i = 0. 

For evaluation of the drive-cost factor, k, 
three additional considerations were in
cluded in our analysis. First, for the assem
bly of an amplifier chain, it is desirable to 
reduce the output fluence of the driver 
stages, F|, in order to reduce the risk of 
damaging lower-cost components. Fluence 
reduction was scaled with the saturated 
gain in the form 

1 (34) 

where T is transmission of the interstage 
components and 

\ m = = i (38) 
—- m — 1 

i 

for m = 1. 
Third, to incorporate the cost reductions 

from buildinp fewer stages with more iden
tical components, a learning factor of —0.9 
was applied. We scaled the total cost with 
,VS ° ', where N, is the number of stages re
quired to provide a total-chain gain of G,,N 

> 60 dB. An arbitrary limit on the number 
of stages was necessary because the sum in 
Eq. (33) does not converge for a fixed-cost 
component per stage. 

The results of our systematic chain op
timization are shown in Fig. 7-74 for vari
ous saturated gains of the output amplifier. 
The number of stages, N s , the gain scaling 
factor, m, and the fluence ratio 

nhv (39) 

were optimized for fixed values of the out
put fluence Fa = 20 )/cm2, refractive index 
n — 1.53, effective degeneracy ratio K = 1.3, 
and photon energy hv = 1.87 X 10" '̂  .1. 
The fluence ratio is proportional to the 
stimulated-emission cross section, a, of the 
glass or inversely proportional to the satura
tion fluence, F„. 
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It is clear from Fig. 7-74 that k is primar
ily determined by G„„ and />, but is rela
tively insensitive to all other variables. The 
approximation 

3. II'1 1 - 7' 

Ik -

; „ . - 1 
G?l? 1 + i50/ii-

-

0.25- (40) 

matches the results quite well for typical 
cases and reclines the comparison of diffei-
ciit laser architectures to the evaluation of 

<J -
f>?(Js„ 11 0.25/G^',1) 

1 I A 
(41) 

Generalized Results. For linear chains, 
the highest performance-to-cost ratios are 
again observed for saturated-stage gains of 
about 2 to 5, depending primarily on the 
fixed cost AC, as shown in Fig. 7-75. Lower-
gain stages are more expensive, while 
higher gains lead to a loss in extraction effi
ciency. For multipass systems, the optimum 
stage gain would be shifted toward higher 
gains because high extraction efficiencies 
can be maintained at high gains. 

Evaluating peak values of Q leads to the 
approximation 

Q = 
fig.,, r 1 \ ] - g 

I 1 v c„M/(l -*- c , ( i" r ' ' ; ) 
(42) 

with coefficients 

i-„ = i o r : (i - hf " , 

r, = 1/(1.1/7 + 15!') , 

and 

A In C„ 4 { Q ; O 

\ a 7T \nnhi> D t l y F 0 

- = 0 . 2 3 ^ / v F „ . (43) 

The relatively small impact of both the 
fluence-reduction factor, 5, and the varia
tions in coefficients c0 and r, leads to a 
rougher but more practical scaling of 

fQ,J 
(1 + 6fi)/'l + 0.7 a"H I 

The cost effectiveness of extracting en 
ergy Q H , can be approximated by 

(44) 

y, „ = i a,, =-
1 

^ Q l . (45) 

where o = I'^a/nlw is the average fluence 
ratio in the amplifier, and 

tf =• 
In T 

l n ( i 
(46) 

is the loss-to-gain ratio, with 7 the loss co
efficient and it the gain coefficient. The 
maximum Qt,, for a single-pass system is 
obtained at 

- __ 1.26 
"" ~ 1 + 2.5 6 

which leads to 

' " 1 4 1.9 0 

where 

(47) 

(48) 

u ; 0 (1 - c ]2h) 
Cj,.„ = = 5.8 \ J c m / k $ . 

\ 1.26 Kuhv 
(49) 

Therefore, the peak cost effectiveness of a 
linear chain is primarily determined by 

QrX QMFJT 
(1 + 1.9f!)(l + 6(')U + 0.7 n" 

(50) 

where Q[.„ reflects both design and cost of 
the disk amplifiers and largely depends on 
the specific costs of ME, EE, and optics. Im
proved amplifier designs have a direct im
pact on Q via Q'to. The fill factor, /, and 
interstage transmission, 7, are essentially 
proportional to Q, while the loss-to-gain 
ratio, /3, drive-scaling factor, b, and relative 
fixed costs, a, are somewhat iess sensitive. 
The final leverage iiem is the output 
fluence, which will significantly reduce the 
cost per joule of Zeus in comparison with 
Nova and Shiva. 

We may now compare multipass systems 
and other architectures with our generalized 
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analysis. The advantage of multipass sys
tems is in the reduction of the output-
fluence ratio, oN, since a reduction of 
this ratio increases the value of Q'io by 
y'o/opj = JV?-4. In addition, the extraction 
efficiency of multipass systems remains 
high even for large saturated gains, which 
dilute the cost and transmission losses of 
interstage components, even if the multi
pass systems are relatively more costly and 
complex. The weaknesses of multipass sys
tems are their increased effective loss-to-
gain ratios, the potential reduction in the fill 
factor, and the higher fixed-cost compo
nents that reduce the N1''1 improvement to 
somewhere between 1.5 and 2. Our general 
analysis does not yet include the miscella
neous costs associated with buildings and 
maintenance that can be added quite easily 
but are difficult to quantify. 

Our method of scaling the performance-
to-cost ratio of various laser architectures 
provides some indication of the relative 
sensitivity of individual variables and can 

Fig. 7-74. Relative 
drive-cost factor, k, for 
various amplifier-
scaling factors, b. 

Fig. 7-75. Normalized 
cost effectiveness for 
linear-chain designs. 

101 102 

Saturated gain of output amplifier, G s o 

help determine where .he largest potential 
improvements exist in ord:.-r to maximize 
R&D efforts. 

Selection of Laser Glasses. The most 
cost-effective, fluence-limited system design 
does not operate at maximum extraction ef
ficiency. Rather, it operates at the maximum 
cost effectiveness of extracting energy 
[Eq. (44)], which includes the improved 
energy-storage capability of low-'TOss-
section glasses. In Fig. 7-76, single and 
multipass systems are evaluated for various 
saturation fluences of laser glass. With am
plifier gain and transmission losses held 
constant, the illustration shows that, for a 
given fluence limitation, the highest cost et 
fecr.eness is at about 83% of peak extrac
tion with a higher-storage material (dashed 
curves in Pig. 7-76). 

A laser designed for maximum extraction 
efficiency could not take advantage of fu
ture improvements in damage limitations, 
whereas a cost-optimal laser could operate 
at higher energy. It is also better to select a 
material with a higher saturation fluence 
than the optimum saturation fluence in or
der to reduce pulse distortions, ASE on tar
get, and isolation requirements. Figure 7-76 
also shows that a significant improvement 
in cost effectiveness derives from multipass 
systems and that the optimum saturation 
fluence for multipass systems is higher than 
for single-pass systems, assuming simiu-r 
output-fluence limitations, ,'t is also clear 
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that the most cost-effective multipass sys
tems do not operate at maximum extraction 
efficiency. From a more accurate and de
tailed analysis, a rough approximation of 
the optimal saturation fluence, F„ can be 
obtained from 

r'„ 1.6 

.v:'." 

/. -- 04 / X, 

(51) 

(52) 

tion. Our approximations art within a few 
percent of the actual values of an inflection 
point for the range of 0.05 < fj < 0.2 a; < 
2 < N, < 6. 

The required amplifier gains for an inflec
tion point differ from those selected for 
maximum cost effectiveness. However, the 
peak-to-average intensity ratio for our ear
lier analyses was assumed to be constant, 
and variations due to saturations have been 
ignored. On the other hand, the inflection-
point conditions do not take into account 
differences in cost effectiveness. Combining 

I or example, a fluence limitation of /"„ ~ 
25 |.vm" would lead to optimal ituration 
fluenies of 10 and 4(1 J/cm"' for a single-
ami M\ pass system, respectively. Hence, 
our glass-development program should be 
directed toward high saturation-fluence 
glasses with stimulated-emission cross 
sections in the range of 1 ± 0.5 pm :. 

Reduction of Beam Modulations in 
Multipass Systems. Multipass systems 
have a very flat output response for large 
variations in input fluence, as shown in 
Fig. 7-77. It should be possible to maintain 
relatively smooth beam profiles with 
multipass systems. 

An inflection point in the output fluence 
exists near maximum extraction efficiency 
and, hence, dors not require any compro
mise with respect to energy extraction. 
However, this condition with the first and 
second derivative being zero is only satis 
tied for particular combinations of gain and 
loss in various multipass cavities. 

The conditions of an inflection point for 
different numbers of passes, N can be 
approximated by 

G„ = exp 12.3 
i.Vp - 0.4) (1 + 2.9 \/j) 

052 
7.\'„ + 30 - 0.3) a + 0.24/tfi 

and 

10 
(N + Si - 0.4) 11 + 13 01 ' 

, (53) 

(54) 

(55) 

where i* and <>* are the input and output 
fluence ratios at maximum energy extrac-

A \r;( l i S) In (7, 
(5ft) 

with the stimulated-emission cross section 
corresponding to a damage-limited peak 
output fluence, /',„ 

1-ig. 7-76. Highest cost 
effectiveness is ob
tained at ~8(W of 
peak extraction for 
single-pass systems. 

20 30 40 
Output-beam fluence (J/cm2) 

7-61 



Laser System and Component Evaluation 

Hg. 7-77. Normalized 
output fluences and 
extraction efficiencies 
for various multipass 
systems. 

nhv 3 
^ F ~ 

leads to 

Kiihv (1 -I- A) In G„ o 

(57) 

(58) 

outp.Jt modulation is sufficient to pr< ide 
high cost effectiveness. 

Author: W. F. Hagen 

Evaluation of Cassegrainian 
Geometries 

which takes into account the peak-to 
average ratio of the output fluence o/o for 
variations of the input fluence. 

The optimization of this quantity for vari
ous multipass systems results in an output 
fluence ratio o/o =» 1.25 + 0.05 for a 2-to-l 
modulation of the input beam. In other 
words, the most cost-effective multipass 
system does not require an inflection point 
in the output fluence. Instead, a reduction 
of input modulations to about a 20 to 30% 

Cassegrainum geometries are a relatr v 
low-risk option that is intermediate I 'ween 
single-pass and multipass svstems. k a tne 
to single pass systems, the improven w i 
performance-to-cost ratio is from 30 10",. 

We have addressed the optimal an lifier 
gains, fluences, transit number, cavit 
length, and laser materhls for Cassei uiian 
geometries. We distinguish the num* of 
transits from the number of passes tl are, 
in general, considered as transits wit' - the 

= Number of passes 
= Loss-to-gain ratio HI'" 
= Input fluence ratio, F('fs* 
= Output fluence ratio, F0'FS* 
= Extraction efficiency 
= Values at maximum extraction 

Normalized input fluence, Hi* 
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same laser volume. In our analysis, the 
performance-to-cost ratio, Q, from 
Eq. (7-41) was eval"ated for nominal 
0.4-m-aperture amplifiers. 

The evaluation cf different laser architec
t u r e requires a reasonable assessment of 
fixed costs. Our analysis was based on the 
geometries shown in Fig. 7-78, where the 
single-pass stage is represented by a beam 
expander and an amplifier that is equivalent 
in its beam transport characteristics .o the 
Cassegiamian geometrv. 

[n >M, simplified approach, costs of the 
beam expander and Cassegrainian mirrors 
vere assumed to be identical at 0.1 M$/m" 

and tnrn'spond to Nova turning-mirror 
cost>. including mounts and controls. The 
higher materia! costs for transmitting optics 
are assumed to be compensated by the 
higher fabrication and coating costs of the 
reflective optics for equivalent beam quality 
and pointing accuracy. 

The effective cost for housing was as
sessed at 2 k$ /nr , which corresponds to 
cost of the Nova laser bay and spaceframe. 
The length of the Cassegrainian cavitv is 

1 ' ] 
1 

x M 
2(1 - /..) 

(59) 

where ,", is the focal length of the large 
Cassegrainian mirror, A1 is the area magni
fication, (Ms the length of the amplifier, and 
f,, is the effective beam-overlap fraction 
defined in Eq. (69), below. 

The length of the disk amplifier was ap
proximated bv 

P \ 1 -i >r 
= 1.8P.V,, 

0.1 1 + 
sM 

0.002 I M$ 
(62) 

which, to a first order of approximation, are 
independent of the aperture size, since L/D 
depends primarily on Nn, M, and fa. Our 
simplifications make it possible to optimize 
the different architectures independently of 
aperture size. T h e maximum dimensions of 
the disk are then primarily determined by 
considerations of the suppression of internal 
amplified spontaneous emission (ASE). 

The area-normalized cost of the amplifier 
can be approximated by 

hi' '^'n 
— " ,vo - T - (t>3) 

where ft, is the logarithmic gain of the 
disk. From the evaluation of different am
plifiers and laser materials, the general 
approximation 

\'n = Xt<\" 0.15 pm 

was obtained, which leads to 

. .\'i, 
'"\ = >i'»%, -r = 0.78 M$/m- \ ' | , 

(64) 

Fig. 7-78. Comparison 
of a five-transit 
Cassegra'nian geome-

(65) try and a single-pass 
geometry. 

Amplifier 

(a) Five-transit Cassegrainian geometry 
(60) 

where V,, is the number of disks and / is 
disk thickness. 

The length of the single-pass system was 
based on an f/10 beam expander with 

L, = g + i. r> i I i (61) 

The area-normalized fixed costs are then 
determined bv 

(b) Single-pass geometry 
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Table 7-15. Optimized 
Cassegrainian 
geometries. ** 

Thus, the area-normalized cost per disk is 
essentially constant for all Q s-optimized 
laser glasses, so long as material costs are of 
the same magnitude. 

Quantity discounts were based on a 
learning factor of 0.9 and a normalized disk 
count (10 per size and chain), so that 

C A = = f A | ^ ) " ' * i m / m 2 N ^ (66) 

The fill factors of various geometries dif
fer due to beam obstructions and the need 
for an "uncertainty" rim, AR, to avoid clip
ping of the beams. The till factor for the 
Cassegrainian geometry is 

f = -
(R(1 - ARf - |R, + SRf 

= 1 
M 

AR 
1 + 

N M ' 

and for the single-pa..s stage is 

H 

(67) 

(68) 

where 1R/R,, was arbitrarily selected at 
2.5% for a 1-cm-wide rim and a 40-cm clear 
aperture. The fill factor does not include the 
reduction in effective beam area due to 
apodization, which is assumed to be equal 
in all cases 

The performance analysis for the diverg
ing beams of the Cassegrainian geometry 
requires a spatially resolved determination 
of energy extraction. The determination is 
obviously very slow and impractical for an 

optimization procedure, where mam geom
etries with various gains, magnifications, 
lengths, and fluence- mu-t be evaluated To 
simplify the multidimensional problem, an 
effective beam-overlap traction • un 
defined as 

• r ! H > /J""? 
r i , r., 

with the assumption that the extraction ot 
the diverging beam can be approximated bv 
a parallel beam with , n equivalent beam 
area that is reduced bv i compared to the 
output-beam area. 

The saturated-energy gain is calculated 
onlv for the double-pass region because it 
exhibits the lowest gain and determines the 
size of the driver stage. The saturated gain 
of outside ravs is significantly higher be
cause those ravs experience single-pass 
gains To provide a uniform output beam, 
the input beam to a Cassegrainian geometry 
must be apodized by reducing the intensity 
at the edge of the beam. Because apodiza
tion depends on the output energy, the 
complexity of operation is increased. 

With our assumptions, the performance-
to-cost ratio, Q. can be optimized for par
ticular values of the externa1 transmission 
T„ = 0.98 and loss-to-gain ratio d = 0.1 by 
varying the amplifier gains, fluence, and 
cavitv length for various numbers of tran
sits. Our results for isofluent designs are-
summarized in Table 7-15. The optimal 
small-signal amplifier gains are in the range 

Number Saturation Amplifier Fixed Drive Cost 
of Amplifier Saturated Magnifi Fill fluence, Nonlinear cost, cost. cost. effectivenes-

transits, gam, gain, cation, factor. Fs effects, CA '"D CD 0 
N T Go G s 

M / (J/cm2) AB, (M$/m2) (M$/m 2) (M$/m 2) IJ/kSl QSQ\ 
1 4.4 2.2 2.2 0.95 9.4 0.71 6.5 0.18 8.8 12.3 1.00 
2 12.3 18.5 18.5 0.88 9.5 1.6 10.5 0.40 2.0 13 7 1.12 
3 7.4 31.S 9.4 0.83 11.3 2.9 9.5 U.35 1.3 15.2 1.24 
4 6.1 58.? 7.6 0.80 12.3 3.6 8.8 0.34 0.9 15.9 1.30 
5 5.1 100 6.0 0.76 13.1 5.1 8.2 0.33 0.7 16.6 1.35 
6 4.5 150 5.3 0.74 13.9 5.9 7.9 0.33 OS 16.9 1.38 
7 4.2 280 4.8 0.72 14.2 7.9 7.6 0.32 0.4 17.2 1.41 

Conditions for isofluent design: average output fluence F 0 = 20 J/cm 2, loss-to-gain ratio t 
rim &R/RQ = 25%, mirror costs = 0.1 M$/m 2 , and space costs = 2 k$/m 2 . 

= 0.1, external transmission T„ = 0.98. 
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of 2 ± 0.5 Np. Lower-gain amplifiers lead 
to costly drivers an J reduced energy extrac
tion; high-gain amplifiers are too expensive, 
as shown in Fig. 7-79, and the cost cannot 
be recovered by lower driver costs. The 
ranee of i.^ar-oprimal gains decreases with 
increasing ivmber of transits. Therefore, it 
is more important to select the correct am 
phtier gain for a five-transit system than for 
a single-pass system. 

Our results depend importantly on the 
relative drive-cost factor, k. However, even 
a doubling of Ik would increase the small-
signal gains tor Cassegrainian geometries by 
onlv —I).4 .Np, while the optimal single-
pass gam increases by — 1 Np. 

The primary advantages of Cassegrainian 
geometries are the higher saturated gains 
anil the ability to use higher-storage materi
als, thereby reducing the cost of drive en
ergy and energy storage In these respects, 
Cassegrainian geometries provide some of 
the advantages of multipass systems, even 
though their effective pass number is 
less than 2. 

Clearly, the cost of drive energy domi
nates the single-pass cost, while it is less 
than 20% of the total cost for a two-transit 

Cassegrainian system. However, the higher 
amplifier cost reduces the improvement to 
about a 12% net advantage of the two-
transit Cassegrainian over a single-pass sys
tem. More transits ceitainly help to improve 
the performance-to-cost ratio, even at a le-
duction in the fill factor. However, the non
linear effects of many transits became 
appreciable even at 10 ns for typical silicate 
glasses, as shown in Table 7-15. For laser 
fusion pulses, the saturated P value at the 
end of the pulse was approximated by 

•AK, 

where 

'>'„ = — 0.6 

(~0) 

(71) 

for nominal pulses of r = 10 ns, an output 
fluence of l'„ = 20 J/cnr, a nonlinear refrac
tive index of n_ = 1.4 X 10 " esu, and a 
gain coefficient of « 0 a 5 m '. 

The nonlinear effects of high-gain 
multitransit systems are of a serious magni
tude for isofluent designs. The high AB 

20 

> 10 

T 

Fn = 20J/cm2 

AR/R0 = 2.5% 
0 = 0.1 
fn = 0.9 
Tn 

= 0.98 

Mirror cost = 0.1M$/m2 

Space cost = 2 k$/m2 

10" 10' 
Amplifier gain, GQ 

102 

Hg. 7-79. Highest cost 
effectiveness for 
Cassegrainian geome
tries is obtained for 
amplifier gains in the 
;ange of 5 to 72. 
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values can be reduced bv lowering ti ie 
fluences in the driver transits and compro
mising Q values. 

The optimal length of all geometries is 
about six times greater than the amplifier, 
which corresponds to an effective beam-
overlap fraction of /„ = 90%. Longer geom
etries become too costly; shorter geometries 
have poorer overlap fractions and, hence, 
lower saturated gains. The total length-
to-diameter ratio of all Cassegrainian 
geometries is in the range of 120 ± 20, 
which corresponds to 50 m for a 0.4-rh-
aperture system. 

The optimal extraction efficiency of all 
the geometries is in the range of 47%, 
which corresponds to 75% of maximum 
extraction efficiency. The compromise in ex
traction efficiency is exceeded by savings in 
the cost of storing energy. 

Our general analysis allows us to deter
mine the sensitivity of various system con
straints. For example, the fixed cost for 
mirrors and space is typically less than 4% 
of the amplifier cost. With no significant 
impact on the performance-to-cost ratio, we 
are led to relatively long Cassegrainian 
geometries. However, more important vari
ables are the external transmission and the 
loss-to-gain ratio, 0, which leads to a scal
ing of the performance-to-cost ratio by 

Q B = fFB f , . *> T-^Z • (72) 
CA + <j: 1 + 20 

which is essentially the same as Eq. (48). A 
reduction of 0 from 1/10 to 1/30 leads to 
about a 13% improvement in Q, which is 
primarily due to better energy extraction 
Our comparison of single-pass and 
multitransit systems is insensitive to 
changes in the absolute costs for ME, EE, 
and optics and to the absolute value in 
output fluence and loss-to-gain ratio. 

Both Cassegrainian and reflex-ring geom
etries have unexpected energy-extraction 
features due to beam obstruction. For low-
gain amplifiers and few transits, the hole in 
the beam becomes quite large, so that a sig
nificant portion of the amplifier is not used. 
For example, a three-transit system with an 
area magnification of M = 2 has an unused 
portion of the amplifier proportional to 
1/M 2 = 25%. In other words, the maxi

mum extraction efficiency is reduced by 
25%. For Cassegrainian geometries, a fur
ther reduction of the effective extraction ef
ficiency exists at locations where the laser 
beams do not overlap and the laser me
dium experiences only single-pass extrac
tion. Losses in effective aperture are of the 
same magnitude as the vignette losses for 
off-axis multipass systems. 

The maximum improvements in cost ef
fectiveness for Cassegrainian geometries art-
only obtainable at increased AS values. A 
fixed AB, limit of 3 would limit the potential 
improvements of Cassegrainian geometries 
to ~30%, and there would be little incen
tive to increase the number of transits be
yond five. Thus, Cassegrainian geometries 
are only applicable for long pulse durations. 
The additional cost for correction of astig
matic aberrations and the difficulties in 
beam relaying make Cassegrainian geome
tries less attractive than harmonically 
switched multipass systems. 

Author: W. F. Hagen 

Nonlinear Characteristics of 
Saturated Amplifiers 

for laser systems operating at high energy 
extraction, the nonlinear effects and system 
design largely depend on the laser pulse 
shape. Fusion targets require maximum 
power at the end of the pulse, when the 
gain of the amplifiers is depleted. Because 
of pulse distortions due to saturation, the 
highest beam intensities and nonlinear ef
fects are experienced at that time. The sys
tem must be designed f- provide sufficient 
intensity gain at the em. of the pulse to 
avoid damage to optica! components. 
Isointensity staging differs significantly from 
isofluence staging for fusion pulse shapes. 
Isointensity chains ^re much larger and 
more costly than isofluence chjins. 

The nonlinearitv for a saturated disk am
plifier element can be defined by 

tfB k 2ir n-, 2TT ti-. 
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where dl = la^d, is the incremental gain in 
beam intensity, «, is the saturated-gain co
efficient, and R is the ratio of the beam 
fluence, F, relative to the effective saturation 
fluence, »F,. defined by 

where T = Fit is an effective pulse dura
tion. The evaluation of dBJdgt for the am
plifiers of Table 7-16 and a fluence scaling 
proportional to \ r is. shown in Fig. 7-80(a). 
It is interesting to note tl.it dBJdg{ has a 
minimum at 

»F„ 
Fk<T 

(74) 

where F* represents an effective photon 
fluence. 

For short-pulse lasers, saturation is insig
nificant, and the nonlinear effects are pro
portional to <//'!,, --- 1 „<//„. for lo.ig pulse 
lasers and large amplifiers wi'.'n «,, * 
constant//), the nonlinearily of laser glasses 
is proportional to n : c''"lir and increases 
exponentially with the stimulated-emission 
cross section that dominates over n2 consid
erations for F'da > </»:Ah. 

For saturated amplifiers, the nonlinear 
contribution dB^ per incremental peak-
intensity gain dfl, = ajiz is a more practical 
measure of nonlinear effects 

j-) ^ 3 n s 

for ED-2, and a minimum value of 

(76) 

i/B, Y„ F, 
" »r\ 

- - F ; * 2.6 
M w i tv,, 

{77) 

YJ = rjc 
l 

( / J J 

where T] = 5 J/cmv\ ns is the average 
fluence limitation ai I ns. In other words, 
the nonlinear contributions for the same 
saturated intensity gain have a minimum at 
T(1 and increase for longer pulse durations 
despite the reduction in beam intensity with 
\ r. The minimum value depends on the 
laser glass and is proportional to ah/iv". 

Shmulaled-emission cross section (pm 2) 
Index of refraction 
Nonlinear index of refraction (10 ~ '* 
Clear aperture (mm) 
Disk thickness (mm) 
Volume of laser glass per disk (L) 
Nd-doping (wt%) 
Absorption efficiency 
Effective fluorescence lifetime (ms) 
Tump-pulse duration \LC (ms) 
Pump energy (kj) 
Energy-storage efficiency (%) 
Energy storage per disk (kj) 
Energy storage density (j/cc) 
Gain coefficient (1/m) 
Small signal gain 
Saturated gain at 30 l/cm 2 

n, 
dB/dl, short pulse (relative units) 
rfB/d$], long pulse (relative units) 
AB for 30 J/cm 2, 10 ns, G s=2.5 
Cost of disks (k$) 
EE costs (kS) 
ME costs (k$) 

Total costs (k$) 
Cost of stored energy ($/J) 

esu) 

2.7 4.0 1.05 
1.556 1.523 1.512 
1.41 1.05 1.3 
313 317 335 
48 54 32 
9.2 10.4 6.8 
2.1 1.7 4.7 
0.41 0.37 0.42 
0.29 0.32 0.53 
0.19 0.19 0.28 
240 210 270 
2.35 2.23 3.52 
2.8 2.3 4.8 
0.30 0.22 0.70 
4.6 5.0 4.1 
1.68 1.91 1.37 
1.16 1.13 1.19 
0.314 0.224 0.344 
1.00 0.72 1.10 
1.00 1.08 0.44 
1.48 1.49 0.96 
68 74 54 
49 46 55 
30 30 30 
147 150 139 
26 32 14 

aAll 14 standard lamps with 41 in. arc length, 1.5-cm bore. Disk material cost = $3/cm 3, disk polishing 
= $3A. i 2 , fixed cost - $300. Electrical storage = S0.15/J and 2 k$/circuit. 

T.ibie7-16. Rectangular-
disk amplifier specifi-
c;itionsa for minimum 
cos! of stored energy. 

http://tl.it
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Thus, our figure of merit for laser glasses 
at r„ is 

a disk-amplifier stage providing a saturated 
gain, Gs, is 

M„ = • 

F;g. 7-80. Saturated 
nontinearity of (al am
plifier element and (b) 
amplifier stage, where 
the fluence is scaled 
with \T. 

n2a 
(78) AB == y„/„ 

for saturated, parasitic-limited disk amplifi
ers. For pulse durations longer than T 0 , the 
figure of merit becomes inversely propor
tional to the exponential of the stimulated-
emission cross section a; for unsaturated 
amplifiers, it is independent of a. The out
come is in contrast to small unsaturated and 
pump-limited amplifiers, where the figure 
of merit is proportional to M„ — oir/ih. 

Of 240 laser glasses evaluated, the high
est figure of merit (M s = 1.31) was ob
tained for fluorrberyllate B816; the best 
silicate glass (M„ = 0.63) was 3669A. 
Samples of LG-650, ED-2, and LHG-8 
yielded values of 0.55, 0.21, and 0.20, 
respectively. Data are insufficient for other 
high-M s glasses. 

While our analysis applies sti ictly for 
amplifier elements, it also provides a good 
approximation for amplifier stages, so long 
as the average fluence, F, is properly scaled 
to the output fluence, Fa. The AS value for 

1 - e " 

27riukFl 1 - 1/G„ AS" 
XHV„T 1 1 

(7^i 

where /„ = FJT is the peak output-beam 
intensity at the end of the pulse, c. -= 
otjiii/a is the stored energy density. 

—-, and ; = —- = -,- (80) 

for fusion-laser pulses, the effective intensity 
gain at the end of the pulse is 

1 

1 + c ' 

while the small-signal gain, G„, 

c' - 1 

(81) 

(82) 

(a) F = 5J/cm 2 \ 
- LHG-8 

ED-2 
LG-650 

5 10 
Pulse duration, r (ns) 

U I I 
5 10 15 
Average fluence limitation, F (J/cm2) 

5 10 
Pulse duration, r (ns) 

J I I 
10 15 20 

Output fluence, F (J/cm2) 
25 
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The nonlinear contributions of AS per 

logarithmic peak-intensity gciin, g]t for am
plifier stages providing a saturated gain of 
2.5 are shown in Fig. 7-80(b) for a scaling of 

f , ' i . ' J • v r = F G ^ (83) 

The differences in comparisor with Fig. 
7-80(a) could be further reduced with a 
more elaborate gain scaling. 

It is important to distinguish between the 
saturated-fluonce gain, G.., and peak-
intensity gain, G|. The amplifier stages must 
provide not only sufficient saturated gain 
tor energy but also enough intensity gain to 
amp'. V the peak power sufficiently to over
come the beam-area expansion ratio be
tween stages. For fusion-laser pulses, the 
following general condition exists 

o, (84) 

An isofluence design is not necessarily an 
isointensity design, and both requirements 
must be fulfilled. In other words, we 
must consider both a fluence limit and an 
intensity limit. 

For nominal Gaussian pulses, the fluence 
and intensity remain essentially propor
tional to each other so that the two limits 

are equivalent. In Fig. 7-81(a). a 3-ns Gauss
ian input pulse is amplified in five isofluent 
LHG-8 stages, each providing a saturated 
gain of Ĝ  = 2.5 at an output fluence of 
lfij/cm2. The peak intensity does not 
change dramatically despite the large 
temporal advancement. 

However, as shown in Fig. 7-81(b), the 
situation changes rapidly for fusion-laser 
pulses. An output pulse shape was specified 
with a 5-ns foot at 5% of the peak intensity, 
followed by a 3-ns exponential rise to the 
peak intensity, which was then maintained 
for 2 ns. The required input pulse shape 
was then calculated for the same five 
isofluent stages, providing a total fluence 
gain of —100. The peak intensity at the end 
of the pulse for the driver stages would 
have to exceed the peak intensity of the 
output stage by over an order of magni
tude. This is obviously not possible, and 
the output of Nova for a fusion-laser pulse 
will be much lower than for a nominal 
Gaussian pulse. 

As illustrated in Fig. 7-81(c), the situation 
is less severe for low-cross-section materials 
with the same isofluent stages hut different 
laser materials. Our examples show only a 
general trend and do not include two-ion 
saturation characteristics, which have not 
vet been measured for LG-650. It is, how
ever, quite obvious that pulse distortions for 

Fig. 7-81. Pulse distor
tions for (a) Gaussian 
input pulse, (b) fusion 
output pulse, and (c) 
various laser glasses. 
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Fig. 7-82. Axial and 
radial transmission for 
a uniform f/1 beam at 
five different fluences. 

Nova and Zeus will be of considerab' on-
cern. requiring pulse-shapers with a '..rge 
dynamic range. To obtain the high contrast 
ratios of ~ 109, two or three Pockels cells in 
series would be required with extinction ra
tios of from 103 to 105. for small Pockels 
cells, such high extinction ratios -.hould be 
feasible by reducing the active volume of 
the crystal and, hence, the residual stress 
birefringence and optical scattering. 

The examples shown in Fig. 7-81(c) are 
only for five stages providing a fluence gain 
of about 100, while a total saturated gain of 
~10 6 is required for a system. Since we 
cannot afford to saturate all the driver 
stages and preamplifiers without severe 
pulse distortions, larger driver stages and 
preamplifiers are required than for an iso-
fluence design. In this respect, multipass 
systems are much more favorable because 
they essentially provide large-aperture 
driver stages at no extra cost. The pulse dis
tortions in multipass systems should be 
much lower than for linear chains. 

-9 -6 -3 0 
Normalized beim axis, zldn 

It is clear from our comparisons that 
pulse shape has a large impact on the 8 of 
laser systems operating in saturation. The 
range in Ys = dBJd! extends from Y. = Y„ 
for pulses with the peak intensity at the 
leading edge to Y„ = Y0ck for pulses with 
peak intensity at the end of the pulse. An 
average value of Y„ = Y0R (1 — i' ') was 
used for most evaluations of Shiva 
and Nova. 

The selection of laser glasses with low 
cross section with respect to ASE, isolation, 
and pulse sharpening was recognized earlier 
in general terms. However, the large impact 
of pulse shape on the nonlinear beam dis
tortions was not fully appreciated. In other 
words, selection of low-cross-section materi
als for Zeus is essential. For fusion-laser 
pulses, it is not sensible to operate any ma
terial much above its saturation fluence 
without a significant increase in nonlinear 
distortions. This will limit a high-cross-
section material to relatively low output 
fluences and will require much larger out
put apertures or more chains than for 
low cross-section materials. 

Our examples provide only an indkilien 
of general trends, rather than results for a 
fully optimized system. A critical assess
ment of pulse shape with respect to laser 
and target performance is important for 
lasers operating deep in saturation. In addi
tion, the effect of pulse shape on damage 
limitations requires further examination. 
Since the high-intensity ripples on the 
beam due to nonlinear effects exist only for 
a short portion of the laser pulse, it may be 
possible to transmit higher fluences than 
those measured for a uniform beam. 

Author: W. F. Hagen 

Two-Photon Color-Center 
Formation for Apodizers 

Apodizers are required for high-power 
lasers to avoid diffraction patterns on hard 
apertures that can cause damage-limiting 
intensity modulations. Apodization of a 
beam without adding components could be 
accomplished by selectively solarizing a 
window or other optical component. The 
introduction of color centers by two-photon 
absorption (2PA) has interesting features 
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that provide a variety of options. Color cen
ters could be produced inside glass without 
causing significant discoloration at the sur
face by focusing a laser beam or other 
source inside the medium. Surface-damage 
limitations of bead-blasted apodizers could 
then be reduced. 

As shown in rig. 7 82. 2PA can produce 
a localized region of color centers. Since the 
radial ana axial dimensions are about twice 
the beam wast for an f/1 beam, we could 
fabricate anv desired three-dimensional 
apodi/ation function on a l-fim' scale, for 
an information storage medium, such high 
slorage density may be of interest. 

1 he density of color centers, A/, is as
sumed lo be proportional to the energy ab
sorbed by two photon processes, such that 

\ - JU,/- (83) 

where « : is the 2PA coefficient, and / is the 
beam intensity. Figure 7-82 shows the cal
culated transmission functions for a uniform 
f/1 beam of various fluences, FlV but equal 
intensities, /,„ at the beam waist with diam
eter i/„. The radial transmission, 7 r, is de
fined as the transmission at different radii 
of the beam integrated along the beam di
rection. The axial transmission, /'_,, is the 
transmission transverse to the beam direc
tion for different locations along the beam 
axis, c. The absorption at the excitation 
wavelength and the dimension of the ab
sorbing region increases with increasing 
fluence. The peak absorption also moves 
from the focal point toward the focusing 
lens due to self ->bsorprion, which limits 
the formation of color centers beyond the 
focal point. 

Self-termination and limited absorption 
can be overcome by moving the focal point 
during the process from inside the sample 
toward its surface. In this manner, opaque 
columnr or lines can be obtained, as shown 
in Fig. 7-83(a). Enhancement may be neces
sary to compensate for the lower absorption 
of the color centers at 1 ^m in comparison 
to the excitation wavelength, A. 

It is also more energy-efficient to scan the 
focal spot compared to a stationary case 
where self-absorption consumes a large 
fraction of the excitation energy. Figure 
7-83(b) shows the axial transmission for 
beams with various f/Nos. but identical 

focal-spot diameters, tiu. The radial trans
mission is identical in this case, where 
the intensity and fluence at the beam 
waist were scaled inversely proportional 
to \ f/No. 

A detailed analysis indicates that a series 
of short, high-power pulses with good opti
cal quality is most effective for color-center 
formation via 2PA. Of course, it is also pos
sible to generate cckir centers by linear pro
cesses with a continuous UV source. The 
major difference is that the formation of 
color centers by UV cannot be concentrated 
as much as with 2PA. In addition, it is not 
possible to obtain as high a density of color 
centers due to increased self-absorption. 
The reduction in the localization of color 
centers is not important for a typical 
apodization width of a few millimeters, but 

Fig. 7-83. Radial trans
mission for 10 axial 
locations al five dif
ferent fluences, and 
axial transmission at 
constant beam energy. 

Normalized beam axis, zld0 
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Flashlamp-Induced Aberrations in Disk Amplifiers 

10-cm disk 
amplifier 

Collimated 
He-Ne input 

' ? ^170-mm focal length 
Mirror R, 

Mirror R. 

- Polarizor 
r Band pass 

1000-mm 
focal length 400-mm 

focal length 1000-mm 
focal length 

ir*oianzi 

Pinhole, 
slit, or 

knife edge 

O Detector 

Fig. 7-B4. Off-axis lay
out for measurements 
of flashlamp-induced 
aberrations. 

the obtainable absorption at 1 nm is ques
tionable for linear processes. 

Since it is possible to control the absorp
tion within the medium, it may be desirable 
to absorb the laser beam uniformly within 
the apodizer to distribute the thermal load
ing. Such an absorption profile can be ob
tained by scanning the focal spot toward 
the lens at an increasing rate. 

Issues concerning the stability and ab
sorption of color centers at 1 /an and the 
damage limitations require further investi
gation. In general, it appears possible to 
produce a damage-resistant apodizer by in
troducing color centers in a window or an
other optical component. Such an apodizer 
could be combined with a bead-blasted 
apodizer if the absorption of the color cen
ters alone were insufficient for apodization. 
but sufficient to avoid plasma formation at 
the bead-blasted surface. 

Author W. F, Hagen 

Flashlamp-Induced 
Aberrations in Disk 
Amplifiers 
An accumulation of aberrations "/ith pass 
number limits the useful number of passes 
for multipass-system architectures. Previous 
measurements with a multipass rod ampli
fier8' showed severe aberration in the rod 
induced by flashlamp pumping. To aid 
simulations of multipass architectures with 
disk amplifiers, we measured the induced 
aberrations of a Shiva 0 amplifier. This am
plifier consists of six ED-2 disks, each with 
a clear aperture of 9.2 cm, and is pumped 
by 16 flashlamps made of 1.5-cm-bore Ce-

doped quartz tubing with an arc length of 
112 cm and a xenon fill pressure of 300 
Ton. A continuous, cylindrical fused-quartz 
shield separated the disks from the flash -
lamps. All tests were done at an input 
energy of 174 kj in a 600-MS pulse (3\ LC), 
which produced a nominal small-signal 
gain of 4 at 1.06 ivm. 

We sampled amplifier aberrations with a 
collimated He-Ne probe beam. An off-axis 
multipass layout allowed the 8-cm probe 
beam as many as eight passes through the 
i3-disk amplifier without an optical switc_h. 
Figure 7-84 shows the layout for two passes 
through the amplifier. Multipass mirrors R, 
and R2 were maximum reflectors at 0.63 pm 
but reflected less than 20% at 1.06 iim to 
avoid self-lasing. Attenuation in ED-2 at 
0.63 nm made a photomultiplier necessary 
for adequate signals with six or more 
passes. A polarizer and bandpass filter 
helped discriminate against flashlamp light. 
Beam rubes throughout the layout were 
essential to stabilize the beam against 
turbulence in the air. 

Our primary means of detecting aberra
tions induced by flashlamps was to monitor 
the transmission of the He-Ne probe beam 
through a spatiai filter when the flashlamps 
were fired. We used pinholes and slits of 
various sizes, as well as a knife edge in tiie 
focal plane of the spatial filter, to character
ize the induced aberration. We chose 
spatial-filter transmission rather than inter-
ferometric techniques because it was easier 
to obtain time-resolved data and to inter
pret the results with respect to energy 
on target. 

Initial measurements showed both an ab
erration component that oscillated in time 
and the anticipated component, which in
creased with the time integral of flashlamp 
output. Figure 7-85 shows oscillations starting 

7-72 



Flashlamp-Induced Aberrations in Disk Amplifiers 

Pinhole 
transmission 
(1.0 ms/div.) 

1.06-/xm 
fluorescence 
(0.2 ms/div.) 

Thermal-optic 
Total aberration , portion 

signal 

Oscillating 
portion 

less than 200 jus after the lamps and con
tinuing for at least 10 ms, long after the 
lamp output stopped. The lower two traces 
in Fig 7-i5 show 1.06-fim fluoresceiue from 
the amplifier and transmission through a 
pinhole with a 50-jirad acceptance angle, 
both at 0.2 ms/div. The upper traces show 
the same pinhole-transmission signal at 
one-fifth the sweep speed (1.0 ms/div). 
Since the absorption of pump light causes a 
temperature rise in the disks, we anticipated 
that nonuniformities in pumping would 
cause aberrations through linear expansion, 
the stress-optic effect, and direct refractive 
index variations with temperature. These 
thermal-optic aberrations would follow the 
temperature rise in the disks and, therefore, 
the integral of flashlamp output. 

The oscillating aberrations in Fig. 7-85 
cannot be caused by temperature changes 
in the disk because the diffusivity of ED-2 
glass (0.006 cm2/s) is far too small to allow 
changes on the observed time scale. There
fore, oscillation must result from acoustics 
or mechanical motion of the disks. The sig
nal amplitude from the oscillating aberra
tion was comparable to or larger than that 
from the thermal-optic aberrations and of
ten completely masked the latter. Thus, we 
first identified and suppressed the major 
sources of oscillation before attempting 
to characterize the more typical thermal-
optic aberration. 

Oscillating Aberrations 

Several independent contributions caused 
the complicated temporal structure of the 
oscillating signal shown in Fig. 7-85. The 
major components were an acoustic distur
bance in the atmosphere surrounding the 
disks and two types of disk vibration. 

We isolated the influence of flashiamp-
induced atmospheric disturbances by testing 
an amplifier without disks. The continuous, 
cylindrical blast shield of the Shiva (3 ampli

fier completely isolated the disk cavity from 
the flashlamps. Installing windows against 
the end flanges allowed evacuation of the 
disk cavity to as low as 10 Torr. By varying 
gases and pressure we found that 
• Aberration amplitudes qualitatively fol

lowed the refractive index of the gas. Pure 
N 2 and air produced comparable effects. 
SF6 produced a signal several times larger 
and He produced a signal several times 
smaller than either N 2 or air. 

• The dominant oscillation frequencies for 
N 2 (3.3 kHz) and SF„ (1.5 kHz) corre
sponded to an acoustic-path length com
parable to the amplifier aperture, 
suggesting a cylindrical pressure wave 
starting at the e Ige, converging through 
the center, and reflecting back from the 
far edge. 

• N 2 and air gave the same amplitude 
within our measurement accuracy 
(± 15%). We saw no indication of the 0 2 

absorption problem reported earlier,8" 
probably because our Ce-doped flashlamp 
envelopes blocked the UV radiation ab
sorbed by oxygen. 

• He at atmospheric pressure or a reduced 
pressure of N2 or air (<50 Torr) dropped 
the aberration amplitude by a factor of 4. 

• The aberration amplitude with N, or air at 
atmospheric pressure corresponded to ei
ther a full-angle steering of 6 ± 2 urad per 
pass or an increase in beam divergence of 
~ 10 urad per pass. 
The amplitude of the atmospheric effect 

seems relatively large, but it was measured 
without disks in the amplifier. With disks, 
the atmospheric contribution was appar
ently smaller, since the total oscillating 
aberration was reduced only slightly by 
evacuation. We reduced atmospheric 
aberrations to insignificant levels for 
all subsequent measurements by evacuating 
to ~20 Torr. 

Disk vibrations resulted from excitation 
of natural vibrational modes of the disk 
and from driven flexure of the disk by the 

Fig. 7-85. Flashlamp-
induced aberrations 
include both oscilla
tions and a thermal-
optic component that 
follows the time inte
gral of flashlainp 
output. 
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8=da-rf|8 = » 2 - l I 
n R 

M = index of refraction 
/ = disk thickness 
R = radius of curvature 

I ;ig. 7-86. Bent disks 
cause steering in the 
plane of incidence be
cause the direction of 
the surface normal 
changes at the exit 
surface. 

disk-support structure. In both cases, the 
disk bent into nonplanar shapes with paral
lel surfaces. Bending caused the aberration 
because the disks were not mounted per
pendicularly to the transmitted beam, as 
shown in Fig. 7-86. Bending to a constant 
radius of curvature over the disk caused 
steering of the entire beam; a variable cur
vature caused higher-order aberrations. 
Experiments clearly showed the aberration 
to be predominantly in the plane of inci
dence of the beam and disks, as required 
by our explanation. 

Spectrum analysis of transmission signals 
such as those in Fig. 7-85, showed a strong, 
well-defined component at 4.2 kHz and 
weaker components at 5.9 and 9.8 kHz. 
Mechanically striking either the disks or 
their support structure also produced the 
same components. Eigenmode calculations 
performed by R. Murray and D. Field 
(Nuclear Test Engineering Division) showed 
the components to be the first three vibra
tional modes of a 0-size ED-2 disk. The cal
culated shape for the 4.2-kHz mode showed 
mostly bending to a relatively constant 1a-
dius of curvature about the minor axis, 
which caused steering of the entire beam, 
as discussed above. Interpretation of our 
transmission data in terms of steering indi
cated an oscillating steering of ± 2 /urad for 
a single disk in the amplifier. This steering 
magnitude corresponds to a bending radius 
of 11 km and a ^ag at disk center of only 
0.45 fim. A fully loaded six-disk amplifier 
produced a steering of only ± 3 /irad, indi

cating considerable cancellation of the 
contributions from individual disks. 

We also observed oscillating aberrations 
at frequencies from 200 to 400 Hz, well be
low the lowest natural frequency of the 
disks. Mechanical vibration of the disk-
support structure, which, in turn, forced the 
disks to bend al the lower frequencies, pro 
duced these aberrations. Figure '-87(a) 
shows oscillating aberrations from a single 
disk with the 4.2-kHz natural frequency rid 
ing on a 200-Hz frequency driven by the 
support structure. In Fig. 7-87(b), the disk 
mounting was modified to reduce excitation 
of the disk's natural frequencies, leaving 
only the driven frequency We attribuie the 
phase and frequency change between Figs. 
7-87(a) and /-87(b) to a change in location 
of the single disk in the six-disk holder. 

To determine whe'her disk oscillations 
were initiated mechanically or via absorbed 
flashlamp light, we tested single ED-2 and 
BK-7 disks, either mounted or freestanding, 
in the amplifier. In the freestanding case, 
the disk stood on its edge on the blast 
shield without touching the metal disk 
holders or support structure. We saw no 
oscillations with either disk when freestand
ing and no significant difference between 
their oscillations when thev were mounted. 
We concluded that thermal shock from ab
sorption of flashlamp light in the disk does 
not initiate the oscillations and that they 
must be initiated bv a mechanical shock 
from the support structure. 

Accelerometer measurements showed 
that the mechanical shock to the support 
structure was not caused by magnetic fields 
associated with current flow through the 
lamps. For our test, the flashlamps were re
placed by wires and external loads to elimi
nate light output but retain the current 
flow. An accelerometer attached to the end 
of the amplifier showed more than 10 times 
the axial acceleration with lamps than with 
wires. Since the current pulses for the two 
cases were nearly identical, the associated 
magnetic fields apparenth' did not cause the 
mechanical shock. 

The shock responsible for the vibrations 
was most likely caused by a rapid heating 
of the disk-support structure by the 
flashlamps. Accelerometer measurements 
on the two end flanges of the amplifier 
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showed an axial acceleration of 13 g away 
from the amplifier midplane. Since the 
measured steering of ± 2 firad from a single 
disk could be produced by an acceleration 
as small as 4 g, the source of 'he end-flange 
acceleration most likely caused the vibration 
as well. Calculations of flashlamp light 
absorption bv the stuinless-steel support 
structure indicated a sufficient average 
temperature rise and thermal expansion 
during the hCO-u-s flasblamp pulse to ac
count for ihe measured acceleration. The 
rapid healing and high temperature reached 
bv the Min.iiv. of Ihe stainless steel 
also provide a potential source for the 
atmo'-pheni aberrations. 

We suppressed the oscillating aberrations 
bv isolating the disks from their holders 
and bv minor modification to the disk-
support structure. We used 0.1- bv 0.5- bv 
0.05-m. silicon sponge-rubber foam pads 
(Kirkhill Rubber Co., Brea, Calif.) to prevent 
direct contact between the disk and its 
stainless-steel holder. An aluminum foil 
wrapping protected the pads from indirect 
flashlamp light. Figures 7-87(a) and 7-87(b) 
show pinhole transmission (Su-//rad accep
tance angle after four passes through a 
single disk) without and with foam-pad 
isolation, respectively. The reduction in 
4.2-kHz aberration with isolation is 
clearly shown. 

We reduced forced bending of the disks 
by cutting two of the four weldments be
tween disk holders and their support struc
ture. 1-igure 7-H7(c) shows the total 
reduction in oscillating aberrations accom
plished with both modifications. Quantita
tively, the modifications reduced oscillating 
aberrations bv about a factor of i, enough 
that thev no longer dominated the thernvl-
optic aberrations. 

Thermal-Optic Aberrations 

We used several measurements and tech
niques to resolve different components in 
the thermal-optic aberration. We relied most 
heavily on measurements of spatial-filter 
transmission using a knife edge or slit in 
place of the usual pinhole to allow direct 
determinations of the magnitude and direc
tion of induced steering and induced 

(a) Single disk, normal mounting. 

(c) Two disks with foam isolation and 
reduced connection between disk 
holder and support structure. 

lensing. Pinhole measurements proved to 
be ambiguous because they could not dis
tinguish steering direction or astigmatic 
lensing. Two additional techniques, a 
Smartt interferometer •~.ini monitoring of the 
probe-beam pattern through a slit, verified 
the knife-edge and slit-transmission results. 

Figure 7-88 illustrates the use ol a slit to 
determine induced len: ing. The curve 
shows the best fit to slit-h-ansmission data 
at different axial distances irom the lens, 
measured before firing the amplifier. At 
each data point, the transverse slit position 
was optimized for maximum transmission. 
The two oscilloscope-trace inserts show the 
effect of firing the amplifier at slit locations 
ahead and beyond best focus. For the case 

Pig. 7-87. Oscillating 
aberrations arc re
duced by foam isola
tion and by elimi
nating two of four 
weldments between 
disk holders and sup
port structure. 
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Fig. 7-88. Transmis
sion changes through 
a slit show a lensing 
component in the in
duced aberration. 

Flashlamp-Induced Aberrations in Disk Amplifiers 

1.0 
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Decrease in transmission 
upon firing the amplifier at 

slit ahead of best focus 

Increase in transmiss m 
upon firing the amplifier at 
slit beyond best focus 

-50 +50 
Axial po ition of slit (mm) 

shown, the initial slit position beyond best 
focus gave an increase in transmission on 
firing the amplifier, whereas transmission 
decreased for a slit positioned ahead of best 
focus. These changes show an axial shift in 
best focus away from the lens, indicating 
a negative cylindrical-lensing component 
in the total induced aberration. Rotating 
the slit by 90° shows the orthogonal 
cylindrical component. 

Fitting a new transmission curve thro ,n 
several "after" data points, such as the vo 
in Fig. 7-88, typically showed an overa , de
crease in transmission, as well as the axial 
shift, indicating induced steering or higher-
order aberrations, as well as lensing. We 
characterized all additional aberrations 
with an increased beam divergence A0, 
defined by 

AO = 4{el - $/„ (86) 

where 6b and 8a are probe-beam diver
gences before and after firing the amplifier 
for n passes through the arr plifier. We de
termined 6b and the focuse 1 beam shape 
from measured slit transmission as a func
tion of transverse position without firing the 
amplifier. We inferred 0a from the decrease 
in transmission at best focus, assuming a 
constant beam shape. 

Figure 7-89 shows wo examples of the 
use of a knife edge to determine beam 
steering. The knife edge was initially posi
tioned at best focus, but at vaiious trans
verse positions relative to the beam axis. 
The solid curves indicate transmission be
fore firing the amplifier, and the dashed 

urves show a best fit to the "after" trans
mission values. Pure beam steering trans
lates the after-transmission curve without 
changing its shape, as shown in Fig. 7-89(a). 
A slope change together with trar Nation, as 
siiown in Fig. 7-89(b), indicates an increase 
in beam size as well, caused by induced 
iensing or higher-order aberrations. 

The two values of residual beam diver
gence obtained from our two different mea
surements contain different in formation. 
The value from knife-edge measurements 
includes lensing, while the slit value in
cludes steering. w e combined the results by 
calculating the influence of steering (deter
mined from knife-edge measurements) on 
divergence (determined from slit measure
ments) and vice versa. The two corrected AC 
values, excluding both lensing and steering, 
should have be^n equal, since both charac
terized the 3ame residual aberration. How
ever, the corrected beam divergence 
measured with the knife edge was typically 
50% larger than the slit data. Such varia
tions are caused by the large uncertainties 
of our measurements. 

We independently confirmed rteering and 
lensing results with two additional tech
niques. We found that the spherical aberra
tion added to the probe beam by the 
multipass optics created a distinctive beam 
pattern when spatially filtered by a slit just 
ahead of best focus The pattern changed 
with axial and transverse position of the 
slit, providing a means to measure induced 
steering and lensing. In addition, a Smartt, 
or point-diffraction,89 interferometer, 
which obtains its reference locally from the 
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focused probe beam, gave an interference 
pattern sensitive- enough to resolve our 
magnitude of lensing and steering. Both 
techniques confirmed the lensing and 
steering results of the knife-edge and slit 
measurements, but neither technique 
was sensitive enough to show higher-
order aberrations. 

Table 7-! 7 shows a summary of the mea
sured thermal -optic aberrations per pass in 
the amplifier's plane of incidence. The first 
row shows results for the full complement 
of six disks in the amplifier. Our measure
ments for two, four, and eight passes dem
onstrated that, within our measurement 
accuracy, both steering and lensing accumu
late linearly with pass number. The A6 
value in Table 7-17 represents the average 
residual beam divergence of the knife-edge 
and slit results. 

To determine the scaling of induced ab
errations with the number of disks per pass, 
we also measured aberrations in the same 
amplifier with only two disks mounted in 
the r»ntral disk holders. We found signifi
cantly more steering in the opposite direc
tion than for the fully-loaded amplifier and 
much less lensing (i.e., a longer induced fo
cal length). With two disks, the two cor
rected A0 values from slit and knife-edge 
measurements did not indicate any signifi
cant beam divergence within our accuracy 
of measurement. Apparently, pumping dif
ferences at the different disk locations and 
cancellation of individual disk contributions 
prevent a simple scaling relationship be
tween induced aberration and number of 
disks per amplifier. 

Measurements perpendicular to the plane 
of incidence showed all aberration compo
nents to be several times smaller. Magni
tudes were not well-defined because of the 
smaller signals. Lensing for the two-disk 
case was negative, the same as in the plane 
ot Mcidence; iensing for the six-disk case 
changed to positive. 

The most consistent explanation for OIT 
results ib that pumping differences for the 
end disks u. the amplifier caused most of 
the aberration, her the two-disk case, the 
centrally located disks see a relatively uni
form pumping field, except for pump light 
reflected from each other. The enhanced 
pumping of the interior surfaces due to re
flections would heat those surfaces more 
thsn the exterior surfaces, bend the disks 
slightly, and steer the beam in the mea-

Number 
of disks 

Steering 
(jirad) 

Cylindrical 
lensing 
(km) (firad) 

2 + 1 
- 3 ± 1 

- 4 + 1.5 
-12 ± 12 

20+ 10 
0 ± 5 

Table 7-17. Thermal-
optic aberrations per 
pass in the plane of 
incidence ot a jff am
plifier after a 174-kJ 
flashlamp pulse. 

1.0 — 

0.5 -

(a) 

6 passes th-ough 2 disks 
+17-/jrads;.ering 
No spreading 

a, 

J ,» 
I 

0.5 

2 passes through 6 disks 
-4-(irad steering 
45-/^rad spreading 

I - " d l 
-50 +50 

Transverse position of knife edge (jurad) 

sured direction. A pumping asymmetry of 
~10% would be sufficient to explain the 
observed steering. For the six-disk case, the 
central disks would see more uniform illu
mination and produce much smaller aberra
tions. The end disks, however, would see a 
large transverse gradient from reduced 
pumping caused by the ends of the 
flashlamps. The resulting thermal-optic 
wedge would steer the beam in the direc
tion opposite to that of the two-disk case, 
as measured. A temperature gradient be
tween 1 and 2°C across the disk would 
explain the obseived steering magnitude 
and direction. 

In summary, oscillating and thermal-optic 
aberrations of comparable magnitude can 
be produced by flashlamp pumping of a 
disk amplifier. Mechanical precautions can 
reduce oscillating aberrations for future am
plifier designs, and our measurements sug
gest the order of magnitude to be expected 
of thermal-optic aberrations. Without efforts 
to reduce them, flashlamp-induced aberra
tions would limit multipass architectures to 

Fig. 7-89. Transmis
sion changes past a 
knife edge show beam 
steering and beam 
spreading. 
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Fig. 7-90 Boule of 
KMgF 3 crystal doped 
with 1 wt r YF 2 , 
grown using the 
gradient-freeze 
technique. 

relatively few passes in order to maintain 
adequate beam quality for harmonic 
generation.'"' 

Authors: J. E. Murray, W. F. Hagen, and 
B. W. Woods 

Advanced Lasers 
Vanadium-Doped Solid-State Laser 

We have previously determined that most 
of the spectroscopic and physical properties 
of vanadium-doped magnesium fluoride 
(V:MgF :) are suitable for use in a fusion 
driver.'" "<M We have discovered, however, 
that an unfavorably strong excited-state-
absorption (ESA) transition spectrally o\er-
laps the AT2 — 4 A : laser transition peaked at 
1152 nm. This ESA process significantly 
lowers the gain coefficient of the laser me
dium, increases the thermal heat load in the 
material, and degrades the laser efficiency. 

To give us some insight into the origin of 
the ESA transition, and to deteimine possi
ble" countermeasures, we examined the 1954 
Tanabe-Sugano energy-level/crystal-fieid 
diagrar.. for a 3d'1 electronic configuration."1 

We tentatively assigned the ESA transition 
to the high-energy wing of the *T2 —• 4T,a 
transition. The Tanabe-Sugano diagram 
was calculated for an assumed C/B param
eter ratio most appropriate to the Cr' ion 
(and 3d 1), but it is indicative of energy-level 
ordering in V : " . This diagram also indicates 
that the laser transition energy is propor
tional to the octahedral crvstal-field 
strength, Dq, whereas the ESA transition 
energy is essentially independent of Dq 
Thus, placement of the V : ' ion in an octa
hedral site with i larger Dq than exists in 
MgF, should shift the laser transition spec 
trally awav from the hSA transition. (The 
validity of this simple argument is impaired 
as a result of lattice-relaxation phenomena 
associated with a triplv degenerate 4 T level 
in an octahedral field; howevr.-, there is at 
present no quantitative theory available to 
guide our thinking bevond the simple 
considerations cited.) 

The octahedral, divalent lattice site for 
V - ' ions provided by the fluoride-
perovskite crystal KMgF, has a larger Dq 
than that provided by MgF, (Ref. 95). We 
therefore speculated that V:KMgF ; would 
exhibit a reduced amount of ESA and cor
respondingly improved characteristics for an 
efficient fusion laser. Accordingly, we h a - e 
prepared and begun characterization of 
V:KMgF, single crystals. We have also im
plemented codes capable of calculating 
energy-level/crvslal-field diagrams of 
specific ion/host systems free of the restric
tions on atomic parameters adopted in pro
ducing the prototypical Tanabe-Sugano 
diagrams (see the following article). 

Crystal Growth. I'sing the crvsMl-
growth techniques described in the 19SH 
La>fr Pro^r:vri Aninui! Ki1;''1'!. w e h.i* e 
grown two V:KMgl single ir\ stai- each 
measuring ! 5 in m diameter K I " ;n long 
and doped with 1 wi°.> VI -. I igu'e "" * >s a 
photograph of one ol these crystals -hm-
ing aggregation of melt impurities .it 'he 
end ol the boule The upper portion, .if :!v 
boule exhibits crack-f<ee crvstalHne mjtenal 
with a relatively uniform distribution ot 
V"' along the growth a' is The crystalline 
material also exhibits a nonuniform 
"cloudy" appearance in the bulk. The top of 
the second crystal exhibited white crystals, 
which we found to be KHF :. We assumed 
that the KF starring material, which is hy
groscopic in nature, contained enoii'>h H ; 0 
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to cause the cloudiness and allow formation 
of the KHF2 crystals found in one of the 
growth runs. 

We pulverized most of the material from 
the first two runs and used it to charge a 
third growth run in the hope that some 
zone refining from previous runs would 
have reduced the H,0 contamination in the 
charge. The crystal resulting from the third 
run was colorless (no discernible vanadium 
content) and was at least as cloudy as the 
two earlier crystals In addition, the inside 
of tl * growth furnace was covered with c 
yellowish white deposit. 

A.t this point we assembled an apparatus 
to remove H 2 0 from the commercially ob
tained KF starting material and performed 
several experiments to determine the proper 
operating procedure for purification. The 
final procedure consisted of putting the KF 
powder in a vitreous carbon boat, placing 
the boat inside a quartz tube, and placing 
the tube in a clamshell resistive furnace 
through which dry HF gas was passed. 
When HF gas was injected over the liquid 
KF a considerable amount of water ap
peared in the exit line of the system, giving 
us reasonable assurance that we now have 

a reliable method for removing H 2 0 
from KF. 

Spectroscopic Proper-lies. Absorption, 
emission, and lifetime measurements have 
been carried out using available V:KMgF3 

crystals. Figure 7^)1 shows the spectral-
absorption cross sections of V:KMgF3 and 
V:MgF2, compared with the relative spectral 
emission intensity of a xenon flashlamp. 
The cro-s-section values for V:KMgF3 are 
only approximate at present, since the abso
lute V-ion concentration in these crystals 
has not yet been established and because 
scattered light at shorter wavelengths ob
scures precise definition r..' the baseline. 
Nevertheless, these preliminary data show 
that V:KMgF, exhibits the expected blue 
shift in the 4T 2 upper laser level and that 
V:KMgF3 is well-coupled spectrally to 
xenon-flashlamp emission. 

Figure 7-92 shows the fluorescence life
time of the 4Ti — 4A 2 emission of V 2 ' in 
KMgFv MgF2, and MnF2, as functions of 
temperature. The V:KMgF3 medium exhibits 
a low-tei..perarure fluorescence lifetime 
of 1.3 ms. compared to lifetimes of 2.48 
and 3 ms for V:MgF2 and MnF2, respec
tively. Mote also the sfcidngly different 
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Fig. 7-91. Spectral-
absorption cross se-c-
lions of V:KMg£'3 an 
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l :ig. 7-92. Fluorer-' • e 
lifetimes of the ^ 
icvel of divalen! vana
dium ions in K M g ^ , 
MgI-'2, and MnF 2 crys
tal vs temperature. 

Fig. 7-93. Fluorescence 
spectrum of the 4 T 2 — 

transition of 
V:KMgF, at room 
tempera, ure. 

temperature-dependence of the fluorescence 
lifetime of V:KMgF, compared with the 
other crystals; the V:KMgF3 fluorescence 
lifetime remains essentially constant for 
temperatures up to 35J K, whereas the life
times of MgF2 and MnF;, fall rapidly above 
temperatures of 200 and 150 K, respectively. 

An earlier attempt to theoretically predict 
the temperature-dependence of the V:MgF; 

fluorescence lifetime, using the single-
configuration-coordinate model of Struck 
and Fonger, was unsuccessful. While there 
is no quantitative basis for anticipating the 
temperature-dependence of the fluorescence 
lifetime of V:KMgF„ we cannot rationalize 
the observed dependence in terms of the 
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relatively small change in crystal-field 
strength (see the following article). The 
observed difference may be dominated by 
the structural differences between host crys
tals; KMgF, is a cubic perovskite with per
fect octahedral symmetry at the Mg- site, 
whereas both MgF2 and Mn!' : have the ru 
tile tetragonal structure with D : h svmmetiv 
at the Mg~' site (see Ref. 96). 

Figure 7-93 shows the room-temperature 
fluorescence spectrum of YKMgF-,, cor
rected for the spectral response of the 
detection system (but not for possible reab 
sorption of fluorescence emission at the 
.shorter waveleng ' V As expected, the peak 
fluorescence wav..ei,g'.u (1048 nm) of 
V:KMgF-, is blue-shifted from the 1152-nm 
fluorescence peak i-i' V:MgF;. Given that the 
fluorescence line widths for V:MgF- and 
V:KMgF, are virtually the same, and that 
the fluorescen.ee (radiative) lifetime of 
V:KMgF, is a factor of 2 smaller than 
that of V:MgF:, we anticipate that the 
stimulated-emission cross section of 
V:KMgF, will be about twice as large 
as that of V:MgF2 (or in the range of 
8X10 : l enr; see Ref. 93). This larger cross 
section will provide a more comfortable 
margin between the saturation fluence of 
the gain medium (estimated at 24 J/cm-) 
and the damage fluence. The preservation 
of a millisecond-long fluorescence lifetime 
at temperatures at least 50 K above ambient 
is also a major improvement in properties 
of ViKMgFj compared with V:MgF;. 

Authors: P. F. Moultort and R. E. Fahey 
(Lincoln Laboratory), and W. F. Krupke 

Energy Levels of 3 d N 

Configurations in Crystals 

To interpret spectroscopic and laser-kinetics 
data, and to help guide the selection of use
ful laser ions and crystal hosts for iaser-
fusion drivers, it is necessary to be able to 
describe the /idN energy levels of the ions 
in various high-symmetry (octahedral and 
tetrahedral) crystal-/:eld sites. During 1982, 
we adapted and developed a series of codes 
that allow us to 
• Calculate, in the weak-field basis, matrix 

elements of /-", F4, f, a, and any crystal -
field parameters, Bj] (Ref. 97). 
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Advanced Lasers 
• Diagonalize the mstri-es for any desired 

values of the parameters. 
e Perform least-squares fits to experimental 

energy levels. 
• Generate Tanabe-Sugano diagrams for 

am set of parameter values. 
We have applied our codes initially to the 
analysis of V : energy levels in KMgF„ 
MgF,. and MgO. 

'I here are two problems associated with 
previous analyses of spectra by Sfurge 
el al "• lirst. the calculated energy levels 
mi f uMiipared to the centers of wide 
vihivnu hands, the theory calculates the 
zero phunon transition that is somewhere 
near :lu onset of these bands. Second, I'2 

and / ' were allowed to vary independently, 
even though the data are insufficient to de 
termine both of them; the result was ratios, 
/"'/?'• (or C/B), that are less than the free-
ion values. In the lanthanides and actinides, 
r4.'T" is always greater in crystals than in 
the free-ion case. 

Bv choosing the onset lather than the 
peak of the absorption bands, and by fixing 
r 4 /T : in the expected range, we have ob
tained a number of least-squares fits to the 
data, the best results are summarized in 
Table 7-18. While our results are prelimi
nary, it is clear that it is possible to obtain 
reasonable agreement between theory and 
experiment with parameter values that 
behave as expected with increasing 'igand 
polarizabilitv. i.e. 
• l'~ decreases. 
• l'*/!'- increases. 
• ', = i-/V: (fret ion) > fA = F 4/F 4 (free-

i m). 
• ' ; . '. (fluoride) ' /,, (., (oxide). 
I: is not vet clear whether the poorer fit for 
V" :MgO than Tor V : ' in fluorides is an in
dication that the model is less appropriate 
for oxides. 

A Tanabe-Sagano diagram (including 
spin-orbit coupling) with the free-ion pa
rameters of V 2 ' :KrvigF, is shown in 
Fig. 7-94; the positions of the crystal fields 
of KMgF, and MgF: are indicated by verti
cal lines. In both cases, the crystal-field 
strength is such that we are close to the 
avoided crossing of the :E and 4T, r„ levels 
(B4, ~- 2.9 X 104 cm '). If the crystal field of 
V :" :MgO were plotted on this diagram, it 
would be just to the right of the avoided 
crossing, but the decrease ;n F~ in going 
from fluoride to oxide ligands moves the 

crossing down to B4, — 2.4 X 104 cm ' so 
that the crystal field is actually well to the 
right, and the order of the quartet and 
doublet levels is re\ ersed from the 
fluoride case. 

Our preliminary results may improve 
with feedback from analyses of other 3dN 

systems. It appears possible, however, to 
calculate the V : ' levels with parameters 
consistent with the intuition built up from 
study of the lanthanides. In the next year, 
we will continue this analysis with empha
sis on /id2 and "d 1 (M = 3 to 5) systems, 
which have the greatest potential for 
laser applications. 

Authors: K. Rajnak and W. F. Krupke 

Advanced Storage Laser: NpF 6 

Energy-storage laser media are attractive for 
use in fusion lasers because they allow for 
slow pumping and short-pulse extraction. 
Beitz et al. recently observed that NpF„ 
vapor absorbs 1.06-MITI radiation and fluo
resces at 1.35 Mm with a quantum efficiency 
near unity (see Fig. 7-95); the measured flu
orescence lifetime was 4 ms, and there was 
no measurable collisional deactivation by 
unexcited NpFh molecules. Stimulated by 
these observations, we have analyzed NpFh 

gas as an energy-storage laser medium."" 
The vapor pressure of NpF,, at room 

temperature is 100 Torr, a value ideally 
matched to its estimated stimulated-
emission cross section of 10 "° cm ; 

(Ref. 100). The undesirable propert.es of 
NpF^ such as alpha-decay radioactivity 
(with a half-life of 2.2 million years), and 
dissociation by visible light (A < 600 nm), 
can be handled with proper system design. 

We set up an experiment to measure the 
lifetime of NpF6 under conditions of high 
excited-state density, as would obta.n in 
laser-fusion applications; Fig. 7-96 shows 
the experimental layout. A Nd 1 ' :YAG laser 
was operated in a long-pulse (--300 (is) re
gime, with typical enr-gy output of — 1 J. 
The beam was reduced to a spot size of 
— 1.5 mm diam to give fluences of up to 
40J/cnr in the excitation region. Calibrated 
attenuators were used to vary the fluence 
during the experiment. Fluorescence from 
the excited NpF6 was collected with a lens 
having a 10-cm focal length and imaged 
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Free ion KMgF3 MgF 2 MgO 

LLNL Srurge et si. LLNL Srurge et al. LLNL Sturge et al. LLNL Sturge et a!. 

fi 58 718 ± 302 57397 51 828 ± 660 53362 51775 + 622 53 362 41 233 t 137 47625 
F* 35 174 ± 424 32634 33170 28065 33136 28065 29687 25 455 
F*/Fl 0.60 0.57 [0.64]a 0.53 [0.64] 0.53 [0.72] 0.53 

h — — 0.88 0.93 0.88 0.93 0.70 0.C3 

h — — 0.94 0.86 0.94 0.86 0.84 0 7S 
i [170] [150] 0 [150] 0 [135] 0 
a 51.5 ± 5 79 [45] [79] [45] |79] [45] [79| 
0 -266 ± 73 0 [-200] 0 [-200] 0 [-200] fl 
Bj — — 23605 24150 21942 25 5!^ 26165 29 41X1 
a 173 b — 184 — 167 — 428 — 
B 800 801 682 771 681 771 521 683 
C 2792 2590 2632 2227 2630 2227 2323 2020 
C/B 3.49 3.23 3.86 2.89 3.86 2.89 4.45 2 96 
Dq — — 1124 1215 1045 1150 1238 1400 

"Values in square brackets were held fixed. 
"Values for <r = rms deviation. 

T a b l e 7-18. V 2 ' 
p a r a m e t e r s . 

Fig. 7-94. T a n a b e -
S u g a n o a\ *gram w i t h 
t h e f r e e - i o n p a r a m 
e t e r s of V 2 j : K M g F 3 . 

2.5 3.0 3.5 
BjJ (10*cm"1) 
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M:MH - T 
1.09 urn 

l 1 ' ! 1)? cm ! i 
2.3 x 111 ' 

Fig. 7-95. Energy lev
els of NpF 6 . 

1.35 nm 
(95:8 cm l) 

f = 4 4 x 10~ 6 

— 7543 v ~T 

164 

1.06 Mm 
(9376 cm ') 

I = 1.3 x 10 r 

It 

r. 

1.35 f m 
(7396.5 c m 1 ) 

f = 3.6 x 10 " 

1.30 jam 
(7710 cm ') 

| = 6 . l x l 0 ' 

Fig. 7-96. Experimen
tal apparatus for mea
suring the fluores
cence lifetime of NpF f i 

under high excited-
state density. 

through a monochromator; we used ,i 
germanium photodiode as the detector. 

NpF„ was produced by the reaction of 
molecular F 2 with solid neptunium metal at 
a temperature of —923 K; the product was 
then distilled, kept in a trap cooled to 77 K, 
and protected from room light. For the opti
cal experiment, we filled small quartz cells 
(having a volume of — 1 cm 1) with a suffi
cient amount of NpF„ to leave an observ
able speckle of orange solid in the cell; this 
assured us of known vapor pressure. Fluo
rine and SI'„ gas were added to some of the 
cells to studv the effect of buffers. The 
quuiiz cells were hermetically sealed and 
placed inside a sealed steel container. All 
the windows in the steel container were 
covered with Coming 2-58 filters, which 
transmit IR and cut out visible radiation. 
The quantity of NpF„ handled at any given 
time was sufficiently small that no observ
able ionizing radiation was detectable 
outside the steel container. 

Figure 7-97 shows typical experimental 
data. At low incident intensity, we observed 
long decay times, as expected. Raising the 
input fluence, however, increased the decay 
rate. Though we obtained the best results 
with 1 arm of SF,, buffer gas, there was 
little improvement in increasing the buffer 

Monochromator 

D Signal to 
' oscilloscope 

Nd:YAG laser 

pressure from 0.5 to 1 aim; thus, going to 
even higher pressures is not likely to 
provide a solution. 

To estimate the fraction of molecules ex
cited, we plot in Fig. 7-98 the peak fluores
cence vs the input energy measured in 
saturation fluences (£s,„ = Iw/a ~~ 10J/cm 2). 
By fitting the low-energy part of the curve 
to a crraight line (N*/Nn = f./£Si,.), we ob
tain the absolute calibration for the vertical 
scale. As can be seen from Fig. 7-98, 
approximately half of the molecules are in 
the excited state. This fraction • orresponds 
to a stored energy density of ~300 J/1, 
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Fig. 7-97. The I.35-)jm 
fluorescence intensity 
of NpF 6 gas contain
ing 1 atm of SF 6 as a 
buffer. 

which is a record for high-density energy 
storage in a g is medium. 

The decay rate of NpF 6 is a function of 
the degree of excitation. Plotting the decay 
rate, — N*/N* vs N*, we see in Fig. 7-99 
that, after the laser pulse is over, the decays 

Fig. 7-98. Peak flu
orescence power of 
NpF h vs 1.06-fim input 
energv, measured in 
saturation fluences. 
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Fig. 7-99. Fluorescence 
decay rate of NpF,, vs 
excited-state densitv. 
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tend to fall on a straigh: line. This indicates 
that the quenching rate is proportional to 
the excited-state density and that (NpFJ* is 
most likely its own quencher. Thus, it a 
storage time of 1 ms K required, the energ\ 
densitv must be reduced lo 2001/1. 

We observe a somewhat higher d u a v 
r ' te immediatelv after tin1 terminal^"' el 
the laser pulse induating the poss;hili',\ -I 
direct dissociation ot \ " F „ telle,\ed h\ 
quenching b\' ihe t iavven! ot dr.so. • eon 
More work is requin ' ".-, e\ei. lo \\\\\\ 
understand Ihe ki ieh •• i| -AH' high oxi it.i 
lion densities s m l ( • ••, link ;ioun 
•lboui ihe dissoi ,-• idu, ,s 

In summary. u< • ho,'. ' h.r ' "I 

aensii\ of CM " •• 
quenching pioi es* 
plained houeyer 
evaluat* the pole 

ngn 
liable 

hilly 

encrg\ 'i a g e 

Authors: J. Goldhi i ind W. K !\ 

Major Cont 
R. I:. t'K. 

i . Cntaiann 

RAPIER-B Amplifier 
Puring !W2. » r lomriete.l ihe assembly 
installation, and cha: n len/ation ol the 
pulsed power system tor the electron • cam 
pumped RAITHR-B amplifier. The system 
consists ol two groups ot thiee modules 
arrayed o^ opposite sjcles ol a single laser 
I. •' logelher with s igna l supporting suh-
s\s, -iiis. haih m. .i'lir consists ot a Marx 
generator, a pulse tunning line, an output 
switch, and an electron-beam diode. The 
supporting systems include oulptil switch 
triggers and diagnostics pa< kages I >r each 
module; a Marx trigger genoiator • h.trging 
system, and diode vacuum system io; each 
group of three modules; and a water system 
and insulating-oil system for the lomple'i 
pulsed-power system. Pus -etup is shoy i 
schematically in Fig. 7 100. 

Supporting Systems 

The RAFIFk-B amplifier's i barging system 
water system, and diagnostic system are the 
mosi notable of the supporting systems 
The charging system consists of a 100-kY 
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Inflating.-: 

• r

 :;pil '•;;;' 
-- system 

Charging 
system 

L-^? 

i W -

Marx 
generator 

Output 
ji witch 

njode 

system 

Fulse-forming 
line 

Marx 
generator 

trigger 

Diode 

• i i i 
i i i 
i i i 

Output 
trigger 

switch 
system Diagnostics 

LJ In, ,-,,,!, „„.J,,|,. 

I I I or e.ii h llui'c m.niuli- group 

•—I i or the lomplctr pulvd- pout't 

bO MA power supply with a tontroller-
sequencer that charges the Marx generators 
at constant current (in —20 s), stops charg
ing at a preset voltage, and disconnects the 
power supply from the system before giv
ing permission to fire. The water system 
provides continuously circulating water in 
separate circuits for each of the pulse-
forming line1- and prevents the lines from 
draining if a power failure occurs. A sepa
rate flow lircuit kontir.uously circulates 
water through a vacuum chamber, to 
deaerate the water, and then, through ion-
exthange I »-in columns, to maintain the 
water -esistivin ('-10 MU-cm). 

Three diagnostic signals are provided for 
each module, and we also monitor the 
output-switch trigger generator. The 18 di
agnostics signals are multiplexed onto three 
dual-beam oscilloscopes, using analogue de 
lav lines for the signals and digital circuitry 
that retriggers the oscilloscopes and pro-
. ides a "staircase" signal for separating the 
iraces. The system sacrifices some signal 
fidelity in exchange for compact displays. 

S ingle-Module Tests 

We assembled each module and installed it 
in a test stand, separate from the amplifier 
facility, to test the generation of single elec

tron beams. We tested each Marx generator 
by connecting it to a CuSO., resistive load 
and firing a sequence of pulses at voltages 
up to 4/3 of the designed operating point. 
We then connected the Marx generator to 
its pulse-forming line and tested the com
plete module, including the formation of 
the electron beam at its design size. We 
then fired a minimum of 25 shots at 450 kV 
(the design output voltage), a minimum of 
50 shots at 15% above 450 kV, and finally, 
10 more shots at 450 kV. We considered op
eration of a module to be acceptable only 
when we could complete this sequence 
without anv component failures. 

During the shot tests, we monitored the 
electron-beam energy using a calorimeter 
located at the anode plane. We also moni
tored the output voltage of the Marx gen
erator; the voltage pulse, which triggered 
the output switch; and the output voltage 
and current of the pulse-forming line. After 
testing the first three modules, we installed 
'.hem in Ihe B amplifier and tested them as 
a group before completing the assembly of 
the remaining three modules. 

Three-Module Tests 

We tested each of the three-module groups 
separately to simplify the checkout procedure. 

l l M 

vacuum 
- Syfcfem 

Fig. 7-100. Block dia
gram of one of six 
modules of Ihe 
RAPIER-B amplifier. 
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Fig. 7-101. Output-
switch trigger system. 

RAPIER-B Amplifier 
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Each set of three output switches is trig
gered from a signal generated by a single 
i,park gap located at the rear of each set; we 
allowed this gap to self-break in the three-
module tests. The trigger inputs for the 
three Marx generators are electrically cou
pled so that they can be triggered from a 
common source; if one prefires, it will trig
ger the other two in the group and thus 
maintain the integrity of the amplifier. The 
output-switch trigger gap has a midplane 
electrode driven by the RC circuit shown in 
Fig. 7-101; with this design, the output-
switch trigger will break down and trigger 
the output switches e .en if it does not re
ceive a command from an external source. 

As soon as three modules were operable, 
we addressed the issue of interactions be
tween parallel modules. The curren! deliv
ered by three modules f_70 kA) is twice the 
critical current for beam self-pinching in 
this geometry. To prevent the spatial col
lapse of the beam, we provided each mod
ule with a separate cathode and used 
3-mm-thick stainless steel plates to con
nect the anode to the pulse-forming lines 
between the '.jparate cathodes. These 
current paths effectively isolated each 
module from magnetic fields produced in 
adjacent modules. 

To check their paralle 1 operation, we ex
posed a piece of lithographic paper to the 
entire electron beam produced by three 
modules. The resulting image showed 
no signs of beam collapse or, indeed, any 
interaction between adjacent beams. The 
lithographic paper records only the time-
integrated beam profile; to determine if the 
beams were collapsing individually in time, 
we sampled the local current density with 
reJstive .-ollectors at several locations, in
cluding points near the beam edge. The 
measurements showed little change in 

beam size during the 150-ns output pulse, 
though there was some indication of beam 
expansion early in the pulse near the edge 
of the beam. 

During the checkout of three-module 
groups, we measured the efficiency of the 
conversion from electrical energy stored in 
the Mare generator to electron-beam kinetic 
energy by comparing the energy delivered 
to a full-aperture carbon calorimeter 
(located at the diode anode plane) with the 
stored energy computed from the Marx 
charge voltage and measured capacitance. 
Using this method, we measured 19.1 ± 
0.3 kj of beam energy at an efficiency of 
70 ± 2%. This efficiency is fairly good; the 
overall "wall-plug" efficiency is partlv due 
to the pumps and heaters for the vacuum 
and water systems, which dominate power 
consumption for the complete p d-
power system. 

The charging system operates at constant 
current rather than constant voltage, so 
losses in the Marx charging circuit aie small 
(<2%); we made no attempt to measure or 
optimize the efficiency of the charging 
power supply. A large part of the lost 30% 
of the Marx energy is residual charge in the 
Marx gene ators due to a capacitance mis
match between the Marx and water lines 
The losses in volt, -•? proK's are .^lso unnec
essarily large. The conversion efficiency of 
Marx to electron-beam energy could there
fore be increased to 80 to 85% at little risk, 
if that were required. 

Full-System Tests 

We had originally intended to synchronize 
the two groups of three modules by laser-
triggering the two spark gaps that produce 
the output-switch trigger pulses. This 
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technique is complicated and unnecessary 
for pulsed-power system tests that do not 
require synchronization to a laser system. 
Instead, we connected the two midplane 
electrodes provided for fault protection to a 
common overvolted spark gap, with the 
cables replacing the capacitors of the RC 
circuit shown in f:ig. 7-10!. This approach 
not only permitted pulsed-power tests, but 
worked so well that we decided to use il in 
the planned laser experiments. 

We measured the timing of all six mod
ules with respecl to the common trigger 
gap The rms jitter of the poorest module 
was i') ns, the remaining five modules had 
pliers o' less than 1.5 ns. Previous measure 
menls it the rms jil'er of a single output 
siviu h yielded I L> ns under these condi 
lions ['he average time clif-rencc between 
the earliest module output and the latest 
output was II ns, which is considerably 
greater than the > n s delay introduced by 
the distribution ot output-switch 'rigger 
pulses. We do not know if this additional 
delay is the resuit of physical differences in 
the switches or o! electrical differences >n 
the output-switch t r g 5 e r circuits. 

Gas Kxperiments 

I i anticipation of laser experiments, we per 
toimed several im asu.emenls involving the 
interaction of the electron beams of the full 
system with ga.-. in 'he laser cell. Our prin
cipal intent was to verily that sulfu 'ent 
plasma return current would be induced in 
the gas ionized bv the bean to cancel the 
beam curre-M, ti.'.is i educing ihe self-
generated nagnebc field and preventing 
N.ini sell-pinching within the i isei cell. We 
filled the l.iser cell with mixtures of argon 
and oxygen and photographed the? fluores
cence from the auroral transition in oxygen. 
The photographs showed no evidence of 
serious pinching, though the spatial distri
bution of fluorescence agreed only q lalita-
tively with the results of caWil..t'ons of 
energy-deposition profiles. The outcome is 
shown graphically in Fig. 7-'.02; the values 
r" . tted have been ; ormalized to the aver
age value over the entire volume. The total 
energy deposited in the g is, as infen ' 
from the ga; pressure , ?, Sp, m^csui 
with an electronic transducer, agreed with 
calculations for pressures of 1.0 and 1 5 ami, 
but we had difficulty interpreting the results 

1.5 

0.5 

Calculated 
Measured 

Horizontal 
O 

20 
Deposition (cm) 

at 2 atm, which require further study. At 
1.5 atm, the measured A/' yields 11.5 i 1 kj 
of energy leposited in the gas. Doubling 
Ihe partial pressure of oxygen from 10 to 20 
Torr, >o eliminate the possibility of burnout, 
did not crnngo the results. 

Summary 

We have completed the construction and 
characterization of the pulsed-power system 
for the RAPIER-B amplifier. We have ven
ded .iie generation of >36 k) of electron-
beam kinetic en.rgv at an efficiency 0 f 70%. 
System timing is more than adequate trr 
laser operation, and Ihe energy deposited 
in the ga ;-filled laser cell appears to be 
sufficient'v uniform. 

Author: L. G. Schiitt 

Major Contrilvitors: D. Masquelier and 
W. F. Gee 

Rare-Gas-Halide 
Kinetics 
KisP Tnmer Kinetics in Rare-Gas-
Buffered Kr F 2 Laser Mixtures 

Last year, we reported studies of .he forma
tion and quenchif.g kinetics of the Kr :F* 
and AriF' rare-gas-halide (RGH) turners. 
During 1982, we extended those studies 
with an examination of Kr-F : gas mixtures 
buffered with lower-Z rare gases. Using the 

t ig . ' 102. lincrgy-
depnsitinn profiles 
Liken inside .1 gas-
filled laser cell. 
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Fig. 7-103. Peak KrF* 
and K»'2F* fluores
cence signals vs 
calculated energy 
deposition for Kr-P-,, 
He-Kr-F 3 , Ne-Kr-FJ, 
and Ar-Kr-F; gas 
mixtures. 

Rare-Gas-Halide Kinetics 

Fig. 7-104. Kr2F* decay 
rate, T ', vs pressure 
for a 11600:100:5 
He:Kr:F2 mixture at 
low current density 
i- 33 A/cm 2 ) . 
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experimental technique described last 
year,"11 v. isured the KrF* and Kr:F* 
fluoresce signals from 20:1 Kr:F\ mix
tures buffered with helium, neon, or argon 
and excited at low current density ( 33 
A/cm1). To simplif" the comparison of t1 , 

performance using different Fuffers, we 
chose I'.^e partial-pressure ra>ios to yield the 
same energy deposition per unit volume 
from the 600-keV electron-beam pulse as a 
"standard" 150:1 Kr:F: mixture would yield 
at identical F2 partial pressures, as calcu
lated using the stopping powers of Berger 
and Selzer."1" Our procedure resulted in 
partial-pressure ratios of He:Kr:F-, = 
1897:20:1, Ne:Kr:F; = 422:20:1, and 
Ar:Kr:F, = 246:2o!l. 

Both the KrF* and Kr,F* fluorescences 
from all of the buffered mixtures were 
qualitatively similar to those from the Kr-F: 

binary mixtures described last year."" 
Figure 7-103 shows the peak dimer and 
trimer signals as a fi'-.iction of the average 
energy-deposition rate for each three-
component gas mix, along with the signals 
from the standard Kr-F, mixture. We 

assumed the energy deposition to be twice 
that indicated by the stopping powers of 
Berger and Selzer1"" for a single pass, based 
on detailed numerical calculations made 
using SANDY!, a three-dimensional 
deposition code."" 

The low-current-densily analysis for 
binarv gas mix.tires that we reported last 
year" was applied this vear to the fluores
cence signals from the buffered mixes to 
detern ine the changes in the Krl'*-Kr:F* 
kinetics with the various buffer gases. 
We determined best-fit values for the trimer 
decay rate, r \ for each of the gas mixtures 
at a variety of pressures. The results lor 
the helium-buffered case are plotted in 
Fig. 7-104; the solid line is the result of a 
least squares fit of the decay rate to a form 
linear in the gas pressure. In the helium-
buffered case and all other cavs, the inter
cepts were consistent with a 22;J-IIS 
radiative lifetime for Kr:F*. 

For our quenching studies, we assumed 
that the pressure-dependence of T ' was 
given by 

+ A-k T * i , + k, . n, 

'87) 

where n represents the concentration of the 
various gas roedes. Using the values of ' K 

and fc|, given list year,"" linear '"ts to the 
values of the decay rates yielded values for 
the rate constants for the quenching of 
Kr,F* by the buffer gases. In all ca^es, the 
pressure-dependent quenching was domi 
iated by its fluorine contribution (>80%), 

allowing us to obtain only rough estimates 
for the values of kbul. For helium, we 
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calculated AMt, - (2 J 1) X 10 " em's '; 
for neon and argon, we could only place 
an upper bound of 10 ' ' em's ' on 
A\,. and A.v. 

The values of the trimer-formation rate, 
n. determined in the analysis of the fluores
cence data from all of the buffered-gas mix
tures, as well as that from the standard 
k'r-1-', mix, are plotted vs the total gas pres
sure in Fig. 7 1(15. These data were used to 
calculate estimates of the relative values of 
the threebody trimer-forrnation rate 
const inN m the various buffer gases. 1-or 
helium and neon, we determined that 
A,,. .. (0.2S-().6)A:kl and A N l . k l -
(0.5 0 7)A.k l. respectively. The argon dala 
Melded no such simple result due to the 
increased complexity of the diiner-trimer 
gas kinetics. 

KrF Laser Performance in 
Buffered-Gas Mixtures 

The performance of a KrI-' laser is, in gen
eral, a function of the electron-beam current 
density, the gas pressure and mixture, and 
the cavity output coupling. As a partial so
lution to determining the maximum possi 
Me system efficiency, we chose to examine 
the variation o\ the Krl- laser output with 
the Kr and F. partial pressures for gas mix 
tures buffered either with 1500 Torr of ar
gon or with 11 600 Torr of helium at two 
current densities (160 and 440 A/cnv). With 
argon as the buffer, fhe laser cavity con
sisted oi a maximunvrefleclivitv mirror and 

a 50%-reflectivity mirror. When the buffer 
gas was helium, however, a 70%-reflective 
output mirror was required to produce rea
sonable gain and thus ensure a sufficiently 
rapid intensity buildup in the cavity. 

Figure 7-106 presents the variation of 
laser output with krypton and fluorine pres
sure in a helium-buffered mixture pumped 
at 160 A/crrr. Also shown are the maximum 
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Buffer gas 
(Terr) 

Current density 
(A/cm2) 

Kr pressure 
(Torr) 

F2 pressure 
(Torr) 

Maximum 
efficiency 

(%) 
Ar (1500) 160 100 2.5 09 
Ar(1500) 440 300 6 4.5 
He (11 600) 160 50 4 0.4 
He (11 600) 440 200 7 1.3 

Table 7-19. Moximum 
calculated efficiencies 
of buffered KrF. 

KrF* and Kr2F* sidelight-fluorescence sig
nals measured unaer identical conditions, 
but with the mirrors removed from the gas 
cell. Ir iig. 7-106(a), we see that the laser 
output and KrF* fluorescence reach a peak 
at approximately the same F : pressure. The 
lower value of the fluorine pressure at the 
peak Kr2F* fluorescence is presumably due 
to the greater significance of f j o r n e 
quenching for the RGH trimer than for the 
dimer due to the longer radiative lifetime of 
the former. In Fig. 7-106{b), the peak of the 
laser output occurs at a higher value of the 
krypton pressure than of the KrF* fluores
cence signal. Such .in effect is probably the 
result of the presence in the medium of op
tical absorbers (perhaps the heiium 2'5 
metastable state), whose density is reduced 
at the larger krypton pressures. The Kr :F* 
fluorescence rises linearly with krypton 
pressure; this is consistent with a three-
body mechanism for the formation 
of the RGH trimer from the dimer, as 
discussed above. 

The variation of the laser output with the 
gas pressures for the helium-buffered mix
tures at 440 A/cnr and the argon-buffered 
mixtures at both current densities were 
qualitatively the same as that shown in Fig. 
7-106. These results are summarized in 
Table 7-19, which lists the maximum calcu
lated KrF laser efficiencies (based on oui 
estimate that the energy deposition of the 
electron-beam equals twice the single-pa-
value), along with the krypton and flucn.11 
pressures at which these values were at
tained. The efficiencies using helium as the 
buffer gas were lower than those achieved 
using argon, as the result of two causes: the 
reduced efficiency in transferring the energy 
from the excited helium atoms to the KrF* 
dimer (due to the fact that the excitation 
and ionization energies for helium are 
greater than those for argon); and the 
lower output coupling used for the 
helium measurements. 

Author; K. S. Jancaitis 

Fre-?-Electron Laser 
The free-electron laser (FEL) directly con
verts the kinetic energy of a relativistic elec
tron beam to laser radiation and, therefore 
has the potential for becoming a very effi
cient, minimum-maintenance ICF driver 
System designs for a fusion-class FE1. 
were given in the 1979 and 1980 Annual 
Reports. I , M 1 " S During 1982, in cooperation 
with Ll.Nl.'s M Division (Magnetic Fusion) 
and the DOE Office of Basic Energy Sci
ences, we initiated an experimental program 
to gather preliminary data on FF.l. perfor
mance. This program includes construction 
of an electron laser facility that will be 
connected to and will use the electron 
beam produced bv the experimental test 
accelerator (ETA).'"" 

An ICF driver must operate at high pulse 
energies. In view of this requirement, we 
have restricted our studies to master-
oscillator, power-amplifier (MOPA) laser 
architectures. To achieve high ' w l Taction 
efficiency, we have adopted the lapi ed 
wiggler concept suggested bv Kroll, Morton, 
and Rosenbluth."'" 

The basic scaling relations for a high-gain 
Ui| ^-red-wiggler FF.I. are given hv 

K 

2 r 2 ' 2 ir-ii,-

"• i ' ( j ) " 
and 

P a / , : 

KXB^ 

(88) 

(89) 

(W) 

(91) 

(92) 

where \ is the laser wavelength; X„ is the 
wiggler wavelength; 7 is the electron en
ergy in units of the electron rest mass; t; is 
the deceleration, (7 , m l j i l ] - y,m^Vrm,»,i', ' 
is the electron-beam current; B is the 
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electron-beam brightness = I/{y()2: />„ is 
the peak wiggler magnetic field; < is the 
electron-beam emittance- (no w); G is the 
gain; t is the electron-beam radius; and P is 
the required laser input power. 

If we desire laser operation at short 
wavelengths ( -0 .25 fim), Eq. (881 restricts 
us to high electron-beam energies for rea
sonable wigglei periods (10 cm) and mag
netic fields (1 ton kG). Equation (89) 
indicates that a high-gain, short-wavelength 
I 1.1. requires a verv bright (high cm rent, 
low omittance) electron beam. Equation (90) 
slates ilvi large extraction efficiencies also 
require high currents, although Eq. (92) im
plies that, a! high currents, the required 
input power mav become unreasonable. 
Equation (91) relates the required electron-
beam radius lo the wiggler and electron-
beam parameters. The EEI. operates best at 
high intensities and small beam radii. 

As the above equations show, lower-
energv electrons are required for longer-

wavelength 1'El.s. We also expect higher 
gain at longer wavelengths. These conside--
ations. plus the accessibility of the ETA, led 
us to design our initial experiments as a 
millimeter-wavelength EEI. operating at 35 
to 140 GHz. The long wavelength necessi
tates the use of a waveguide to guide 
the microwave radiation; otherwise, the 
svstem should be an excellent test bed for 
EEI. phvsics. 

The electron-laser facility (El.E) is at
tached to the end of the ETA beam-
propagation region and consists of three 
sect'ons: a beam-conditioning region, an 
interaction region, and a microwave-
diagnost;•« -ction (l'ig. 7-107). The beam-
conditioning sect.O'i reduces the current in 
•';e 4.5-MeV ETA beam ?mm 8 to 1 kA and 
reduces the omittance from roughly 100 to 
30 mrad-cm. The beam-conditioning section 
also has an energy filter that allows an en
ergy band (4.5 to 4.2 MeV) to pass into the 
interaction region. In the interaction region, 
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a periodic wiggler field transverse to the 
beam direction is established with 
electromagnets; the electron beam propa
gates in a rectangular waveguide. The beam 
and radiation execute a single pass through 
the interaction region, and the electron 
beam is then swept out of the rectangular 

4-(un-thick 
aluminum foil 

Electron- _ 
beam ip. 

Circular 
beam pipe 

Input signal 

Fig. 7-108. Transition piece A 
between the ELF beam-
conditioning and interaction 
regions. 

Fig. 7-109. Schematic of an in
dividual power supply, and a 
typical current pulse, for the 
ELF wiggler magnetic field. T 

Wiggier coil-
inductance and 

188-kW 
powe: supply 

I | Current/voltage 
I I monitor 

Current through wiggler coil: 

o - -y L I - -y > 
- -

/ V / V 
/ * « / V 
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1 

waveguide by a transverse magnetic field. 
The microwave radiation propagates down 
the waveguide into the microwave-
diagnostics region, w h f e tlu pulse shape. 
total energy, and frequen -y spectrum are 
measured. Each of these ELF regions are 
discussed in detail below. 

Beam Conditioning 

500 jus/div 

To reduce the ETA current and ••mittainr : 
a level acceptable lor FE1 operation. the 
beam is passed through a 2-m-long tube m 
side a solenoidal magnetic field. The tube 
Has an inner diameter of 2.? cm and con
tinuously removes particles having an 
unacceptably large transverse velocity. At 
the end of the 2-m tube, the beam current 
is reduced to 1 kA w't\ an emittance of 30 
mrad-cm. The beam then passes through 
two quadrupole doublets separated by 2 m 
of vacuum; a slit aperture placed midway 
between the two doublets passes onlv 
electrons with energy between 4.5 and 
4.2 MeV. This filtering is based on the 
energy-dependent focal p-operties of the 
quadrupole fields. 

The behavior of the beam during con
ditioning is monitored using five beam 
bugs""* to measure current and beam posi
tion in the beam tube. The beam profile is 
monitored with a TV monitor and an x-ray 
wire probe. Two vacuum-pumping stations 
maintain the tube pressure at better than 
5 X 1 0 " Torr. The total length of the beam-
conditioning section is approximately 9 m. 

Before it car enter the interaction region, 
the beam tube must be made rectangular to 
mate w : ' h the FEL waveguide. In the 
circular-rectangular transition piece at the 
end of the beam-conditioning region, a 
4-Mm-t'";ck aluminum foil is placed at 45 
to the beam axis. This foil is transparent to 
the electron beam, but serves as a r-'Mector 
to the microwave input signal injected from 
bel( 'v (Fig. 7-108). From this foil on the 
microwave signal and electron beam 
propagate together. 

Interaction Region 

The interaction region is <.omposed ot a 
rectangular waveguide immersed in a trans 
verse, spatially periodic magnetic field 
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called a wiggler. 1 he wiggler, which pro
vides the pump wave for the FEL, has a pe
riod of 9.8 cm and is 3 m long (with 30 full 
periods). Fringe fields of rectangular sole
noids placed in a cusp configuration pro
vide the transverse magnetic field in the 
interaction region. An input signal of the 
desired laser output frequency is injected at 
the beam entrance to the interaction region 
and copropagates with the beam through 
(lif interaction region; this input signal is 
the perturbation that is amplified in the 
luaiT cavitv. 

With I he use of separate power supplies, 
the wiggler field strength can be varied 
along the interaction region; in particular, it 
can be tapered to maximize the output en-
orgy of the FEL (Ref. 109). Figure 7-109 
shows one of the 15 pulsed-power supplies 
that drive the 30 wiggler periods (?. periods 
per power supply). The c irrent pulse 
through the wiggler coil, which is essen
tially DC to the 40-ns electron-beam pulse, 
lasts for 1 ms; like the electron beam, the 
pulst can be run at a 1-Hz repetition rate (a 
typical current pulse is shown in Fig. 7-109). 
The shot-to-shc* variation in pulse ampli
tudes is less than 1% to ensure reproduc
ibility of the experiment. 

The amplitude of the magnetic field on 
the input and output periods of the wiggler 
is tailored to match the beam into and out 
of the interaction region. This matching 
forces the electron beam to oscillate about 
an axis that coincides with the center of the 
interaction waveguide. The field from the 
wiggler magnets focuses the electron beam 
in the vertical dimension parallel to the 
wiggler field; this focusing is due to the 
z-component of the magnetic field from the 
wiggler coils as the beam moves off axis. 
Quadrupole mapr-ets surround the wiggler 
coils to provide focusing in the plane 
perpendicular to the wiggler field. 

The interaction waveguide immersed in 
the wiggler field is rectangular and over
sized. The walls of the waveguide cavity 
are made of thin stainless steel to ensure 
good penetration of the magnetic field. We 
will use two sizes of interaction waveguide 
in the ELF: a standard WR-229 (S-band) 
waveguide; and a nonstandard rectangular 
guide measuring 2.91 by 9.83 cm. A sche
matic of the magnet of the wiggler coil 
structure is shown in Fig. 7-110. As can be 
seen from the orientation of the magnetic 

Quadrupole 
magnets 

Wiggler 
magnets 

Wiggler 
magnetic 

field 

Interaction-region 
waveguide 

Electric field 

Quadrupole 
magnets 

field, the electrons oscillate parallel to the 
wide dimension of the waveguide. Hence, 
the electric field of the radiation is parallel 
to the waveguide width, and the transverse 
electric mode, TEm, is excited by the micro
wave pulse injected at the beginning of the 
interaction region. 

Diagnostic Section 

At the exit of the interaction region, ihc 
electron beam passes through a rectan^jlar 
current monitor and is swept out of the 
waveguide by a transverse magnetic field. 
For initial experiments, the electron beam 
will be dumped on the waveguide wall. Fu
ture experiments call for an electron spec
trometer to determine the energy lost by 
the electron beam to the radiation field. 

Beyond the current monitor at the 
wiggler exit, the waveguide is a standard 
WR-229 copper guide; a laser calorimeter 
located at the end of this 6-m waveguide 
section measures the total microwave en
ergy. A sidewall coupler permits a fraction 
of the radiation to pass to a crystal detector 
and microwave spectrometer. The crystal 
detector monitors the temporal behavior of 
the microwave pulse and, coupled with the 
information from the calorimeter, gives the 
instantaneous radiated power. The micro
wave spectrometer gives the frequency 

Fig. 7-110. Cross sec
tion of the interaction 
region showing ori
entation of the wig
gler field and electron 
oscillation. 
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bandwidth of the radiation and, with inter
changeable gratings, the harmonic context. 
Simulations predict fh;st the ELF amplifier, 
in an optimized configuration, will have a 
gain of roughly lO4 and a millimeter-wave 
output power of up to 500 MW. 

Authors: T. I. Orzechowski and 
D. Prosnitz 

Atomic and Molecular 
Theory 
Coherence Effects in Charge-
Transfer Collisions 

There has be?n much interest recently1 1"'1 1 

in collisional processes involving atoms ex
cited by a laser that is tuned to a resonance 
transition of the target atom. If the atomic 
transition is s — p, for example, and the in
cident ion is in an S state, the products of 
the collision will depend on the polarization 
of the laser light relative to the collision a: is 
due to different initial fluxes in the excited 
2 and II electronic states. This behavior has 
been observed by Schmidt et al."" ir Na ' 
+ Na* and by Reiland et al. 1 1 1 in 
Na* + N2. 

In these experiments, it is assumed that 
an incoherent superposition of substates 
with a known 1 1 0" 1 ratio of populations is 
generated by pumping the target atoms for 
times that are very long compared to the 
spontaneous lifetimes of the excited states. 
In this case, effects related to Rabi oscilla
tions in the state populations are expected 
to be damped out. If shorter pumping times 
could be utilized, however, it would be pos
sible to create a coherent superposition of 
the initial sublevel populations. We would 
then be able to observe additional changes 
in the various final product states of the 
scattering intensities; these additional varia
tions will be due to the coherent properties 
of the excited radiation. 

MacGillivray and Standage"3 have ob
served directly the oscillations correspond
ing to Rabi oscillation in the resonance 
fluorescence of Na atoms excited by an 
intense single-mode laser. We believe it 

should be possible also to observe oscilla
tions in chr ge-exchange cross sections if 
the excited atoms collide with incident ions 
before they can decay radiativelv and if the 
effects are large enough. Since the duration 
of a collision is very short compared to the 
period of the Rf hi oscillations for modera1" 
laser fields (10 L 1 vs 10 _ s s ) , in our scatter
ing calculations we ignored changes in the 
excited-stale populations due to the laser. 

We studied the (NaLi)' cullisiona' sys
tem, with either the Li or the Na atom as 
the target atom. The Na target atom is more 
attractive experimentally due to the avail
ability of a laser at its resonance frequency; 
it is sonewhat less attractive theoretically, 
howe\ since a higher degree of electronic 
excitatn is involved and more molecular 
states arc required to accurately describe the 
transitions involved. The initial state of the 
(NaLi)' .. ™ consists of a Na ion inci
dent on a i atom that is being resonantlv 
pumped by a laser to its 2p state. In our 
calculations we ig.iored spin-orbit couplings 
and the spin of the nucleus, so that the ex
cited p state i Telates t a single 2 molecu
lar state and a rgle II molecular state. The 
generalizations equired to include these ef
fects are straigi irward" 1 1 1 ' ' and not cru
cial to the presi discussion. 

We define the .,ise. preparation of the 
initial target state in te-ms of two angles, 0K 

and fl,,. The first ci these, 0K, is defined such 
that sin" UR is the fraction of target atoms in 
the excited state ind cos- (),, is the fraction 
of target atoms in the ground state. This is 
the phase of the Rabi oscillation between 
the ground and excited atomic states in the 
case of adiabatic, coherent laser pumping of 
the resonance transition and in the absence 
of damping processes such as collisions or 
spontaneous emission by the upper state. 
For an incoherent pumping process, 0,, can
not exceed TT/4—that is, no more than half 
the target atoms can be maintained in the 
upper states. 

The second angle, 0lh defines the relative 
populations of p states with projections par
allel to or perpendicular to the space-fixed r 
axis. Thus, we define the fraction of excited 
atoms that have an electron in the p. orbital 
to be cos2 0,,; those having an electron in 
the , \ orbital are defined by sin ; fl„. We as
sume that the orbital perpendicular to the 
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scattering plane, p,, is not occupied in the 
excication process: since this orbital is anti
symmetric with respect to reflections in the 
scattering plane, it plays no part in the 
scattering process either. 

Fin̂  llv, we must allow for the fact that 
the coupling matrix elements have been de
termined in ten.,s of the body-fixed (rotat
ing) coordinate system. In the asymptoin. 
region, the excited state will propagate 
freely (in the space-fixed frame) up to some 
radius at which, the angular coupling term 
between the p,. and p„ states in the rotating 
frame becomes smaller than the difference 
h.tween the excited 2) and II adiabatic po
tential curves, for internuclear distances 
smaller than this radius, the electronic an
gular momentum will be coupled to the 
molecular axis. Grosser"4 has recently pro
vided an analysis of this phenomenon, 
establishing that the integration begins out
side the molecular region; consequently, 
we must include an impact-parameter-
dependent factor in defining our initial state 
in terms of the molecular wave functions. 

Figure 7-111 shows the coordinate system 
for our scattering calculations using the 
straight-line impact-parameter method. The 
arrow through the target atom (designated 
P) indicates the orientation of the laser-
excited initial state; the ; axis is the space-
fixed direction of the incident ion, and b is 
the impact parameter. The figure shows 
that, for a finite impact parameter and a fi
nite initial value of ; at which we begin the 
integration of the coupled equations, the 
polarization of the excited state created in 
the lab frame must be rotated through the 
angle a, defined by tan a = b/z0, to define 
the polarization of the excited state in the 
molecular frame. 

Including all the factors described above, 
and defining the four molecular states by 
their asymptotic limits, 

l l> - Li (2s) + Na', (93) 

|2> = LiH + Na (3s), (94) 

|3> = Li (2p„) + Na + , (95) 

and 

|4> = Li (2pJ+ Na*, (96) 

we can express the initial state of the laser-
excited target as 

|i> = cos ft,. I l>l»> 

+ sin Of. [cos (0r + a) |3> 

+ sin (»,, + <v) |4>] |M - 1> , (97) 

where \n> is the number density of pho
tons in the laser field. Of course, since a de
pends on the impact parameter, there is an 
implicit dependence of this initial state on /). 

Since the coupled equations to be solved 
are linear, we can solve them for four lin
early independent initial conditions and 
then find the cross sections for arbitrary 
combinations of fl,. and 0r by constructing 
the proper linear combinations of the sepa
rate amplitudes. Under conditions such that 
the initial state includes a coherent superpo
sition of substates, the appropriate interfer
ence terms must be included in evaluating 
the cross sections. We have defined a„ to be 
the ;'th solution of the coupled equations 
[Eq. (98)] with initial condition a„( — oc) 
= <5„. Then the total cross section from a 
coherently excited initial state is 

a'n (£) = 2TT f bdb jcos 2 0K ,ar

 2 

h 

+ sin2 0R [cos2 (0,, + a) ; a l ; ' 2 

+ sin2 (#,, + a) |« 4 2 | 2 + cos (0,, + a) 

X sin (0,, + a) (aj,n42 + a'i2a32) 11 . (9S) 

In the case that the excitation is not coher
ent, the last cross term in Eq. (98) will not 
appear. We obtained accurate potential-
energy carves and nonadiabatic-coupling 
matrix elements from ab initio all-electron 
configuration-interaction calculations. 

Fig. 7-111. Coordinate 
system for the scatter
ing calculations with 
the straight-line im
pact parameter 
method. 
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Fig. 7-112. Charge 
transfer cross sections 
from the ground and 
excited states of Li to 
N a + as functions of 
the collision energy. 

Fig. 7-113. Energy de
pendence of the cross 
sections from the 
(laser) excited p-states 
of Li to Na + for both 
coherent and incoher
ent initial states. 

Fig. 7-114. Energy de
pendence of the 
superelastic cross sec
tions for Li* + Na + 

- Li + Na *. 

Due to the long range and strength of the 
coupling between the lowest two states, the 
charge-exchange cross section from the 
ground state is very large over the energy 
range of interest (300 to 3000 eV). The 
coupling between the charge-exchange 
state, |2>, and the two states that correlate 
to the excited target, |3> and |4>, is 
smaller, and we find that the cross sections 
from these states are approximately an 
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order of magnitude smaller than those from 
the ground state. Figure 7-112 shows the 
charge-transfer cross sections from these 
three states. Our results agree reasonably 
well with the previous calculations of 
Melius and Goddard11'1 and with the 
experiments of Daley and Perel."" 

It is obvious from these results and from 
Eq. (98) that, if the laser pumps a substan
tial fraction of the target atoms into the ex
cited state, the observed total cross section 
will decrease dramatically. When the 
ground-state and excited-state populations 
are approximately equal (0R ~ x74), the to
tal charge-exchange cross section is smaller 
almost by a factor of 2; for a complete in
version, the cross section will be smaller by 
an order of magnitude. The cross section for 
the excited state, which can be measured by 
a time-of-flight analysis of the scattered 
particles, is obtained from Eq. (98) bv 
setting 0R = F /2 , such that 

",: (O - 2TT bdb [cos2 («,, + a) ;<?1; 

+ sin2 (0,, !fl42 + c o s I"/' + ") 

X sin (fl,., -+ «') (rtjirt4i + ai2ai2) j (99) 

where again the last term only appears 
when the initial state is a coherent superpo
sition. Figure 7-113 shows the excited-state 
cross sections, <r*, both including and ex
cluding the interference term, as functions 
of collision energy for a particular value of 
(),,. The laser light is assumed to be linearly 
polarized, with the polarization vector at an 
angle, 0P, relative to the direction of the 
incident ion beam. 

We also calculated the superelastic scat
tering cross section for the process li*> — 
| l> , where ii*> indicates the initial state 
defined in Eq. (97) by BR = irll. To measure 
this cro;s section, we performed a time-of-
flight aialvsis of the scattered ions to select 
those whose velocities increase due to the 
quenching of the excited target. The super-
elastic cross section is given by 

a'A (E) = 2ir M ' cos2 (Cfi + a) .«„ ; 

Jo 

+ s in- Ifl,, + a) i f l 4 1 | 2 + c o s (0,, + n-i 

X s i n ( 0 r 4- a)(a, + «4 l " l (100) 
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where the last term is appropriate only 
for coherently prepared excited states. 
Figure 7-114 shows the superelastic cross 
sections for both coherently and incoher
ently excited initial states as functions of the 
collision energy. 

In conclusion, we have verified the occur
rence of large, observable differences in 
total and partial cross sections for coherent 
and incoherent initial states. Although we 
have not discussed the effects here, we fur
ther expect that coherent preparation of the 
initial state would lead to pronounced dif
ferences in differential cross sections and in 
Ihc angular dependence and polarization of 
light emitted from excited product species. 

Authors: A. E. Orel and K. C. Kulander 

E lec tron ic S t ruc ture of M e t a l 
H e x a f l u o r i d e s 

!n support of research on advanced solid-
state lasers, we are investigating the elec
tronic structure of metal and actinide 
hexafluorides. We have so far carried out 
ab initio calculations for the clusters VF h

 4, 
UF„, UF„ , UF„', PuF„, PuF„ , and PuF„'. 
Our goal is to determine the excitation en
ergies and transition moments for these 
clusters, as well as the ground- and excited-
state potential surfaces. Our results wi'l al
low us to assign the optical spectra, predict 
band intensities, and provide theoretical 
data for the improved parameterization of 
our crystal-field-fitling programs. 

The calculations for VF 6

 4 are designed to 
model the optical properties of the vana
dium ion in a MgF ; crystal host. For VF„ 4, 
we have used a large basis set and have 
considered each electron explicitly. The re
sults to date show the importance of includ
ing the effects of the lattice in stabilizing 
the VF,, 4 complex. 

For UF h and PuF„, the high nuclear 
charge required that the core electrons be 
replaced with an effective potential that in
cluded the relativistic effects. 1 1 ' For UF,,, we 
have used the uranium core potential and 
basis set given by Hay et a l . " 8 The occu
pied one-electron orbitals were determined 
for the LS coupled 'A, ground-state wave 
function from Hartree-Fock calculations on 
the valence electrons; the lowest unoccu
pied orbitals were determined using an 

improved virtual orbital method. 1 ' 9 The mo
lecular orbitals were used to calculate elec
tric dipole transition probabilities between 
the one-electron levels. 

Of course, a proper description of the 
electronic states requires that we describe 
the significant electrostatic and spin-orbit 
effects among the f-electrons. Both of these 
interactions produce a strong mixing of the 
la ; „ and 2t2„ f-like orbitals. At this time, we 
have included the spin-orbit coupling using 
a one-electron model. 1 2 " This approach 
yields a 4y7u relativistic orbital as a linear 

Transition f 

m 8 l .-4"r A , 3,8 X 10 ' 
2.8X10- 2 

7.1 X 10 - J 

Tabic 7-20. Oscillator 
strengths for UFh. 

I:ig. 7-115. One-
electron mode! of the 
UF,-ligand-to-5f 
transitions. • 

Without 
spin-orbit effects 

With 
spin-orbit effects 
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combination of the a 2 u and 2t 2 u orbitals and, 
similarly, the 1378 u one-electron wave func
tion as a mixture of the 2t 2 u and 5t|u 

orbitals. The ligand-metal charge-transfer 
transitions of interest originate from the t I g 

(1076g, ll7Bg) ligand orbital (the very small 
spin-orbit splitting of this orbital was ig
nored). The results for the one-electron 
model are shown in Fig. 7-115. The oscil
lator strengths for UF6 are summarized in 
Table 7-20, which roughly reproduces the 
experimental ratio of the transitions into the 
47% and 1378u orbitals. 

Many areas require further investigation 
before we can have confidence in our metal 
hexafluoride calculations. Among these are 
the following issues 
• Proper inclusion of spin-orbit effects for 

d" and f" configurations when n > 1. 
• Accurate calculation of the relative ener

gies of the various electronic states; the 
calculation requires the inclusion of elec
tron correlation by configuration 
interaction. 

• Extension of the basis sets to include 
functions appropriate for negative ions, 
and the inclusion of lattice effects for our 
investigation of the VF,,4 complex. 

Authors: N. W. Winter, K. Rajnak, and 
T. N. Rescigno 

Reduction of Degenerate Two-
Level Excitation to Independent 
Two-State Systems 

The nondegenerate two-level atom (or, 
more precisely, two-state atom) provides an 
important model in treating time-dependent 
excitation'2' and serves as the basic starting 
point for more elaborate studies of atomic 
and molecular excitation by lasers. The 
presence of magnetic sublevels can compli
cate the appearance of the dynamical 
equations, 2~Uh but, during 1982, we dem
onstrated that, even with arbitrary, ellipri-
cally polarized light and with degenerate 
sublevels, the coherently excited near-
resonant decay-free two-level atom can 
be treated as a set of independent two-
state systems. 

Figure 7-116 illustrates the reduction of 
interest. Figure 7-116(a) shows the dipole-
transition linkages present with elliptically 
polarized excitation (a combination of AM 

= +1 and AM = — 1, where M is the 
magnetic quantum number) for transitions 
between levels having angular momenta 
/ = 2 and / = 1. In the absence of radiative 
decay, the dynamics comprise two indepen
dent systems: a three-state Lambda system 
(dashed lines) and a five-state M system 
(solid lines). Figure 7-116(b) is a system 
dynamically equivalent to Fig. 7-116(a), ob
tained by introducing new degenerate basis 
states for the five-state linkage; Fig. 7-116(c) 
is also dynamically equivalent to th<-l of Fig. 
7-116(a), but it is obtained by introducing 
new basis states for both the Lambda and 
M systems. We can always introduce a new 
basis of upper-level and lower-level states 
(replacing the basis of magnetic sublevels), 
within which the dynamics follow a pattern 
appropriate to the one- and two-state 
linkages of Fig. 7-116(c). 

The linkage patterns of Figs. 7-116(a) and 
7-116(c) are familiar from expressions of lin
ear polarization in terms of a quantization 
axis along the propagation direction [Fig. 
7-116(a)] or along the electric vector 
[Fig. 7-116(c)], The present, more general, 
transformation applies to excitation with 
arbitrary multipolarity and polarization as 
well as to arbitrary degeneracy. Although 
we term the system of interest a degen
erate two-level atom, the transformation 
applies to a more general class of 
multilevel systems. 

The problem of interest requires solution 
of a time-dependent Scl.rodinger equation, 

/ -c , (0 = VH„c-,(f) (101) 

for the probability amplitudes, c,((). The 
Hamiltonian matrix, H, has the structure 

hi V 
V h-, fin?; 

where h, and h 2 are diagonal submatrices, 
and V denotes the linkages between sub-
levels of level 1 (having angular momentum 
/,) and su%'eveis f̂ level 2 (with angular 
momentum /2) originating in the laser-
driven excitation. 

In the rotaiing-wave approximation 
(RWA), the elements h, represent detunings, 
and V is a matrix of (slowly varying) Rabi 
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(c) 

II. .Ill 
Fig. 7-116. Treatment 
of a coherently excited 
near-resonant decay-
free two-level atom as 
a set of independent 
two-state systems. 

M = -1 +1 

frequencies, proportional to the electric field 
strength and to appropriate Clebsch-
Gordan coefficients. For our method, we 
need onlv assume that h, and h 2 are (possi
bly time-dependent) scalar multiples of unit 
matrices, and that the ratio of any two 
elements of V is time-dooendent. 

We can always introduce a unitary trans
formation on the basis states, 

U with U ' U = 1 = UU ' (103) 

such that, in the new basis, the amplitudes 
satisfy the matrix equation, 

i — c' = HV with H' = UHU ' . (104) 
ill 

This is equivalent to introducing a new set 
of basis states. 

We now describe our system for reducing 
the degenerate two-level system to inde
pendent two-state systems. First we obtain 
unitary matrices, A and B, that diagonalize 
VV and V ' V 

AW ' A ' = ir and BV ' VB ' =-- b2 . (105) 

We then remove the null subspaces to ob
tain A and B. Finally we form the matrix 
B ', such, that 

I = B ' BV" (a) ' . (106) 

Now the new basis states are 

c' = Ac for level 1 (107) 

and 

c' = fc for level 2 (108) 

The nonzero linkages (i.e., Rabi frequencies) 
between these new basis states are the ele
ments, a. The transformation of basis states 
does not alter the resonant nature of the ex

citation; the matrices h, remain null matrices 
after the transformation. 

The resulting dynamical simplification 
can be considerable. Instead of dealing with 
an N X N Hamil Ionian matrix, where 
.V = OK -i 1) x (2/2 + 1), we need only 
deal with n independent two-state systems, 
where n is at most the lesser of 2]{ + 1 and 
2/ ; + 1. In general, each two-state system 
has a different Rabi flopping frequency, so 
that the overall population dynamics do not 
consist of a simple sinusoidal Rabi flopping. 

The two-state reduction discussed here 
differs from the reduction of a sequentially 
linked multilevel system to an equivalent 
two-level system; that reduction occurs 
when intermediate levels are not resonant 
or when intermediate Rabi frequencies are 
very large.'"' 

Although the foregoing discussion deals 
with linkage patterns arising from excitation 
of degenerate magnetic sublevels by polar
ized light, the proof of reduction of a two-
state system makes no use of the rotational-
symmetry properties of the interaction, V. 
In particular, it does not require that the el
ements of V be related in any way to angu
lar momentum operators. Furthermore, h, 
n^ed not be real (and hence Hermitian), but 
may include any imaginary term to express 
probability loss due tu ionization or 
dissociation. Thus, our analysis applies to 
the well-known128"12'' Lambda system of 
Fig. 7-117(a), as well as to the other multi-
legged linkages shown in Fig. 7-117. 

In the illustrated systems, a set of n dis
tinct lasers excite a set of n lower levels into 
a common upper level. Each laser is reso
nantly tuned to the appropriate transition 
frequency, so that, in the RWA (Ref. 130), 
the elements of h, are degenerate. Such sys
tems are dynamically equivalent to the sys
tem of Fig. 7-117(c), in which only a single 
lower sublevel connects with the excited 
state. Thus, if the ground sublevels initially 
have equal population, then only \ln of the 
ground level population can ever reach the 
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state and (b and c) 
other multilegged 
linkage patterns for 
resonantly tuned 
lasers. 
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(a) (b) (c) 

1 
excited state and substquently ionize. The 
remainder of the population remains 
trapped in a coherent superposition of 
ground levels. 

If the lasers are detuned from resonance, 
the elements of h, no longer are equal (to 
zero), and the lack of degeneracy prevents 
transformation to a two-state system—the 
ionized fraction can exceed 1/H. Alterna
tively, if different lasers have different tem
poral behavior, then we no longer have the 
conditions necessary for application of our 
transformation (i.e., time-independent ratios 
of V-matrix elements); again, the ionized 
fraction can exceed 1/n (sequential access 
can yield complete ionization.) For further 
details of this analysis, see Ref. 131. 

Authors: B. W. Shore and J. W. Morris 

Optical Gating in Resonant 
Multiphoton Excitation 

The behavior of N-state systems excited co
herently by near-monochromatic radiation 
has been studied for several years11"; the 
relevant dynamics obtain from solutions of 
the time-dependent Schrodinger equation in 
the rotating wave approximation (RWA). It 
is now generally recognized that the coher
ent flow of probability along a chain of 
N coupled, near-resonant transitions pro
ceeds most efficiently when the successive 
Rabi frequencies appropriate to the transi
tions are roughly equal. Einwohner, Wong, 
and Garrison have pointed out 1 3 3 that the 
regular flow of probability along a chain 
can be severely curtailed by the presence of 
a strong resonant branching transition, and 
they presented analytical expressions for the 
special case, N = 2, to support this observa
tion. During 1982, we considered this 
branched system from the viewpoint of 
dressed states. We observed that the hin

dered flow of probability is a consequence 
of the familiar AC-Stark effect. Further, we 
saw consequences not noted in the analysis 
of Einwohner et al. 

Consider the chain of excitation transi
tions shown in Fig. 7-118: a sequence of 
states (nondegenerate energy levels) linked 
by near-resonant excitation. Population 
flows along this chain, beginning at time 
/ = 0, from an initial concentration in 
state 1. We can imagine monitoring an ion
ization or fluorescence signal to register 
time-dependent arrival of population into 
the terminus of the chain, state ,V. We as
sume near-resonant, relaxation-free excita
tion; at each step the cumulative detuning is 
much less than the Rabi frequency for the 
step. At some point in the chain (state X), a 
competing transition or chain of transitions 
provides an alternative excitation route, to 
state V. If all the main-sequence transitions 
(denoted by solid lines in Ka. 7-118) have 
comparable Rabi frequencies (i.e., coupling 
strengths), and if the branched transition 
(shown in dashed lines) has a much smaller 
Rabi frequency, then the excitation dynam
ics of the ,V-state chain are essentially unaf
fected by the branch. Population flows out 
of (and subsequently returns into) the ini
tially populated level, state 1, arriving at 
(and departing from) the terminal state, .V, 
in a manner appropriate to N strongly 
coupled (or dressed) states. 

When the Rabi frequency, (J, of the 
branch to state V becomes comparable to 
the Rabi frequency, c, of the principal chain 
[Fig. 7-118(a)], then we can no longer regard 
the branch linkage as a negligible perturba
tion; we must then explicitly diagonalize the 
Hamiltonian of the (,V + l)-state system. In 
so treating the (N + l)-state system, we rec
ognize that linkages c and b form a general
ized Lambda system ' in which a 
portion of population will become locked 
into a coherent state, excluding excitation 
into states X + 1, X + 2 N. If c = b, 

7-100 



Atomic and Molecular Theory 

(a) (b) (c) 
Fig. 7-118. Linkage 
patterns for branched 
multistep excitation 
chains; full lines form 
the principal chains; 
dashed lines show 
side branches. 
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then, as in the Lambda system, only half 
the population can ever reach state N. 

A particularly interesting situation occurs 
when the branching Rabi frequency far ex
ceeds the adjacent chain Rabi frequency 
(b "» c). Under this condition, almost no 
population at all flows into states X, X + 1, 
. . . N; the strong transition, b, acts as a 
switch to turn off populat'on flow into 
states above the linkage. 

The nature of this switching can be un
derstood easily if we regard states X and Y, 
the two strongly coupled states, as forming 
a dressed two-state system upon which uie 
remaining chain acts as a perturbation. In 
this view, the (relatively) weak linkage, c, 
serves as a probe of the dressed X-Y sys
tem. The absorption rate as a function of 
probe frequency shows the well-known 
double-peaked Autler-Townes or AC-Stark 

doublet structure of two peaks separated by 
the Rabi frequency, b. Thus, if the c transi 
rion remains tuned to the resonant Bohr fre
quency while the ft transition is turned on, 
we find that the tuning falls midway be
tween the Autler-Townes doublet, and, 
hence, the effective absorption rate is quite 
small. Because the absorption-profile wings 
fall exponentially with detuning, (J need 
only exceed c by a factor of 2 or so to di
minish the chain excitation rate by an order 
of magnitude. 

The branch transition X-Y thus acts as a 
gate to population flow along the chain. 
There need never be any actual population 
in state X; the dressed X-Y states occur 
even in the absence of population. The 
blockage occurs when we impose a branch 
Rabi frequency that appreciably exceeds the 
adjacent chain Rabi frequency. The gating 
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Fig. 7-119- Linkage 
patterns (a) before, 
and (b! after, diag-
onalization of internal 
couplings. 

action does not occur instantaneously, of 
course; roughly one complete X-Y Rabi 
cycle must be completed to define the 
Autler-Townes doublet. Furthermore, the 
population blockage is only temporary, as 
Einwohner et al. point out; the imposed 
detuning of state X does not prevent reso
nant two-photon transitions between states 
X — 1 and X + 1, thereby bypassing the 
gate. The two-photon Rabi frequency de
creases in direct proportion to the imposed 
detuning, so that the gating action can 
rejdily be made to hold for many Rabi 
periods of the X-Y transition. 

Obviously the gating action of a single 
branch extends to multiple branches, as is 
shown in Fig. 7-118(b). Here, any one of the 
branches, if strongly driven, can exclude 
population from states further along the 
chain. Note, however, that the presence of 
a second strong, resonantly tuned transition 
in the side chain [Fig. 7-118(c)] negates the 
gating action, in other words, gating occurs 
for an odd number of steps in the side 
chain, whereas an even number of steps in
duces no strong gating effect. The explana
tion of this curious odd-even effect, noted 
earlier in a slightly different context,11' ap
pears quite natural if we regard the side 
chain as a strongly coupled M-state system. 
When we sweep the frequency of the 
major-chain transition, c, now acting as a 
weak probe, we observe an M-peaked spec
trum. When M is an odd integer, one of 
these peaks occurs at zero detuning, and, 
hence, the major chain remains on reso-

(a) (b) 

nance" at the unperturbed Bohr frequency, 
even in the presence of the side chain. Of 
course with an odd-state chain, the popula
tion flow does not simply move without 
impediment along the original chain—we 
have a modified Lambda system. 

As the dressed-atom picture makes clear, 
the gating action of a side chain only holds 
if the main-chain excitation frequencies re
main tuned to the Bohr frequencies, as is 
appropriate to excitation in the absence of a 
side chain. If we instead retuned the excita
tion frequency to the relevant Autler-
Townes multiple!, then population can flov 
upward (as well as into the side chain). 

The Autler-Townes splitting of the 
branch transition provides a limiting bound 
on the intensity of amplified stimulated 
emission (ASE) into any branch of the ex
citation chain; if the branch Rabi frequency 
exceeds the chain Rabi frequency, then the 
branch transition no longer satisfies the res
onant condition necessary for continued 
stimulated emission of population out of 
the chain sequence. 

Author: B. W. Shore 

Coherence in the Quasi-Continuum 
Model 

In treating excitation of molecules by a 
laser, we often encounter a site ation in 
which the laser excites one particular mode 
that, in turn, couples via nonradiarive inter
actions to numerous other modes lving 
close in energy lo Ihe excited mode. 
Figure 7-119(a) shows the interaction link 
age pattern for an excited state linked bv 
the laser transition to a bound state (th» 
solid line) and by internal couplings to 
numerous excited states (the dashed lines). 

When we diagonalize the nonradiative 
Hamiltonian, all these excited states form a 
quasi-conrinuum''1s (QC) of densely spaced 
states, all radiatively linked to the ground 
state. Figure 7-] 19(b) shows the linkage pat
tern after diagonalization of internal 
couplings. Note that the ground state now 
has laser interactions with each level of the 
quasi-continuum. Since the dipole transition 
moments linking the QC states with the 
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ground state are obtained by diagonaliza-
rion. the phases of adjacent states may vary 
quite irregularly, even though the transition 
moments may differ very little in magnitude. 

It has sometimes been assumed that the 
quasi-randomness of matrix elements would 
act to destroy coherence. We have now 
shown that the assumption is not correct. 
The dynamics of excitation are completely 
unaffected by these phases and, in fact, we 
can always assume that all transition dipole 
moments arc real and positive.1™ Thus, 
diagonali/ation of internal molecular 
couplings to produce a photoabsorption 
quasi-continuum does not produce an inco
herent absorption coefficient, but maintains 
coherence in dipole moments. 

Author: 6. W. Shore 

Low-Cost Pulsed 
Power 
Future laser systems will require significant 
reductions in the cost of providing millisec
ond pulses of very high power to laser flash-
lamps. To achieve the low-cost goal, we 
have explored two energy-storage methods 
in detail 
• Conventional capacitive energy storage, 

such as we have used for Novette. 
• Rotational (inertial) energy storage with 

high-power mechanical-to-electrical con
version. Rotational stores include the ac
tive rotary flux compressor'',''~:42 (ARFC) 

invented at the University of Texas (UT) 
in Austin, and homopolar generators.141 

We have also briefly studied a third option: 
chemical energy storage with explosive 
magnetohydrodynamic energy conversion. 
Table 7-21 summarizes the results of our 
studies by showing estimated hardware 
costs for these competitive systems. 

Capacitive storage technology is the most 
highly developed system and enjoys the 
lowest risk. Furthermore, we believe that a 
considerable cost saving can be realized for 
capacitive storage through the use of large 
system elements that reduce the parts 
count. Capacitors are also competitive 
with the best projected costs of rotational 
stores; thus, further development of large 
ARFCs or homopolar generators is not 
advantageous for lasers that require only 
occasional discharges. 

Nevertheless, we believe that the ARFC 
will be the most cost-effective future solu
tion for powering a large repetitively pulsed 
laser; for example, ARFCs are projected to 
have higher mechanical-to-electrical power-
conversion capabilities (up to 600 kW/kg) 
than any other known device. During 1982, 
we began computer modeling of large-scale 
ARFCs, and our work has yielded two 
optimum designs, which we discuss later in 
this article. 

As part of our analysis of rotational 
stores, we briefly studied a circuit utilising 
the homopolar generator (HPG). Its dis
charge time (-~0.1 s) is not fast enough, 
however, to directly power flashlamps; the 
energy wojld have to be transferred to a 
large inductor before it could be delivered 

Capacitive store 

Rotational store 
Modular Monol i th ic 
system system 
(Nova) (Zeus) 

Rotational store 
Explosive 

store, 
Modular Monol i th ic 
system system 
(Nova) (Zeus) ARFC HPC X M H D 

Energy storage 
Peripheral hardware 
Flashlamps 
Installation 

Development required 

4.3 
6.4'1 

2.7 
0.9 

14.3 
None 

2.5 
3.7'1 

1.0 
0.8 

m 
Low 

3.5 
2.5 h 

1.0 
05 
7.5 

Moderate 

2.0 
3.5C 

l.n 
05 
7.0 

High 

0.5 

1.0 
05 
3.5 
High 

•'Includes hank circuitry, switch system, power suppiy, pulse-forming inductor, and energy transmission, 
'includes prime mover, start-up bank and associated hard war.-, and energy transmission. 
Includes prime mover, inductive energy store, commutated switch with pulse-forming bank, and energy 

transmission. 
^Includes explosive isolation, energy-storage and transmission cable, and pulse-forming and start-up bank. 

Table 7-21. Specific 
cost estimates for in 
stalled hardware to 
power very large 
Nd:glass amplifiers 
(c / J -1982 dollars). 
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Fig. 7-120. Design for 
a monolithic capacitor 
bank. 

to the flashlamps with a commutated 
fast-recovery switch.. \ hus, the energy 
transfer and switching technique must be 
developed before such a system could 
become operational. 

The third area we examined, explosive 
magnetohydrodynamics (XMHD), is poten
tially the lowest-cost method yet proposed 
for producing a single millisecond pulse of 
very high power. A study by ARTEC Asso
ciates, Inc., 1 4 4 suggests that the initial capital 
hardware cost for an XMHD system may be 
less than one-third that for any competitive 
power-prociucing method. Immature devel
opment, and therefore high risk, is its chief 
drawback; the XMHD technique will not 
likely be considered unless the laser is to be 
built at a remote site. 

Low-Cost Capacitive Energy 
Storage 

The monolithic capacitive energy-storage 
method, utilizing large blocks of energy and 
large system components, has been ad
judged to be the optimum method to power 
very large N ±glass lasers. We are now de
signing large monolithic systems that will 
succeed the modular capacitor bank array 
presently designed for Nova. 

Discussions with vendors revealed thai 
the lowest-cost capacitors will probably 
store 30 to 50 kj in each package and will 
sell for less than $0.03/]. These capacitors 
will provide 0.5-ms, nonreversing dis
charges with a life expectancy of ~ 1 0 4 

r-'V-
Main bus 

shots. Capacitors carrying up to 250 kj can 
be bussed together and connected to a main 
bus with a single fuse (see Fig. 7-120). The 
energy attached to the main bus would de
pend upon the switch. For example, the 
present size-D ignitrons can switch at lea1-: 
1 Ml. Size-E ignitrons are as yet untested 
but they should readily handle 2 to 4 MI. 
Solid-dielectric switches, which operate b\ 
multichannel breakdown through a replai • 
able dielectric element, can be made in 
virtually unlimited size. 

We are seeking cost reductions in con 
ventional capacitive energy-seurage by as
sembling the elements of the system into 
larger packages. The modular approach, 
while convenient, will be replaced with 
megajoule-size capacitor banks, large 
switches, power su iplies with a rating ot 
several MVA, and large interconnecting ca
bles or buswork. Work is also under way to 
incr ase the size of each flashi?~np load, be
cause fewer connections and fewer parts 
will mean a lower t.^st. 

Rotational Energy Storage 

During 1982, we made a preliminary inves
tigation of gigajoule-size ARFCs because the 
cost for large electrical equipment tends to 
scale as the 0.8 power of machine mass. In 
other words, .he specific cost of one large 
machine would be roughly 60% of the cost 
of 10 smaller ones having the same total 
mass. The problem with drum-type ARFCs, 
however, is thai the mass scales nearly as 

Flashlamps 

Main 
sivitch 

Fuses, 

-L±_L±i 
TTTTT 

-Lllli 
TLTLT 

Pulse-forming 
and balancing 

inductors 

5 MJ (or more) of capacitors 
in 250-kJ bank elements 



Low-Cost Pulsed Power 

if (where d is the rotor diameter), but the 
output power scales as only d2, since the 
power is taken out as shear on the rotor 
surface. The rotor length is also fixed be
cause the rotor becomes vibrationally unsta
ble if it is longer than two or three times its 
diameter. Because of this limitation, we de
cided that gigajoule-size drum-type ARFCs 
are not feasible. 

We also perfomied cursory calculations 
for disk-type ARFCs because, with such 
machines, both the mass and the power 
output scale as d2. Therefore, the power-to-
mass ratio would stay approximately con
stant with size, and we might take 
advantage of the lower specific cost for 
larger mass scaling. However, immature 
development has diverted us from this 
path; no disk machine has ever been de
signed, much less modeled. Furthermore, 
no computer model exists, and a model 
will be difficult to develop because of 
asymmetry in the windings. 

As a result of these preliminary studies, 
we decided to look at large drum-type 
ARFCs in the energy range of 1 to 20 MJ. 
We discovered that, within this range, larger 
is probably better, provided that the rotor 
laminations could each be made in one 
piece and not segmented (segmented rotor 
laminations are not as strong as those 
stamped from a single sheet). A thorough 
canvas of the suppliers of sheet silicon steel 
of the grade we would require revealed that 
this material can be obtained in widths up 
to 42 in.; thus, 42 in. became the maximum 
dimension in our calculations. 

Our computer modeling of rotary flux 
compressors culminated in optimized de
signs for two mut.Mr.es. The first would 
weigh —13.3 tonnes and would provide 
enough energy to power the flashlamps in 
nine of Nova's 46-cm amplifiers with a 
600-^s pulse. For comparison, each of those 
nine amplifiers presently requires a 600-kJ 
capacitor bank. The other machine design 
would yield the largest ARFC that can be 
made without segmenting the rotor; it 
would weigh ~30 tonnes and drive 24 
of th? large Nova amplifiers with a 
900-ius pulse. 

The larger machine would feature a 
42-in.-diam rotor and a larger, segmented 
stator. The smaller machine has a stator 

with a maximum diameter of 42 in., so that 
both rotor and stator could be stamped 
from one piece. Each of these two machines 
was optimized to pump the most possible 
energy into Nd:glass, via flashlamps, in a 
single pulse. A decay constant of 0.33 ms 
was assumed for the glass, so that the re
sulting pulse widths were less than 1 ms. 
The features of the two optimized designs 
are summarized in Table 7-22; the power 
output pulses and current pulses are given 
in Figs. 7-121 and 7-122, respectively. 

Fig. 7-121. Calculated 
power uutput pulses 
for Iwo drum-type 
ARFC designs. 

2 4 
Time (ms) 
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Fig. 7-122. Calculated 
current pulses for two 
drum-type ARFC 
designs. 

1 2 3 4 
Time (ms) 
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Large machine 

(42-in. rotor) 
Small machine 
(42-in. stator) 

Equivalent capacitor energy 
Start-up capacitor energy 
Rotor mass 

14.44 MJ 
2.13 MJ 
15.23 tonnes 

5.40 MJ 
0.80 MJ 
6.84 tonnes 

Machine mass 29.54 tonnes 13.27 tonnes 
Specific energy 
Specific power 
FWHM current pulse width 

488.8 J/kg 
539.0 kW/kg 
0.897 ms 

ffi 

Peak flashlamp power 
Average shear stress 
rpm 
Tip speed 
Poles 

15.92 GW 
26.71 MPa (3874 psi) 
2706 
151.2 m/s 
8 

7.96 GW 
27.04 MPa (3922 psi) 
3600 
150.8 m/s 
8 

Conductors per pole 2 2 

Tabic 7-22. Parameters 
of optimum ARFCs. 

Note that the equivalent capacitor energy 
is 14.44 MJ for the larger machine and 
5.4 MJ for the smaller machine. These are 
the sizes of the capacitor banks that would 
be required to produce the same pump 
level in Nd:glass. Note also that a capacitor 
bank of almost 15% of this equivalent out
put energy is required to produce start-up 
current in the machines. Thus, our ARFC 
designs are "capacitive energy amplifiers" 
and will not entirely replace capacitors. The 
same is true for any efficient alternative 
scheme to power flashlamps; all must use a 
capacitor bank of from 5 to 25% of the size 
needed to completely replace the conven
tional capacitor energy-storage method 
scheme (this includes both the HPG and 
XMHD methods). 

The smaller of the two machines is our 
choice for the optimum device because of 
its compact size, transportable mass, and 
simplicity of construction (stator segmenta
tion is not required). We are confident that 
this machine can be configured to produce 
a continuous repetition rate when the need 
arises for this application. 

Author: B. M. Carder 

Major Contributor: R. L. Lundberg 

Optical Switch 

Introduction 

Transient, volumetric thermal gratings are 
formed by the interference of two coherent 
beams in an absorbing medium. 1 4 5 - ' 4 9 Ab

sorption of a modest amount of energy 
from the intersecting beams can drastically 
change the optica! properties of the 
medium. A probe beam of a different 
wavelength, for which the medium is trans
parent, is strongly scattered by volumetric 
phase grating. Some authors refer to the ef
fect as forced scattering.14S14'' The probe 
beam can be aligned to the Bragg angle ol 
incidence, with respect to the volumetric 
grating, so that a large fraction of probe 
power is scattered into the first order of the 
grating. For the proper choice of grating 
parameters, the fraction approaches unity. 

The effects of forced scattering by the 
laser-generated gratings can be used to con
struct a large-aperture switch with low in
sertion loss and high switching efficiency. 
Such a device could find uses in a large 
high-power laser system for prepulse sup
pression, target retropulse isolation, 
parasites control, and, possibly, output 
switching from regenerative amplifiers. 

Figure 7-123 illustrates a possible layout 
of the switch In our example, we discuss a 
case in which UV beams are used to switch 
a visible or near-infrared beam, sirce there 
are many fluid media that have absorption 
in the near-UV and are transparent it 
longer wavelengths. A ceil filled with an 
appropriate fluid is placed in the path of 
the visible beam. With AR coatings on the 
cell windows, the insertion loss can be min
imized. When the cell is illuminated by 
crossing UV beams, a volumetric grating is 
formed, and the visible beam is efficiently 
deflected. 

Hargrove14' proposed the use of a reflect
ing volumetric thermal grating in a liquid as 
an optical switch. However, our deflecting 
switch has several important practical ad
vantages, including a lower switching laser-
energy requirement and the possibility of 
using gaseous media. 

Our experimental demonstration of an 
optical switch used a KrF laser to generate 
thermal gratings in liquid chloroform and in 
a gas mixture of xenon and CF3I. The me
dia were chosen because they have appro
priate absorption depths at the KrF laser 
wavelength, transparency in the visible re
gion, and relatively large ratios of index of 
refraction to heat capacity. We used con
tinuous He-Ne and pulsed dye lasers to 
monitor the transient phase gratings. 
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Previous research on thermal grai'ngs has 
concentrated on liquid media because the 
physics are reasonably well understood, 
and no problems arise in demonstrating the 
switching effect in chloroform. However, 
most liquids require significantly more UV 
energy input than gases, and nonlinear ef
fects limit the peak intensity that they can 
transmit. A switch with a gaseous medium 
would be mere useful, but gases have un
desirable effects as well. Nonlinear acoustics 
and finite thermali/ation length severely 
limit the useful operating regime. None
theless, with a proper choice of working 
parameters, high-quality switching was 
observed in gases. 

Optical Properties of Volumetric 
Phase G:atings 

Light nattering bv volunv tnc gratings is a 
classical problem that has been solved with 
different approximations by investigators 
using ultrasound,'""1 thick-emulsion 
holograms,1,1 phase conjugation by degen
erate four-wave mixing,1'" M and stimulated 
Kaman scattering (SRS) with multiple pump 
beams.1"* Our general approach uses 
coupled-wave theory.1"''1"''1 Thus, we can 
calculate the parameters for which the ther
mal grating acts as an efficient switch.1'''' 

Figure 7-124 shows the allowed regions 
in the parameter space for a 2-cm-thick cell. 
Optical properties of the switch are due to 
practical alignment tolerance and switching 
into higher grating orders. 

Fluid Dynamics 

The phase grating that is used as a switch is 
formed in the medium following the depo
sition of energy by the heating pulse. We 
calculate the energy required to create a 
grating with v = w/2. 

The equations of motion for a fluid with 
small perturbations (neglecting heat conduc
tion) can be combined into a linear differen
tial equation for local density1 5 6 

at2 vjV'p K dp 
Pocp d T Jp 

dt Q(r,i) 

l ig. 7-123. Beam-deflecting A 
switch based on a volumetric 
thermal grating. 

Fig. 7-124. Allowed and forbidden re
gions in the parameter space for tran
sient volumetric thermal gratings. • 

1 2 3 4 
UV absorption depth, 1/a (cm) 

(109) 

where us is the speed of sound and Q(r,t) is 
the local power deposition. In this case, we 
can write 

Q(r,t) = q{i/,t) (1 - cos Kx) , (110) 

and by defining 

p(r,t) = p„ + R(p) cos Kx , (111) 
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we obtain a simple equation for a driven 
harmonic oscillator 

at2 + us-R = A l tft'idr (112) 

For gases (n ~- 1), only the first factor needs 
to be considered. 

For an efficient switch, 

I A»(i/)iii/i (119) 

with 

and 

A 
P„c \5T/p 

(113) 

(114) 

Equation (112) can be readily solved for 
two extreme cases: short- and long-pulse 
excitation. For a long heating pulse 
(u>r p »l), the first term on the left can be 
neglected, and 

R(t) 
f ijlf'ld'f' 

P„cp \dT. 
(115) 

which is the expected answer for isobaric 
heating. 

After a short-pulse excitation, the 
solution is 

ift'W 
R„>-k m (I-COSOO/) 

p„c \dTly, 
(116) 

The peak magnitude of R will be reached at 
time t = ir/w, and, for the same input en
ergy, R will be twice as large as that of a 
long pulse. 

Now, the density change must be related 
to the change in the index of refraction. In 
general, 

M£iM£)r* (117) 

However, for the media we considered, 
only the second term is important. The co 
efficient can be obtained by differentiating 
the Lorentz-Lorenz formula 

Hi 
dpjj 

( » - 1 ) ( H + 1 ) ( » 2 + 2 ) 

p0bn 
(118) 

Therefore, the energy per unit area required 
in short-pulse excitation is 

c = - - _"" 1"'' 
4 (%) (?) XdTly \op n 

(120) 

for xenon at atmospheric pressure, 

P„c = 0.8 J/cm •' K , (P . i ) 

erL T 

and 

(!0L) - 7 X 10 4 

\ dp /l p,. 

(122) 

(123) 

Thus, for A = 0.6 pm, the required energy is 
E = 5.5 mj/crrr. 

Ibr liquid chloroform, 

P„cr = 1.54 mj/cm K , (124) 

( ~ ) = - 1 . 3 X 10 V K , (125) 

dn\ = 0.51_ 
dp 11 p 

(126) 

and t" = 37 mj/cm-. 
Not all of the absorbed laser energy is 

converted into heat. For xenon gas with the 
CF\I absorber, the following reaction occurs 

CF,I + hi- - C F , + i* (127) 

Approximately half the energy is liber
ated in the form of kinetic energy of the 
fragments. Some additional heat is liberated 
at later times as fragments recombine. 1 : v 

The hot fragments (~-l eV) undergo ap
proximately 10 collisions with xenon atoms 
before the energy is thermalized. Assuming 
a random walk, the range for each fragment 
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is ~0.3 fim. Thus, formation of gratings 
with A < 1 um will he very inefficient in 
gas at STP. Although a higher gas density 
can be used in the cell, such use is not 
practical for large-area optical switches. In 
liquids, the conversion of absorbed laser en
ergy into heat has comparable inefficiency; 
however, the thermalization range is negli
gible due to the higher density. 

It is possible, especially for gaseous me
dia, to drive the system into a nonlinear 
regime, where Eq. (109) is no longer valid. 
Nonlinear optical effects (such as scattering 
of the UV beams by the thermal grating) 
and nonlinear acoustics cause nonsinusoidal 
deposition of energy. Such deposition, in 
turn, further drives the system into the non-
lineal regime. Although rigorous treatment 
of the problem is beyond the scope of our 
work, we can make a qualitative estimate of 
boundaries of the undesirable part of the 
parameter space. For a relatively large grat
ing period (A » 2-KVJ = 22 (an for xenon), 
nonlinear optics manifest themselves 
through generation of higher-order UV 
beams. Numerical solutions of nonlinear-
ized fluid dynamic equations'58 with 
slighth' nonsinusoidal initial-temperature 
profiles start showing significant deviation 
from linear solutions approximately when 

A,-, > 5 % (128) 

The above criterion limits the maximum 
allowed absorption coefficient, as shown 
in Fig. 7-124. 

For a small gTating period, the fraction of 
energy scattered into higher orders drops 
off sharply with A. In addition, because of 
the finite pulse length, the excitation effi
ciency of acoustical waves drops off. Thus, 
larger perturbations of density are tolerable 
in this regime. The price is that more en
ergy is required, by up to a factor of 2, as 
can be seen from Fig. 7-125. 

Experiments 

The KrF laser that was used to generate 
thermal gratings consisted of an oscillator 
and a regenerative amplifier159 with typical 
output energy of 0.5 J in ~20-ns pulses and 
with a frequency bandwidth of ~0.1 cm" 1. 
The laser output was geometrically split 

into two beams, which were recombined on 
the absorption cell, as shown in Fig. 7-123. 
The input energy was varied with calibrated 
attenuators and measured with a Scientech 
calorimeter. 

A He-Ne laser aligned to the Bragg angle 
was used to observe the time-dependent 
behavior of the thermal gTating formed. A 
small fraction of KrF laser output was split 
off from the main beam and delayed by 
~70 ns to generate a short-pulse probe 
beam. The delayed beam was used to 
pump a simple dye laser, operated free-
running with Rh6G at —0.58 urn. 

In our first experiment, a 1-cm-wide ab
sorption cell was filled with liquid chloro
form and prob.'d by the He-Ne laser. The 
UV beams were crossed at —4 mrad. A 
pulsed red beam was readily observed 
exiting the cell in the expected direction, 
corresponding to the first order of the ther
mal grating. A photomultiplier was used to 
detect the switched beam. Figure 7-126 
shows typical oscilloscope traces for 
different UV input-energy densities. 

1 2 
Pulse length (A/us) 

Fig. 7-125. Relative 
grating-formation effi
ciency for laser pulses 
of finite duration. 

Fig. 7-126. Deflection 
of a 0.63-/im beam by 
a thermal grating 
formed by a KrF laser 
in chloroform. 

Incident UV energy 

' 15 mjlcm2 

' 4U m j / c m 2 

' 150mJ/cm2 

40 ns 
Detector 

/ O - ^ . Chloroform cell 
KrF 5 mrad " 

1 cm 

He-Ne 
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Fig. 7-127. Intensity of 
a 0.63-nm beam de
flected by a thermal 
grating. 

Approximately 50% of the input energy 
was absorbed by the chloroform in the cell. 

The switched beam was strongly modu
lated in time. Modulation was due to excita
tion of a standing acoustical wave by the 
short heating pulse. The ptriod of modula
tion was equal to the grating i-patial peHod 
divided by the speed of sound. At the UV 
incident fluence (—150 r ',\. . '), me ga t ing 
switching efficiency reached maximui.-. and 
locally approached 100%. The overall 
switching efficiency is determined by the 
uniformity of UV illumination. 

The behavior of the switch in chloroform 
was reproducible for tens of shots, after 
which transmission of the visible beam 
started to degrade due to buildup of some 
unknown absorbing and scattering suspen
sion in the liquid. It is likely that the 
chloroform was being decomposed by the 
UV radiation. 

To demonstrate the switching effect in a 
gas, a 2-cm-wide absorption cell was fillet' 
with a mixture of 1-atm xenon and 50-Torr 
CF31 gas; the latter is a thoroughly studied 

Incident UV energy 

30 mj/cm 2 

V / \j W 

absorber of UV light because of its applica
tion in photolytic iodine lasers. The 50 Torr 
of CFT in our experiment gives an absorp
tion of e" ' in the cell. The UV beams were 
crossed at 8.4 mrad. High-quality switching 
was again observed. Significantly less UV 
energy was required than in the previous 
case, as shown in I-'ig. 7-127. The peak 
switching efficiency approached unity, and 
the signals wcte reproducible. 

A dye-lasei beam, timed to the peak of 
switching efficiency, was also deflected by 
the switch. To test the angular sensitivity ol 
the switch, the dye-laser beam was set to 
expand, covering a total angle of ~ 8 mrad. 
figure 7-128 shows the resulting output-
beam profiles. Consistent with theoretical 
predictions, part of the expanding beam 
( —1-mrad wide) that was close 'o the Bragg 
angle was switched out, while the rest of 
the beam was transmitted. The dark patch 
in the transmitted beam confirms high 
switching efficiency (>90%). 

The energy required to switch the visible 
beams was —15 mj/cnr of UV absorbed in 
the cell. Considering the inefficiency of a -,-
version of absorbed pho'ons to thenrnl 
energy (~50%), —8 ml /cm 2 of heat .vas 
delivered by the pulse, a value close to the 
theoretical prediction of 6 mj/cm : . 

Analysis of the hydrodynamics r --oc.jted 
with formation of a thermal grating (se" 
"Fluid Dynamics,' ear'ier in this article) 
shows that, for a certain choice ot param 
eters, nonlinear behavior is expected To 
verify our prediction, the experimental 
parameters were ciu>;,»ed from point A to 
point B on Fig. 7-126. In practice, we in
creased CFT pressure to 100 Torr and 
decreased the crossing angle to 4 mrad. 

As before, a switched beam exited the 
absorption cell after p.^-h kfrF nuke How
ever, the switching efficiency was poor, and 
the time dependence, shown in Fig. 7-129, 
was irregular and nonreproducible. Attenu
ation of UV beams eventually led to more 
regular modulations, which occurred for 
very low switching efficiencies. The nonlin
ear acoustics render operation of the switch 
in this regime impossible. 

Discussion 

60 mj/cm 2 

Time (50 ns/div) We have demonstrated sufficient under
standing of transient thermal gratings to 
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0.58 -^m beam without 
transient grating 

I Dye laser 
delayed bv "5 ns 

Fig. 7-128. Propagation 
of an expanding 0.58-
fim beam through a 
volumetric phase 
grating. 

Lxpanding 0.38-ji.m beam 

With grating 

design an efficient optical switch. A proper 
choice of operating parameters allows the 
uso of a ,-aseous medium that can transmit 
high peak powers at visible and near-
infrared wavelengths. Assuming that the 
high-power laser will operate at fluences of 
— 10 j/cm :, the total UV laser energy 
required for the switch is 3 orders of 
magnitude lower than the main laser-
output energy. 

We can further reduce that fraction by 
providing another source of energy for the 
switch (e.g., electrical or chemical) and by 
using the UV laser to initiate striated, spa
tial energy deposition. More research is 
required before such techniques can 
be perfected. 

The UV laser requires a fairly high de
gree of spatial and temporal coherence for 
the geometry used in our experimental 
demonstration. High coherence increases 
the complexity and cost of the switch; how
ever, different geometries can reduce the 
coherence requirement. For example, the 
necesiity for crossing two beams to gener
ate an interference pattern can be elimi
nated by using a flat-transmission grating, 
which can be illuminated by a single beam 
and the image of the grating then projected 
into an absorption cell, as illustrated in 

Incident 0.25-jxm 
energy ( 100 mj/cm2) 

Time (100 nsMiv) 

Detector fr 
100 Torr CF3I + 1 atm xenon 

Fig. 7-130. Thus, the laser is only required 
to provide uniform average illumination of 
the grating, and the divergence is — 1 mrad. 
This can be accomplished with a simple 
multimode oscillator and a divergence sev
eral hundred times greater than the laser 
used for our experiments. The bandwidth 
requirement is determined only by the 
achromatism of the imaging optics. It may 

Fig. 7-129. Intensity of 
a 0.63-/im beam de
flected by a density 
grating in a gas. 
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Fig. 7-130. Alternative 
geometry for genera
tion of thermal grat
ings in a less coherent 
UV laser. 

Fig. 7-131. Volumetric 
thermal-grating switch 
used for target 
isolation. 

Temperature and Stress in a Pumped Glass Slab 

Imaging 
Grating optics 

Absorption 
cell 

Infrared input 

Absorption 
cell 

-Amplifier and spatial filters 

/ 

Infrared 

Absorption 
cell 

Fig. 7-132. Deflecting 
switch in a regener
ative amplifier. 

be possible to design a system that uses a 
bright flashlamp as the source of UV light 
in such a scheme. 

An illustration of how the switch could 
be used for target isolation is shown in 
Fig. 7-131. The UV absorbing cell, which 
acts as a deflector, is placed just before the 
final focusing lens. Without UV illumina
tion, the laser output (ASE) is focused awav 
from the target. Even for a small switching 
angle of 10 mrad with the focal length from 
10 to 20 m, the displacement of the focal 
spot is from 10 to 20 cm. The UV illumina
tion is turned on at the appropriate time, 
causing peak grating strength at the time of 
the main-laser output. The beam is de
flected onto a target. Since the grating 
strength oscillates in time with a period of 
~50 ns, it if easy to arrange the flight time 
so that the pulse reflected from the target is 
not deflected, but, rather, is scraped off by 
the laser system's spatial filters. 

Another application is illustrated in 
Fig. 7-132. The volumetric grating can be 
used as a switch out of (or into) a regener
ative amplifier. It is reasonable to extrapo

late switching angles up to 200 mrad. With 
a 2-m laser aperture, 10 m of propagation 
are required to clear the optics. The distance 
is small compared to the length of the en
tire laser system. 

In our experiment, the beams were 
switched only by small angles (10 to 20 
mrad). Larger switching angles may be 
needed for practical applications. The re
gime of small A is very close to the nonlin
ear regime. Further work is needed before 
we can predict how much of the parameter 
space is usable. 

Author: J. Goldhar 

Temperature and Stress 
in a Pumped Glass Slab 
Temperature rises and stresses are produced 
when Nd-doped glass slabs are used as the 
gain medium in a repeatedly pulsed laser 
amplifier. Because the absorption of light 
and ('"position of heat are largest near the 
faces and smallest in the center of each 
slab, the heat transport is more efficient 
than in a uniformly heated slab, and the 
stress is lower. The stress per unit of depos
ited energy thus depends on the heat-
deposition profile, which, in turn, depends 
on the doping. We have therefore calcu
lated the temperature-induced stress as a 
function of doping for doped-glass slabs. 

We approximate the glass as an infinite 
plane-parallel slab, with the heat deposition 
depending only on the dimension through 
the slab. We assume the pump pulse repe
tition rate is rapid compared to the thermal 
relaxation time, and we calculate steady-
state results. Pumping is assumed to be 
equal on both sides, so that the deposition 
is symmetric about the slab center. If the 
elastic and thermal constants of the glass 
are independent of temperature, the 

" 'give 

<?,. = tf.... = 
at 

1 - i 
-T+ — 

2ft 
Tdx 

3x_ I" 
2/r1 J 

Txdx (129) 
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where a is the coefficient of linear thermal 
expansion, £ is Young's modulus, v is Pois-
son's ratio, 7 is the temperature, 2/j is the 
slab thickness, and .v is tlv distance from 
the center of the slab. By the assumption of 
symmetry, the third term inside the paren
theses of Eq. (129) is zero. The first and 
second terms inside the parentheses com
bine to give the difference between the 
temperature at a single point and the aver
age temperature of the slab as a whole. We 
know the slab is warmer in the a titer and, 
thus, is in compression in the tenter and in 
tension neat the faces Since glass is strong 
in compression but weak in tension, we 
concentrated on the area of largest tension, 
at the surface of the slab. 

To find the surface tension, we need to 
find the temperature distribution, 7"{.v). Since 
the problem is linear, we superimpose the 
effect of many thin slices of heat deposition. 
Heat deposited in a thin slice at position v1 

produces (in steady slate) a uniform thermal 
gradient to both faces, and the resulting 
temperature distribution is 

,IT(x) 

ih + .v'li/, - - .V 
2kli 

• h + .Y"/; - .v'l 
2kh 

l(C_- A > A'-

, (130) 

<IQ A 

exp; oion. and adding a symmetric term 
from each side of the slab, we have 

Q(x) = „A BC 

+ '1 - B>/> (133) 

We then normalize the results bv the total 
deposited heal, 

H •• 2A W\ •• •'•'" i 

-I 1 / M l <• v , " > . ( 1 3 4 ) 

Carrying out the integration, we find that 
the temperature is 

Kf> C 

- r • < > •> + *M--J!u 
Kp n 

t- c -'" 

so that the stress is 

, (135) 

where k is the thermal conductivity and y 
is the heat-deposition rate. 

To find T{x), we integrate the heal-
deposition profile, Q(.v'), multiplied by 
Green's function above, to find 

T(x) • 
'/i + .v'l/; - A') 

2kii 
C?l .v ' i i / .v ' 

J, 2kh V 

assuming T( ± h) = 0. 
The one-sided deposition in glass to an 

optical depth, u, is conveniently described 
by the standard double-exponential 
expression, 

rf(«) l"" + (1 + B)i (132) 

where n — px is the number of ions/cm" in 
the optical path (p is the ionic density), and 
A, B, C, and D are constants that depend on 
the specific glass type. Differentiating this 

nl A IB 
l ] - i - c •>» '•\ ( 1 - v)K p k 

( 1 - < • -<" ••i (1 - B) 
+ v 11 + pCh D 

U - I" -i'i '') 
pDI 

(136) 

The temperature rise to the center of the 
slab is 

7(0) = 
KP 

1 „ _ (, ,< f 
C 

D 
,,i i/.i: (137) 

Figure 7-133 shows the deposition pro
files and temperature profiles for the case 
of ED-2 glass, for which B = 0.7127, 
C = 0.1343 X 10 2"cm :, and D = 1.1167 
X 10 2 l 1cm 2. Figure 7-134 shows the 
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Fig. 7-133. Deposition 
and temperature pro
files for LD-2 glass. 

Temperature and Stress in a Pumped Glass Slab 

Fig. 7-134. Relative 
surface stress per unit 
of deposited heat as a 
function of total 
ions/cm 2 . 

0.2 o o.: 
Distance from center of glass slab 

0.4 

- Analytic results 
Numeric check 

10 20 
Total ions/cm2 x 10 " 2 0 

30 

relative surface stress per unit of deposited 
heat as a function of the total ions/cm-. 
Also shown are numeric results found by 
summing Green's functions instead of doing 
the integrals. Note that the surface stress 
drops fairly rapidly at first, but more slowly 
later; it takes large optical depths before the 
stress has dropped to 70% of the uniform-
slab result. The problem, as we see from 
Fig. 7-133, is that there is appreciable depo
sition in the slab center even at high dop
ing. Because diffusion from the slab's center 
is slow, the temperature remains high and, 
thus, so does the surface stress. 

Author: J. B. Trenholme 
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harvesting, and casting for new laser-beam 
access tubes; the remainder is recycled for 

Because the pulsed-field time is short 
compared with the time between pulses, 

inventor}' 
will also t 
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monitor the transient phase gratings. 
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inventory and the tritium doubling time 
will also be low, an advantage over solid-
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radioactivity in the reaction chamber walls 
will be several orders of magnitude less 
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Energy Applications 
Introduction M. J. Monsler 

In searching for suitable solutions to future world energy problems, we antici
pate that fusion will play a major role in providing a stable source of sustain
able energy. Indeed, we can foresee the development of fusion power plants 
that operate without the air pollution and radioactive waste problems found in 
current coal-fired plants and fission reactors. Fusion power plants should also 
combine freedom from escalating fuel costs with low-risk utility investment and 
public safety. In view of these considerations, the potential future contribution 
of fusion energy to world economic and political security cannot be overempha
sized. However, significant technological challenges confront us; accordingly, we 
must first demonstrate that fusion is both scientifically and economically 
feasible. 

The scientific principles of inertially confined fusion have long been demon
strated, albeit in impractically large sizes, in the technically sophisticated and 
mature field of nuclear explosives. Still required is proof of the scientific feasi
bility of inertial fusion achieved with the use of lasers on a practical scale under 
laboratory conditions. Accordingly, the bulk of the Laser Fusion Program at 
LLNL is engaged in experimental and theoretical studies of fusion physics and 
laser driver development. To assess the eventual economic feasibility for energy 
production, we are conducting conceptual design studies of inerlial fusion 
power plants for the production of electricity, fissile fuel, and synthetic chemical 
fuels. These studies have provided valuable guidance for planning the engineer
ing development phase of fusion energy. 

Previous studies have led to the definition of a very attractive reactor system 
known as HYLIFE (high-yield lithium-injected fusion energy). The characteris
tics of this design, one of a class of reactors referred to as liquid-metal-wall 
(LMW) reactors, have been reported in detail in previous annual reports. 1 - 4 

The HYLIFE study demonstrated that a fusion power plant could be built 
with today's materials and reactor technology, provided that adequate targets 
and lasers had also been developed. Even so, two design improvements would 
still be needed: an increase in the allowed repetition rate (to > 5 Hz) and a re
duction of the estimated capital cost (to about that of a light-water reactor). 

This year we studied new reactor concepts that address the shortcomings of 
HYLIFE and that also exploit some fresh ideas. In each case, our goal was to re
duce the future cost of fusion electricity in one or both of two ways: (1) by re
ducing the capital costs of generating heat; or (2) by increasing the efficiency of 
conversion to electricity, either through direct conversion or by operating at a 
higher temperature. We developed three concepts, all more adventurous than 
HYLIFE in that they attempt to test and define the asymptotic potential of 
fusion power plants, rather than using currently available technology. 

The first concept called Pulse*Star, is an LMW reactor that uses a lead-
lithium eutectic as the tritium-breeding and heat-transfer medium. The • eactor 
cavity is formed from a porous-walled spherical structure immersed in a pool of 
liquid metal. A double-walled heat exchanger between the lead-lithium and 
steam cycles eliminates the complexity and cost of an intermediate loop. Because 
we do not have the stored energy of a fission core, and because lead-lithium 
has sufficiently low flammability with air, water, and concrete, we can explore 
the possibility of drastically reducing or eliminating the conventional nuclear 
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Introduction 
containment building. Instead of a 2-m-thick concrete containment structure, we 
suggest a far less expensive strategy of multiple tritium-confinement barriers, 
along with tritium inventory minimization and segregation. Also, to reduce 
cost, we envision that a power plant would consist of up to four reactors driven 
by one time-shared laser and serviced by a common reactor services building. 
The sum of these innovations points toward the first fusion reactor that may be 
comparable in cost to a light-water reactor: an exciting prospect for fusion! 

Sunburst, the second concept, differs from our other approaches in that we 
seek to maximize the kinetic energy delivered to a slug of liquid metal. Since 
the liquid metal is an electrical conductor, we can anticipate the efficient con
version of kinetic energy directly to electricity through magnetic induction, 
through magnetohydrodynamic generators, or both. A bottoming steam cycle 
can further increase efficiency. In exploring the wide range of novel physics 
and engineering constraints in this study, we hope to provide the physics basis 
for an entirely new kind of power plant that would operate at 60% efficiency. 

The third concept, Cascade, was the result of our search for better ways to 
use a solid tritium-breeder material, while still preserving the benefits of the 
successful LMW designs. The initial concept appears exceptionally promising; 
all our goals for repetition rate, fire safety, wall protection, and efficiency seem 
attainable. The Cascade reactor concept features an approximately elliptical 
chamber rotating slowly on its horizontal long axis in a way that a 1-m bed of 
lithium oxide particles is held centrifugally against the wall. While this bed of 
loose particles cascades slowly toward its outlet at the largest radius, it simulta
neously breeds tritium, absorbs the fusion energy, and protects the wall from 
both radiation and shock damage. In one option, a combined gas turbine and 
steam cycle would provide 50%-efficienf electricity generation. Because of the 
superior fire safety and low tritium inventory of this design, it also may be op
erable without a conventional containment building, thus reducing capital cost. 

In designing fusion reactors, many subsidiary studies and computational tools 
must be developed to support conceptual design studies. We also report on our 
efforts to develop better analytical and computational methods to calculate the 
induced radioactivity of complex fusion reactor designs constructed of diverse 
materials. This is an area in which we have had to lead the fusion community 
in order to quantify the unusually low activation of several of our fusion reac
tor designs. 

Similarly, we have both developed our own expertise and funded outside 
contracts for behavior and compatibility studies of lithium and lithium-bearing 
compounds and alloys when used with steel structures. We therefore report on 
small experiments undertaken to understand the corrosion and embrittlement 
of liquid metals and their fluid-mechanical interactions with structures. We also 
present an assessment of electromagnetic pumps for pumping liquid lithium in 
fusion reactors. 

Finally, returning to the bigger picture, we present the results of two studies 
performed to better understand the road to commercialization. Because we 
are currently uncertain as to whether fusion targets will be direct-driven or 
radiation-driven, we conducted a trade-off study of the reactor implications of 
the direct-illumination geometry. The most significant impact seems to be in 
the severe restrictions on cavity and heat-transfer system design that are due to 
the wide angular distribution of required beam directions. High f/No. illumina
tion from significant distances (~25 m) is required for all illumination schemes 
in a commercial reactor. 
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In a commercialization study, we contrast some options for engineering 
development of inertial fusion reactors and show a success-oriented plan for the 
development of fusion power. We show that a working demonstration reactor 
(300 MW e ) is possible by the year 2015 if we can begin the development of 
average-power drivers and reactor systems in the near future. 

It is clear that, if we are ever to see the commercialization of fusion power, 
we must develop a very strong program to reduce the cost and complexity of 
eventual reactors. If not, fusion may suffer the same fate as solar-electric or 
fission breeders: demonstrably feasible, but rejected in the marketplace. We 
must direct our research toward innovative solutions for producing simple and 
cost-effective fusion power plants. If we can show with our reactor concepts 
that the physics and engineering constraints do ah'ow an economically and 
environmentally competitive fusion plant, then public policy will demand that 
the technology be accelerated to hasten the era of commercial fusion energy. 

New Inertial-Fusion 
Reactor Concepts 

Pulse*Star 

Pulse*Stan Ideas for a Commercial 
Inertial-Fusion Power Plant. If we were to 
suppose that inertial fusion eventually ap
proaches its highest feasible performance 
potential, could a power plant then be de
signed that the utilities would buy and that 
people would accept? We believe that, for 
fusion to be accepted, technical feasibility 
alone is insufficient; a fusion power plant 
must also be safer and cheaper than any 
other alternative. W :ti these ideals as 
guides, we set the following goals for our 
pure fusion power plant, Pulse'Star. This 
power plant must (1) have the same elec
tricity cost as an advanced fission reactor 
(probably fueled by a fusion-fission hy
brid), (2) be inherently safe for public 
health, and (3) be a sound utility 
investment. 

Fulfilling these goals required a new ap
proach. First, we began with a top down 
definition of goals for required cost, safety, 
and performance. Second, we searched for 
a reactor concept that was extremely simple 
in form and function, since complexity in
variably leads to cost. Finally, we did not 
accept any features of fission reactor 
design or regulation without question or re
examination. The Pulse*Star concept de
scribed here is our first expression of these 
goals and approaches. 

We first consider the safety aspect of the 
Pulse'Star reactor. We define a reactor as 
inherently safe when it is impossible for a 
catastrophic internal accident to occur that 
could either release significant quantities of 
harmful nuclides to the environment or de
stroy the utility's investment. To satisfy this 
goal, we cannot have any significant inter
nal energy sources other than the normal 
fusion energy release, the normal thermal 
content of the reactor vessel, and the 
reactor-vessel coolants. We eliminate liquid 
lithium because, in the event of an accident, 
it can release large amounts of energy if it 
combines chemically with air, water, or 
concrete. Two attractive alternatives to liq
uid lithium can breed adequate tritium: a 
solid, such as lithium oxide; and the liquid 
lead-lithium eutectic Pb^Li,,. These com
pounds also have the low vapor pressure 
required for beam propagation of either 
lasers or heavy ions. 

For Pulse*Star, we chose to use lead-
lithium in a liquid-metal-wall reactor de-
sign.̂  Lead-lithium is very effective at 
protecting the steel structure from radiation 
damage; it has an exceptionally low tritium 
inventory, and it also has an exceptionally 
high energy multiplication. Because lead-
lithium is simultaneously the energy-
absorption medium, the tritium-breeding 
medium, and the heat-transfer medium, we 
hope to achieve the simplicity that will lead 
to low cost. Finally, by using a thick laver 
of lead- lithium to protect the steel vacuum 
vessel, we can expect that the major struc
tural components of the reactor will not 
have to be replaced during the lifetime of 
the power plant. 
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Fig. 8-1. Elevation 
drawing of the 
Pulse*Star pool-type 
reactor. The reactor 
vessel, tour pumps, 
and eight steam gen
erators are all located 
in the 20-m-diam pool 
of !ead-lithium 
eutectic. 

On the negative side, lead-lithium is 20 
times heavier than lithium, thus greatly ag
gravating plumbing and piping design. In 
addition, since tritium has such a low 
solubility in lead-lithium, we also will have 
to take special measures to control tritium 
permeation through piping and component 
walls. 

The Pulse'Star reactor pool is shown in 
Fig. 8-1. The lead-lithium pool, at 350°C, 
contains the reactor cavity, the liquid-metal 
pumps, and the steam generators. The cav
ity is formed by a hemispherical 4-m-radius 
first wall, open at the bottom. This first wall 
is simply a dense screen, shaped to form a 
canopy, made of a refractory metal such as 
a vanadium alloy. The screen canopy is sur
rounded by a 5.5-m-radius perforated-steel 
reactor vessel. In the 1.5-m-thick blanket 
zone between between the first-wall screen 
and the perforated outer vessel, a major 
fraction of the neutron energy is absorbed 
in an extremely dense spray of lead-
lithium. The outer perforated vessel acts as 
:he spray manifold and is fed by inflow 
from the pool. The two-phase fluid in the 

blanke* zone both provides effective shock 
isolation from the very rapid neutron en
ergy deposition and rewets and cools the 
inner screen canopy. The screen canopy is 
supported inside the reactor vessel by six 
vertical ribs (not shown). This entire inner 
structure will be replaced every five years 
when the reactor is down for normal tur
bine maintenance. 

On each shot, the x rays and debris from 
the target are absorbed in the first few 
micrometers of lead-lithium film on the in
side of the screen canopy. The extremely 
hot vapor ablates, radiates much energy 
back to the wetted screen, and flows to the 
lower blanket region, where it is very rap
idly cooled and condensed by the spray. 
We have determined condensation rates by 
scaling detailed computer calculations for 
the University of Wisconsin HIBALL6 reac
tor. These calculations show that the lead-
lithium plasma should condense to 10 ~ 2 

Torr in less than the 200 ms required by the 
5-Hz repetition rate. This rapid condensa
tion occurs even if the gas can only cool 
and condense on the wetted surface area of 

Purge gas-
for steam generators 

Pump 
motor 

Tritium 
removal 

by purge-

processtng 

Feed water 

Not shown are 
steel structures 
required for 
restraint and 
support of 
components in 
pool, or beam 
tubes 
Pool 
depth = 14 m 
Duplex tube 
steam 
generator 

Spray zone 
Into 350°C pool 

- Pool with liner, insulated, 
purged with tritium collection gas 

- 20-m pool diam -
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the screen; the lower spray zone should 
ensure an even faster cooling and con
densation time. 

Heat transfer to the screen is not a seri
ous concern. Even if the entire 200 MJ of 
x-ray and debris energy was transferred 
from the hot plasma to the vanadium-alloy 
wire mesh by radiation and convection, the 
increase in temperature would be less than 
600 °C, comfortably less than the melting 
temperature of 1900°C. 

The fast ablation resulting from x-ray and 
debris energy deposition causes a reaction 
force on the fluid filling the screen and, 
thus, also on the metal mesh itself. For a 
600-MJ yield at 4-m radius, the momentum 
per unit area is quite moderate—equivalent 
to about 10 cm of water dropping a dis
tance of 1 m. We believe that the first-wall 
screen can support an impulse of this 
magnitude. 

The blanket spray zone is filled with 
lead-lithium droplets at approximately one-
half the density of the liquid. Every 0.2 s, 
newly injected streams shatter into more 
droplets to relieve the pressure created by 
the neutron energy addition, and an equal 
volume of droplets falls to the hot pool be
tween shots. Thus, the zone is kept filled 
with a dense distribution of spray. The mo
mentum created by neutron energy addition 
is delivered to the wall over very long times 
(about 300 ms) because the interaction time 
is on the order of the layer thickness (1 m) 
divided by the induced fluid velocity (~3 
m/s). Because this time is over 10 times 
greater than the wall response time, the 
structure is well protected against transient 
impact stresses from the liquid set into mo
tion by the neutron energy addition. Fur
thermore, the induced droplet velocity is 
sufficiently low that droplets will not be 
propelled upward into the beam path. 

The inner screened canopy is essentially 
unprotected from radiation damage and will 
have the shortest projected life of the cavity 
components. Fortunately, it does not have 
to meet the standards of a pressure vessel 
code, and there is no swelling constraint. 
We are now trying to calculate the lifetime 
of this first wall in a consistent manner. 

Pulse*Star has some features that are 
similar to two other ICF reactor concepts. In 
the original "wetted wall" concept of Los 

Alamos,7 the first wall and blanket func
tions were accomplished by a dense, porous 
wall backed by a plenum of lithium at full 
density. A thin film of lithium was reestab 
lished by liquid oozing from the plenum 
through the porous wall. Technical concerns 
in the wetted wall design included the con
densation rate to the minimal wetted sur
face area, the uncertainty of keeping the 
porous wall wetted, and the shoik magni
tude resulting from isochoric heating of 
the lithium in the plenum. In Pulse'Star, 
neither cooling and condensation of the hot 
vapor nor the neutron-energy-induced 
shock is a problem because of the effective
ness of tie extensive spray zone. However, 
assurance of effective rewetting remains an 
issue in any porous-wall reactor. 

In the Eagle concept of Bechtel,8 a thin 
region of lithium spray cools the cavity gas 
used for ion-beam propagation and x-ray 
absorption. In Pulse*Star, there is no need 
to cool large volumes of noncondensable 
gas. The Eagle concept neither employs a 
screen to prevent droplets from reaching 
the center of the chamber nor uses a spray 
zone sufficiently thick to affect neutrons. 
Unlike Eagle, the spray region in Pulse*Star 
is large enough and dense enough to ab
sorb the neutron energy and protect the 
pressure vessp'. 

In evalun! 114 costs lor Pulse'Star, our 
goal is to Jesigi'. a 1 jsion reactor where 
costs (ê  1 !usi\ r • )f driver) are comparable to 
the capita! cost of a pressurized water reac
tor (PWR), even though our design has 
more in common with a pool-type liquid-
metal fast-breeder reactor (LMFBR). The 
portion of the electricity cost attributable to 
the fission fuel cycle would, in inertial 
fusion, be approximately balanced by the 
laser system. 

In all of these studies, we assume that a 
fully established fusion industry exists and 
that licensing procedures are favorable for 
the innovations that we suggest here. We 
also borrow ideas for relevant cost-cutting 
techniques from two recent major efforts to 
reduce LMFBR costs: the Westinghouse/ 
Burns & Roe effort,9 and the French 
"Superphenix II" studies.10 

In comparing Pulse'Star to an LMFBR, 
we can first eliminate all the fission-related 
components and systems—the core, the 
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Fig. 8-2. Plan drawing 
of Hie Pulse'Star reac
tor pool and confine
ment building. The 
reactor firet wall, 
pumps, steam genera
tors, and final optics 
can all be replaced by 
access through the 
roof. 

rotating-plug refueling machine, redundant 
control-rod drive assemblies, sodium-cooled 
spent-fuel assemblies, emergency core-
cooling systems, and decay heat-removal 
systems. In addition, we can eliminate the 
intermediate loops, along with the substan
tial containment volume required to house 
them, and substitute duplex-tube steam 
generators. Piping complexity is minimized 
by the use of pipe bellows and siphon 
breakers and by the pool design. 

The need for expensive steel-lined con
crete compartments with inert gas atmo
spheres is essentially eliminated by the use 
of lead-lithium in a pool geometry; there 
are no liquid metals outside the pool. Re
covery of tritium permeating through piping 
structures is accomplished by having the 
entire pool surrounded by an outer liner, 
with a tritium-recovery gas flow between 
the pool structure and liner. Because tritium 
confinement is accomplished at the pool, 
and because there is no possibility of a core 
melt or other large-scale energy release, the 
entire building is technically not a contain
ment building. It is strong enough for seis
mic and tornado forces and tight enough 
for confining most of the tritium in the 
event of an internal release during 
maintenance. 

The confinement building volume and 
cost can also be dramatically reduced by 

eliminating the internal crane loft; we are 
investigating rooftop access for repair or re
placement of all major components. Square 
buildings are used to reduce cost. The sum 
of these features leads to a reactor building 
that is 34 X 48 X 30 m, substantially 
smaller than either of the low cost LMFBRs 
being designed (SuperPhenix II is 72 X 31 
X 64 m, not counting separate steam gen
erator buildings, and the Westinghouse/ 
Burns & Roe LMFBR is 51 X 51 X 75 m, 
including the steam generators). 

The layout of the Pulse*Star confinement 
building is shown in Fig. 8-2. The reactor 
cavity, the four liquid-metal pumps, and the 
eight duplex-tube steam generators are all 
in the central pool. Vacuum pumps flank 
the laser beam ports. The vacuum system 
consists of Roots blower-type pumps and a 
cryogenic collection system for the exhaust 
gases, primarily helium, deuterium, and tri
tium. Tritium is recovered both from these 
exhaust gases and from the purge-gas flows 
(He plus a trace of O,), which prevent tri
tium permeation to the outside environ
ment through the steam generators and the 
pool surface area. 

The final optics for directing the laser 
beam to the target are located 30 m from 
the center of the fusion chamber. A low-
pressure gas flow is directed from the mir
rors down the beam corridors to the 
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vacuum pumps to protect the mirrors from 
the damaging x rays and debris from the 
microexplosion. Beam tubes penetrace the 
pool and the screen first-wall structure. 

The power plant consists of two or more 
1290 MWe reactors, serviced by a common 
laser driver located in a separate building of 
ordinary industrial construction. Under
ground concrete tunnels carry the laser 
beams to the reactors. The laser driver, re
actor services building, and pellet factory 
are shared among reactors; costs for these 
facilities are shared as well. The power 
plant layout is illustrated schematically 
in Fig. 8-3. 

When the porous wall of the reactor 
chamber must be replaced (every five 
years), an outdoor crane transfers compo
nents between the reactor and the reactor 
services building. The reactor vacuum ves
sel, the lead-lithium pumps, and the steam 
generators are designed to last the lifetime 
of the plant; should they need to be re
placed, they too can be removed through 
the roof of the reactor building with mini
mum downtime. The turbine generators 
and their buildings are of standard design 
and construction; we expect that 1500 MWe 

turbines will be available after about the 
year 2020.10 

The power plant performance is summa
rized in Table 8-1. Essentially, we have a 
twin 1300-MWe unit plant driven by a sin
gle shared short-wavelength laser system. 
Although driving up to four reactors with 
one laser would be more cost effective, 
there are diminishing returns after two 
units. Our cost-control strategy is evident: 
to operate at high gain, at a large unit sizt 
and at a high operating temperature and to 
operate with minimum containment struc
ture and with multiple reactor units driven 
by a single laser. The absolute costs have 
not yet been determined because suffi
ciently detailed engineering designs do not 
yet exist. 

Substantial technical issues arise with the 
Pulse'Star conceptual reactor. The most se
vere issues are associated with the use of 
lead-lithium as the coolant and with the 
control of tritium. Lead-lithium is far more 
corrosive than either lithium or sodium, and 
it will become more radioactive than lith
ium, thus (in conjunction with dissolved 
corrosion products) becoming a source of 
radioactivity and afterheat. The extremely 
low tritium solubility in lead-lithium will 
drive tritium through pipe and component 
walls, increasing tritium confinement and 
recovery costs when compared with lithium. 

Fi£ 8-3. Layout of the 
Pulsc*Slar power 
plant, showing Iwo 
1300-MW,. reactors 
driven by a common 
laser. 

Underground 
beam tunnel 

-50 m -
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Table 8-1. Perfor
mance paramerors for 
the Pulse'Star twin-
unit inertial-fusion 
power plant. 

New Inertial-Fusion Reactor Concepts 
Each reactor of a two-reactor system 

Taigetgain = 300 
Yield = 600 MJ 
Pulse repetition frequency =̂  5 Hz 
Fusion power = 3000 MW,n 

Blanket energy multiplication = 1.76 
Thermal power = 3800 MWjj, 
Thermal to electric efficiency = 39.5% 
Gross electric power = 1500 MWe 

Required auxiliary power = 67 MWe 

Net electric power «• 1290 MWC 

Short-wavelength laser driver 
Pulse energy = 2 MJ ~ 
Pulse repetition frequency = 10 Hz 
Driver efficiency •= 7% 
Required electrical power = 286 MWC 

Power plant (one laser plus two reactors) 
Net electric output = 2580 MWC 

Fusion energy gain = 21 
Recirculated power fraction = 14% 
Net electrical efficiency = 34% 
Tritium breeding ratio = 1.4 

The improvements in fire safety and the 
gain in energy multiplication may not be 
adequate benefits; we may need to return to 
an intermediate loop (either water or so
dium) to ensure safety. These safety and 
cost evaluations will be part of our 
ongoing studies. In the coming year, we 
will design a lithium-cooled version of 
Pulse*Star, perform some accident-risk 
analyses, and estimate capital costs. In 
doing so, we can assess more accurately 
whether our ambitious cost and safety goals 
for Pulse'Star are attainable. 

Author: M. J. Monslcr 

Major Contributors: J. A. Blink (LLNL) 
and M. McDowell (ETEC) 

Tritium Flow and Heat-Transfer Consid
erations for Pulse*Star. The Pulse*Star 
conceptual reactor will reduce plant cost by 
transferring heat from the working fluid to 
a steam loop within a pool surrounding the 
reaction chamber. Safety considerations en
courage the use of nonreactive Li 1 7Pb 8 3, 
rather than pure lithium, as the working 
fluid. This article examines the pumping-
power, heat-transfer, and tritium-recovery 
aspects of the Pulse'Star concept.1 1 1 2 

To determine the minimum number of 
liquid-metal pumps required, we first calcu
late the minimum coolant flow rate, which 
is set by the temperature rise, the thermal 
power, and the specific heat. The maximum 
temperature of 500°C is set by the steel 
strength, and an absolute lower bound is 
the coolant melting point of 235°C. 

Radiation-induced embrittlement of the 
structural steel sets a more restrictive lower 
temperature limit of —400°C; therefore, the 
system AT is -100°C. For 1000 MWe-net, 
about 3300 MW„, must be added to the 
Li1 7Pb8 3, and the specific heat is 0.16 
kJ/kg-K. Thus, the flow rate is -2.2 m J/s. 
Since the chamber diameter is —11 m, a 
gravity head of 16 m is probably a mini
mum, and the pumping power is —33 
MW(mech). 

The hydraulic design of a liquid-metal 
pump is influenced by the volumetric flow 
rate and the head; it is independent of the 
fluid density. If four pumps are used in 
I'ulse'Star, the flow rate per pump of 
5.5 mVs is 70% of the HYLIFE pump flow 
rate and is —3 times the Clinch River 
breeder reactor pump flow. A mixed flow 
(between axial and radial type) impeller 
pump with two impeller stages of 1,2-m 
diam can produce the desired head and 
flow at a suction head (NPSH) of 3.4 m. 

The mechanical design of liquid-metal 
pumps depends on fluid density, and 
Pulse*Star pump components must be con
siderably stronger (and more massive) than 
their counterparts in Li or Na pumps of the 
same design. Also, the drive motor for the 
Li l7Pb8-1 pump must be 19 times more pow
erful than the motor for a Li pump of the 
same design. Motors of this size are com
mercially available. 

Two geometries have been considered for 
steam generators within the liquid-metal 
pool: horizontal cross-flow tubes arranged 
above the reaction vessel in four steam gen
erators, and vertical counter-current tubes in 
eight steam generators between the pumps. 

In the horizontal cross-flow geometry, the 
pumps will deposit the liquid metal on a 
free surface above a wide array of heat-
exchanger pipes covering a significant por
tion of the pool area. The pipes will be 
spared far enough apart to reduce the pres
sure drop while maintaining a reasonable 
heat-transfer coefficient. The optimum de
sign point has 18 000 m : of total exchanger 
area arrayed in a 4.9-m-deep layer with a 
pitch-to-diameter ratio of 2.0. The pool 
radius is 10 m. 

In the vertical counter-current steam gen
erator option, the pumps inject the hot 
liquid metal into the top of the steam gen
erators. The down-flowing liquid metal exits 
the steam generator into the pool bottom. 
The pump head required is the sum of the 
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pool depth and tue friction loss in the 
steam generator tubes. The total heat ex
changer area ii 8500 m2, the steam genera
tor diameter is 1.7 m, and the pool radius 
is 9 m. 

Heat loss from the hot-leg piping to the 
cold pool is effectively eliminated by insu
lating the piping runs with 1 cm of calcium 
silicate insulation sandwiched between two 
concentric pipe walls. The counter-current 
design was selected over the cross-flow de
sign because it reduced the steam generator 
size, the pool radius, the liquid metal vol
ume, and the pumping power. 

We wished to determine the best time to 
recover bred and unbumed tritium: from 
the liquid Li 1 7Pb 8 3, from the chamber vapor, 
or through the heat exchanger tubes. Before 
considering these options, we first made 
some calculations of breeding rates and re
quired recovery rates. 

The recovery scheme will be economi
cally successful if >95% of the trin;im is re
covered by the desired system. However, 
the tritium fraction that is not recovered 
must be prevented from reaching the gen
eral environment because the acceptable re
lease rate of ~ 3 Ci/day represents only 3.5 
ng/s, or 0.00002% of the production rate. 

With 30% burnup and a 1.1 tritium-
breeding ratio, a 1-GWC Pulse'Star produces 
~-16.4 mg/s of bred and unbumed tritium. 
At a chamber pulse-rate of 5 Hz, 3.3 mg of 
tritium, 2.6 mg of helium, and 1.5 mg of 
deuterium are produced per pulse. In the 
520 m 3 Pulse*Star sphere, these incremental 
masses represent partial-pressure incre
ments per pulse of 51 /uTorr tritium, 
60 lilorr helium, and 35 ^Torr deuterium, 
assuming that all of the vapor is added to 
thr? 500°C chamber. On a steady-state basis, 
this is reasonable, since the tritium and 
helium bred in the liquid metal will have 
an opportunity to jcin the chamber vapor 
when the liquid metal enters the 
chamber void. 

In steady state, the removal rates of tri
tium, helium, and deuterium must be ex
actly the same as their production rates. 
However, if their concentrations have been 
allowed to build up during a transient pe
riod, the steady-state removal fraction of 
the total inventories can be very small. The 
upper limit on the inventory is set by either 
safety or beam propagation constraints. 

The concentration of tritium in the 500°C 
LJ17PbS3 liquid metal determines the tritium 
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partial pressure in the vapor, P(Torr) ~2.2 
(wppm)2; and the concentration is found 
from the solubility (C = JP/KS). We need a 
solubility [Ks = 1800 atm 1 / 2 (mole tritium/ 
mole alloy)] that is very low. 

The tritium added to the liquid metal 
during its 33-s exposure to the neutron 
flux is 

(16.4 mg tritium/s) 
(10.93 m 3 liq/s)(9.35 Mg/m 3 liq) 

= 0.0002 wppm . (1) 

Using the solubility data, this corresponds 
to only 6 X 10" a Torr tritium-pressure rise. 
The concentration rise is further reduced by 
dilution with the remainder of the pool. 
Thus, many passages are required before 
the steady-state inventory of tritium in the 
liquid is reached and before tritium recov
ery by any method is practical. 

Three tritium recovery options" have 
been considered: from the liquid, from the 
vacuum system, and through the heat 
exchanger. 

First, recovery from the liquid using a 
molten salt is impractical because leakage 
through the vacuum system requires pro
cessing the liquid metal to an uneconomical 
0.02 wppm. Alternatively, if 1 wppm pro
cessing is assumed, we must be able to 
propagate the laser through 260 Torr 
helium plus 2 Torr tritium. 

Second, recovery through the vacuum 
system requires low leakage through the 
heat exchanger, and this leakage is a func
tion of the concentration of tritium in the 
liquid. If the tritium concentration in the 
liquid is kept low by heroic vacuum pump
ing down to twice the liquid-metal vapor 
pressure, about 3% of the tritium leaks 
through the heat exchanger. This leakage 
must be reduced by a factor of lO5 by using 
double-wall tubes or diffusion barriers. 

Third, recover)' through the heat ex
changer requires low leakage through the 
vacuum system and the pool wall. The 
leakage through a 10-cm-thick steel pool 
wall is ~0.5% of the diffusion into a 
25 000 m : heat exchanger. If -90% of the 
tritium is forced to diffuse through the heat 
exchanger, the required tritium pressure is 
0.05 Torr '" *' wppm). For a chamber pres
sure th~'. „s the maximum possible for laser 
propagation (say, ~ 1 Torr, most of which is 
helium), we would pump h x 10"' of the 
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vapor (60 jiTorr/1 Torr) per pump cycle, 
and 6% of the tritium would escape 
through the vacuum system. 

The tritium can then be recovered from 
either the vacuum system or the heat ex
changer by setting the background chamber 
pressure; i.e., by design of the vacuum sys
tem. If the heat-exchanger recovery option 
is chosen, diffusion barriers (ltf reduction 
of leak rate) on the pool wall will be re
quired, as well as some recovery from the 
vacuum system; however, these require
ments can be met. In addition, the 
vacuum-system design is very simple and 
economical. If vacuum-system recovery is 
chosen, we would use diffusion barriers on 
the pool wall and heat exchangers (10s and 
10' reductions, respectively) and would op
erate the vacuum system at ~10 2 Torr. 

Authors: J. A. Blink (IXNL); M. J. 
McDowell and C. Curlander (ETEC) 

Major Contributor.- W. R. Meier and 
M. J. Monsler (LLNL); and N. J. Hoffman 
(ETEC) 

Sunburst —A Direct-Energy-
Conv.rsion ICF Reactor 

Introduction. In inertial-confinement fusion 
(ICF), thermonuclear burn occurs in very 
short pulses and in a very small volume. 
We have designed a new reactor concept 
that exploits these two characteristics of 
ICF. This conceptual reactor, Sunburst, 
features 
• High net electric efficiency—electricity 

generated both by direct conversion of ki
netic energy and by thermal conversion of 
heat energy, yielding a net plant efficiency 
of -50%. 

• High power density—high yields con
tained in chambers less than 5 m in 
radius. 

• Low neutron-induced radioactivity—the 
blanket geometry makes possible a neu
tron induced radioactivity several orders 
of magnitude less than other DT fusion 
reactor concepts. 
Most other fusion reactor concepts con

vert fusion energy to electricity primarily by 
a thermal cycle, have relatively large blan
kets, and, except for liquid-metal-wall ICF 

reactors (such as HYLIFE13), have highly ra
dioactive first walls that must be replaced 
every few years because of neutron-induced 
damage. In addition, those designs usually 
require neutron multipliers (such as lead or 
beryllium) or isotopic enrichment of ''Li to 
achieve acceptable tritium-breeding ratios. 

The Sunburst concept, first described in 
Ref. 14, most closely resembles the proposal 
of Burke and Cutting,'1 who also proposed 
to absorb most of the fusion neutron energy 
in a lithium sphere contiguously surround
ing the ICF plasma and to convert most of 
the energy to electricity by work done on 
magnetic fields. In their scheme, however, 
the lithium is initially solid, is entire'.y 
brought to the plasma st^te with an 
extremely large fusion yield, and is con
tained by a correspondingly large contain
ment vessel. 

Reactor Operation. In the Sunburst con
cept, we maximize the shock-induced ki
netic energy in a liquid-lithium blanket. The 
kinetic energy does PdV work against an 
applied magnetic field to directly generate 
electric energy with high efficiency by in
duction. The Sunburst concept invites a 
wide range of imaginative configurations. 
Although many engineering problems are 
associated with each i.pproach, we will ex
amine one of them—the rotating conduct
ing chamber—to see how a reactor might 
actually be constructed. 

A liquid-lithium sphere, which we will 
call the "compact blanket," is dropped into 
the reaction chamber while carrying a solid 
lithium tube that contains a fusion target. 
This is illustrated in Fig. 8-4(a). The tube 
provides access to the fusion target from 
two sides for laser-beam energy. (A remov
able bullet-shaped cap prevents liquid lith
ium from entering the tube as it is inserted 
into the liquid lithium.) 

The compact blanket is formed by a 
mechanical "ice cream scoop" apparatus. 
With the apparatus itself in free fall for the 
short timt required to form the sphere, de
formities can be avoided. Similarly, because 
the compact blanket is in free fall in vac
uum, no forces deform its spherical shape 
as it falls. 

The spherical chamber, Fig. 8-4(b), rotates 
at constant angular velocity about th t

j axis 
of the two cylindrical armatures to capture 
a new compact blanket every half rotation. 
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The chamber acts as two half-turn electro
magnets c.-.-h separated by a continuous 
insulation break and driven by current sup
plied to the Tmatures. Helium gas is circu
lated inside t Ae chamber wall for cooling. 

When the compact blanket reaches the 
center 01 the chamber, the magnetic field is 
pulsed on in a time scale for which the 
sphere is effectively motionless. Lasers then 
irradiate the target and the fusion neutron 
yield is absorbed in the lithium in a time 
that is short compared to a hydrodynamic 
response time, raising central pressures to 
over 1 X 106 atm and launching a strong 
shock v.ave. 

The deposited neutron energy brings the 
lithium that is within a few centimeters of 
the target to extr;, -ihesive internal ener
gies—it is a gas at . quid density. This g»s 
fills the access tube so quickly that energy 
loss occurring from blackbody radiation and 
free-streaming ions through the access tube 
is negligible. 

The energy behind the shock wave is 
in the form of both kinetic energy with 
outward-direc :ed velocity and intern.- ,1 en

ergy, or pressure. This energy reaches the 
suiiace in less than 1 ms, and a pressure re
lief wave moves back to the center, nearly 
doubling the outward-directed fluid velocity 
to more than loO m/s. 

The kinetic energy in the liquid lithium 
originates from high internal pressures 
caused by the deposition of neutron and 
x-ray energy in cN* lithium, as well as from 
the work done by the expansion of both 
the postfusion plasma and the central por
tion of lithium, which has been heated to 
the gaseous state. Therefore, the neutron 
and x-ray energy, in addition to the ion en
ergy, take part in the direct generation of 
electricity. This is in contrast to electrostatic 
direct-conversion schemes in which only 
the charged-particle energy may be directly 
converted to electricity. 

After the liquid lithium is brought to rest 
by the magnetic field pressure, it drains to 
the chamber floor, Fig. 8-4(c), and is pumped 
through heat exchangers, where residual 
heat is converted to electricity in an ordi
nary thermal cycle. A fraction of the lithium 
is then diverted for impurity removal, tritiL"n 

Fig. 8-4. Conceptual 
drawing of the Sun
burst reactor. 

Not shown: 
• Inert-gas cooling veins in armature and magnei 
• Glass fiber and epoxy or SiC-fiber binding to contain magnet expansive forces 
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Fig. 8-5. Tritium-
breeding ratios and 
blanket gain to total 
fusion energy using 
natural lithium. 

harvesting, and casting for new laser-beam 
access tubes; the remainder is recycled for 
subsequent compact blankets. 

Liquid lithium—rather than solid 
lithium —must be used because efficient 
thermal-to-electric conversion requires 
heat-exchanger outlet temperatures to be 
well above the melting point of lithium. In 
addition, liquid lithium, a very efficient 
heat-transfer agent, is its own coolant and 
can be pumped elecomagnetically without 
wear or corrosion to seals or impellers. 
Moreover, it need not be pumped across 
strong magnetic fields, as is necessary in 
magnetic confinement schemes. 

Magnet Configuration. The magnets 
may be configured in several ways. Even 
though a stationary reactor chamber with 
fixed holes at top and bottom and with ex
terior magnetic-field-shaping coils would be 
simpler, the rotating conducting chamber 
has the advantage of reducing the total 
magnetic f.ctld energy required to restrain 
the liquid lithium by confining the magnetic 
flux lines within the chamber. Alternatively, 
moving flux shields in electrical contact 
with a fixed chamber could be used to 
cover entrance and exit ports in a variety 
of configurations. 

With proper chamber shape design, a 
homogeneous magnetic field strength be
tween the conducting chamber and the lith
ium sphere can be approximated, an 
important point for minimizing fluid insta
bility growth times. On the other hand, it 
may be desirable to shape the magnetic 
field so that the field strength is either 
greater or weaker at the throats oi the 
chamber—like a magnetic mirror—to mini
mize or maximize the portion of energy 
converted by MHD generation. 

i 1 r-
Tritium 

breeding ratio 

Blanket gain lo 
total fusion energy 

1 2 
Sphere radius (m) 

Because the pulsed-field time is short 
compared with the time between pulses, 
the averaged ohmic power losses are a 
small fraction of the total plant electric 
power. For this reason, the magnets need 
not be superconducting, greatly simplifying 
the design and reducing the cost. 

The magnetic field serves the additional 
purpose of distributing the total impulse 
imparted to the reaction chamber vessel 
over time, acting as a cushion. If the im
pulse time is sufficiently long, the chamber 
wall will not be stressed beyond acceptable 
fatigue life limits. 

In addition, during the deceleration of the 
lithium, the applied magnetic field can be 
maintained at a constant level by decreas
ing the electric potential of the -xtemal 
energy-storing load, so that the lithium suf
fers a constant deceleration, comes smoothly 
to rest, and the Lorentz stress on the cham
ber walls is at a constant, acceptable value. 

Operating Design Space. The Sunburst 
reactor design is limited by the following 
general constraints 
• A minimum lithium sphete radius is re

quired to achieve a tritium-breeding ratio 
greater than unity. 

• A maximum lithium sphere radius is lim
ited by the pumping power required to re
t a l i a t e the liquid lithium. 

• A minimum fusion yield is required to 
displace the magnetic field faster than the 
field can diffuse into the lithium. 

• A maximum fusion yield is limited by the 
strength of materials. 
We will now discuss some of the major 

considerations for each of these parameters. 
Concurrently, we will use computer calcula
tions from the LASNEX, ORLIB, TART, and 
ACTL codes to see how one point in this 
design space—3-m radius, 1200-MJ yield— 
determines other design parameters. Finally, 
we will apply these parameters to estimate 
a net electric efficiency for that operating 
point in this design space. 

Tritium Breeding and Energy Multipli
cation. With natural lithium, the tritium-
breeding ratio, in compact blankets of radii 
greater than 1 m, is well above unity, as 
shown in Fig. 8-5. No neutron multiplier or 
lithium isotopic tailoring is needed, and no 
external tritium breeding blanket is re
quired. With the tritium content of the liq
uid lithium kept to 1 wppm by molten-salt 
extraction techniques, the reactor tritium 
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inventory and the tritium doubling time 
will also be low, an advantage over solid-
breeder reactors for both environmental 
safety issues and start-up inventory ex
pense. The gain of fusion energy from 
nuclear reactions in the blanket is also 
shown in Fig. 8-5. Using spherical reactor 
models with radii of from 1 to 3 m in the 
TART neutron transport code, reaction-
probability-rate constants were obtained 
with ORLIB, which averages the ACTL li
brary cross sections with the flux provided 
by TART, to give tritium breeding ratios. 
The gains, taken directly from TART out
puts, are the ratio of net energy per fusion 
event to 17.6 MeV. 

The reactors were modeled wu!' a typical 
ICF compressed-fuel target at the cemcr of 
liquid-lithium spheres of varying radii, sur
rounded by a vacuum of one-half the lith
ium radius, followed by a structural shell 
composed of 8 cm of steel. A typical MFE 
fusion reactor was also modeled, having a 
homogeneously distributed 14.08-MeV neu
tron source to a radius of 2 m in a DT 
plasma at 0.01 mbar, followed by vacuum 
to 3 m, a 2-cm first wall, a 70-cm lithium 
blanket, and a 2-cm outer structure. Natural 
lithium and a low-ferritic steel (2-1/4 Cr-1 
Mo) were used in all cases. 

Neutronics. With lithium sphere radii on 
the order of 3 m, the fusion neutrons are re
quired to traverse many more mean free 
paths of lithium than they do in any other 
fusion reactor designs. As a result, a Sun
burst reactor can have many more ex
ponential attenuations in both population 
and energy content of the escaping neutron 
flux. For this reason, the neutron-induced 

radioactivity in the reaction chamber walls 
will be several orders of magnitude less 
than in typical fusion reactors. 

As with other liquid-metal-wall reactor 
designs, there is no structural material inter
posed between the fusion neutron source 
and the lithium absorbing medium. In tar
gets designed to minimize induced radioac
tivity, and with ongoing impurity removal 
from the circulating lithium by eutectic con
densation, the induced radioactivity of ex
tracted target debris can be undetectable 
after a few weeks' holding time."' 

T^L normalized neutron flux spectra in 
.he reactor chamber wall for the reactors 
modeled with TART are shown in Fig. 
8-6(a). The neutron-path-length distribution 
shown there iriy be converted to a flux 
distribution by multiplying by the number 
of source neutrons per second and dividing 
by the wall area. 

Figure 8-&(b) shows the neutron energy 
deposition profile calculated with TART 
using a 3-m sphere. A two-dimensional 
model was used to account for collisionally 
enhanced neutron leakage through a two-
beam laser access tube, each side of which 
described a cone of 0.0153 sr. (This is the 
same as currently assumed for the HYLIFE 
reactor design.) The data points are fit 
closely by exp(-c*r2)/r< where a — 1.2/m2, 
and this curve is plotted for fusion yields of 
300, 600, 1200, and 1800 MJ. The cohesive 
energy (above which liquid-density lithium 
behaves as a gas) is shown as the horizon
tal line at =24 MJ/kg. 

Hydrodynamics. After the neutron en
ergy is deposited in the lithium, a strong 
shock wave propagates outward to relieve 
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Fig. 8-7. Time-
resolved velocity, 
pressure, and density 
distribution in a 3-m-
radius lithium sphere. 

the pressure. The shock response of a 3-m-
radius lithium sphere to a 1200-MJ fusion 
yield was modeled with LASNEX and is 
shown in Fig. 8-7. Because of the low tem
peratures, a two-phase equation of state 
was used. Energy loss from escaping ions 
and gases through the access tubes was 
modeled with a homogeneous energy loss 
rate in the extracohesive region equal to the 
product of the local thermal velocity, the 
density, the specific energy, and the area of 
the beam cones at the extracohesive radius. 

Despite the velocity difference during the 
shock propagation, the outer surface of lith
ium moves less than a centimeter by the 
time that shock-wave relief takes place. 
Since the velocity of the outer surface after 
that time is essentially the same is that of 
the lithium behind it, the lithium sphere 
does not spall. 

Fluid Instability. The shock wave trans
ports energy outward into the lithium be
fore significant fluid motion of the lithium 
can occur. Thus, Rayleigh-Taylor instability 
on the surface between the inner gas and 
the liquid lithium does not inhibit the iso
tropic coupling of most of the central inter
nal fusion energy to the rest of the lithium. 
Furthermore, the instability growth rati ini
tially is zero, since the gas and the liquid 
have equa' densities, and the pressure gra
dient picvides stability until the time that 
the inward-moving relief wave arrives at 
the gas-liquid surface. After that time, the 
acceleration of the fluid is in a direction that 
will stabilize this surface. 

The outer surface of the liquid metal will, 
however, develop flute instabilities. This 
surface is decelerated by interaction with 
the magnetic field, which can be thought of 
as the light fluid in a Rayleigh-Taylor un
stable interface. For small amplitudes, the 

modes grow exponentially in time with the 
square root of the product of the wave 
number k and the acceleration a; they satu
rate, growing quadratically in time, after 
they have grown so large that they 
decouple hydrodynamically from their sur
face of origin, approximating free fall. Satu
ration begins when the instability departs 
from the sinusoidal—when the amplitude 
exceeds the inverse of the wave number. 

Although such instabilities would be cat
astrophic in a steady-state system, in a 
pulsed system they can be dealt with by 
choosing a design such that the critical in
stability growth times are long compared to 
the time required to stop the motion of the 
liquid lithium. The wave number of the 
critical instability mode is about equal to 
the inverse of the final average lithium shell 
thickness. Tor a compact blanket with an 
initial radius of 3 n., the critical instability 
has a wavelength of 4.9 m. For a constant 
magnetic field energy equal to the initial ki
netic energy density, instability "punch-
through" is avoided if initial perturbations 
are less than 19 cm in amplitude. For higher 
magnetic fields, greater perturbations can be 
tolerated. 

Energetics, Kinematics, and Continuity 
Considerations. If a magnetic field of en
ergy density equal to the initial kinetic en
ergy density of the lithium is chosen, and if 
the field is constant and homogeneous, a 
volume of magnetic field equal to that of 
the lithium must be displaced to bring the 
lithium to rest. By the time the lithium has 
displaced a volume equal to the original 
volume of the sphere, it will have formed a 
shell whose average thickness is (2" 1 —1), 
or about one-fourth of the initial radius, 
and whose average radius is about 1.25 
times that of the initial radius. 

Radius (m) Radius (m) Radius (m) 
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With a constant applied magnetic field, 

the deceleration is approximately constant. 
The time required to stop the lithium mo
tion is, therefore, one-fourth the initial ra
dius divided by one-half the initial velocity. 

Because the lithium is approximately 
an incompressible fluid, the volume of 
undisplaced magnetic field contained be
tween instability peaks after the lithium is 
arrested is equal to the volume displaced. If 
the critical instability grows to an amplitude 
of \/k, the reaction chamber wall must be 
located at a radius of about 1.5 times the 
initial lithium sphere radius to avoid contact 
with critical instability peaks. 

With a homogeneous and constant ap
plied magnetic field of 3.3 T, a lithium sur
face, originally at 3 m and with an initial 
velocity of 135 m/s, moves to an average 
radius of 3.8 m, and the stopping Hnv is 
12 ms. The chamber wall radius necessary 
to avoid contact with instability peaks origi
nating from 19-cm perturbations is 4.6 m. 

Electrical Coupling. With a conductivity 
of 2.5 Mmho/m (MS/m) for liquid lithium 
at 500°C, the applied magnetic field has a 
classical diffusion depth over the stopping 
time of 6.1 cm, less than 8% of the lithium 
thickness at the time it is arrested. (The 
square of the diffusion depth very nearly 
equals the diffusion time divided by IT.) 

Using a solenoidal magnetic field model 
(appropriate since it is also homogeneous), 
3.3 T corresponds to a current of 21 MA 
(with the solenoid length chosen so that its 
surface equals that of the lithium sphere). 
By Ampere's law, a current of the same 
magnitude is induced in the lithium, which 
can be thought of as the secondary of a 
transformer. Using one-half the magnetic 
and diffusion depth as an average current 
conductance depth, the coupled joule heat
ing energy loss in the liquid lithium over 
the expected lithium stopping time is 93 MJ. 
The joule heat loss in the magnet conduc
tors is roughly this number reduced bv the 
ratio of the conductivity of copper co that of 
lithium, or about 3 MJ. 

The diffusion depth, the coupled energy 
loss, and (as we will see in a subsequent 
paragraph), the stress response of the cham
ber vessel all implicitly assume that the 
magnetic-field rise time is much shorter 
than the lithium stopping time. Using our 
solenoidal model from above, the induc

tance between the magnet conductors and 
the lithium is 5(i<,7rR/8, or, for a 3-m radius, 
7.4 /iH. The rise time is roughly given by 
the product of the current and the induc
tance, divided by the applied voltage. With 
an applied voltage of 500 kV, the rise time 
is 0.31 ms, which is negligible compared to 
the 12 ms stopping time. 

Materials Considerations. Protected by 
1 to 3 m of lithium, the reactor chamber 
wall experiences negligible damage from 
neutrons or x rays; in addition, the vacuum 
quality that is typical of magnetic fusion 
containment vessels is not required for laser 
transport. Therefore, we have more freedom 
in the choice of structural materials for our 
reactor. However, because of power con
sumption and Lorentz forces due to induced 
eddy currents that accompany rapidly 
changing magnetic fields, it will not be de
sirable to use electrically conducting materi
als except for the conducting elements of 
the magnet coil and the flux restrainers. 

With these considerations in mind, the 
reactor chamber wall might be constructed 
of a layer of yttria (an electrically non
conducting, high-temperature material that 
is compatible with hot liquid lithium and is 
a good thermal insulator), followed by alu
minum (for current conduction) followed 
by layers of silicon-carbide-fiber epoxy or 
glass-fiber epoxy (for tensile strength 
against expansive forces). Two other 
ceramic materials besides yttria that are 
nonconducting and compatible with hot liq
uid lithium are zirconia and thoria.1' 

Glass-fiber epoxies, with enhanced 
toughness and crack-growth inhibition, 
were used with the 2XI1-B baseball magnet 
with tensile strengths of 46 700 psi, or 332 
MPa, and a Young's modulus of 2.7 X 10'' 
(Ref. 18). Using these values with the mo
mentum and stopping time from the previ
ous section, we have solved the equation 
of motion for spherical shells of 5-, 8-, and 
11-cm thickness to determine the time-
dependent maximum stress in the wall (see 
Fig. 8-8). We conclude that it is possible to 
contain a 1200-MJ yield with a fiberglass 
chamber about 8 cm thick. (Because epoxies 
rapidly lose strength when subjected to 
neutron flux, they are generally not consid
ered in other reactor concepts.) 

Thermal stress arises from differential ex
pansion due to a thermal gradiant. Since 
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Fig. 8-8. Sunburst 
chambers of 8-cm-
thick fiberglass can 
contain 1200-MJ 
yields. 

the inside temperatures are larger than 
those toward the outside of the shell, the 
yttria would be in compression and the fi
berglass in tension—the strongest modes for 
the two respective materials. 

Because of the low neutron flux in the re
action chamber wall, replacement of the 
wall due to helium embrittlement or lattice 
displacement damage is not necessary. The 
intervening lithium eliminates the problem 
of x-ray-induced wall erosion. Sunburst is 
probably the oniy conceptual reactor in 
which robotic maintenance might not be re
quired—a possible great savings in operat
ing and capital costs. 

Energy Balance and Plant Efficiency. 
The energy flow diagram of Fig. 8-9 is un
usual because the blanket internal energy is 
divided into kinetic and thermal energy, 
each with different conversion efficiencies. 
Also, there are three cases in which the en
ergy losses add heat to the liquid lithium, 
and that energy is partially recovered in the 
thermal cycle. 

About 41.6% of the yield is converted to 
kinetic energy. This is the value inferred 
from Fig. 8-7 after shock and relief. In prac
tice, a small amount (up to 21 MJ) of the 
yield is converted to kinetic energy by free 

expansion of the internal gas through the 
access tubes and by PdV work done by the 
gas on the inner liquid surface. Inclusion of 
these effects should only increase the re
sults for net electric efficiency, since MHD 
generators are typically more efficient than 
thermal conversion cycles. 

In calculating the data shown in Fig. 8-9, 
we use the same laser beam energy, fusion 
yield, heat exchanger outlet temperature for 
liquid lithium, electromagnetic pump effi
ciency for liquid lithium, and thermal-to-
electric conversion efficiency as those 
cun-ently proposed for HYLIFE. A greater 
pump lift height (20 m) than that for 
HYLIFE was used, and a 10% loss due to 
randomized kinetic energy and an 8% loss 
due to pulsed-power conditioning were as
sumed. (At 1 Hz, and with lithium spheres 
with 3-m radii, the liquid-lithium pump rate 
is about the same as that of HYLIFE.) The 
overall plant efficiency is 49.9%. This is 
roughly 50% more than typical fission 
power plants. 

Considerations Remaining. Liquid lrh-
ium raises serious fire safety concerns. 
However, if the levels of radioactivity pose 
a negligible environmental threat, then the 
fire hazard of this reactor concept requires 
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only those precautions afforded other large 
tire hazards, such as municipal natural gas 
storage. If that were the case, then it may 
be possible to eliminate the very expensive 
containment structures typical of fission re
actors, resulting in gTeat capital savings. 

Assuming that the compact blankets are 
dropped from rest into the reaction cham
ber, the repetition rates in each reaction 
chamber will be limited to tess than about 
1 Hz. Generally, low repeti 'on rate is 
viewed as a disadvantage from the point of 
return on the capital investment in the 
laser. If this is an issue of economic impor
tance, it could be overcome with the use of 
multiple reaction chambers served by the 
same laser. On the other hand, high repe
tition rates at the same plant may be unac-

New Inertial-Fusion Reactor Concepts 

ceptable if target gains are not as large as 
currently hoped for: to achieve economic 
gain-efficiency products, the vields may 
have to be so large that a plant of typical 
electric power cannot accommodate a high 
repetition rate. 

Some other areas requiring investigation 
are electrical load matching and power con 
ditioning, magnetic field coil tvsign, ther
mal and fatigue wall stress analysis, the 
behavior of the outer portion of liquid lith 
ium in which the magnetic field reaches 
large values, and a full two-dimensional 
MUD model of the compact blank, u-
sponse to the fusion yield. 

Summary. Our studv to date lias re 
vealed no major obstacle to an ICI reactor 
concept that maximizes the kinetic energy 
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Fig. 8-10. Cascade: a 
ceutrifugal-action, 
solid-breeder reaction 
chamber. 

in a mass of liquid lithium with an ICF 
yield at its center and that converts that ki
netic energy directly to electricity by induc
tion or by MHD means. The neutron-
induced radioactivities in such a concept 
can be exceptionally low, and the net elec
tric efficiency can be unusually high. It is 
possible that these two major advantages 
will lead to an economic competitiveness 
available only to inertial-conhnement fusion. 

Author: G. P. Lasche 

Cascade 

Cascade: A Centrifugal-Action, Solid-
Breeder Reaction Chamber. The Cascade 
concept1'' represents a different approach 
for developing an ultrasafe, easily built re
action chamber in which the energy re
leased by inertial-confinement fusion can be 
captured and used for producing commer
cial power. In the Cascade concept (see 
Fig. 8-10), a football-shaped reaction cham
ber rotates along its horizontal axis. Solid 
Li 20 pebbles are injected tangentially 
through each end of the chamber at a pe

ripheral speed approximately equal to that 
of the adjacent pebbles inside the chamber. 
The pebbles are held against the wall of the 
chamber by centrifugal action and cascade 
axially from the smaller radii at the ends to 
the larger radius at the center, where the 
pebbles are then ejected from the chamber 
into a stationary catcher. Heat and tritium 
are extracted, and the pebbles are reinjected 
into the chamber. 

As the pebbles cascade axially toward the 
center, they follow a helical pattern and ex
perience an increasing centrifugal force that 
is proportional to the chamber radius. Be
cause the chamber wall slope is greatest at 
each end, L.ie velocity of pebbles along the 
chamber wall in the axial direction is great
est at each end, and a constant pebble 
thickness adjacent to the wall exists to sat
isfy continuity of pebble flow. This pro
duces a constant-thickness blanket (—1 m) 
that offers nearly uniform protection of the 
wall from the high-energy neutrons gener
ated in the fusion process. 

A vacuum is maintained inside the cham
ber, and fusion-fuel pellets—each with a 
nominal yield of 600 MJ—are injected hori
zontally from one end at a rate of five pellets 
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per second. Laser or ion beams, focused 
from each end on the center of the chamber 
and pulsed as each pellet reaches the focal 
point, are used to ignite the fuel pellets. 

Other reactor concepts have used centrif
ugal blankets. Fraas20 used swirling liquid 
lithium in the BLASCON design, whose 
central cavity was vortex-shaped. He pro
posed injecting inert gas into the lithium to 
reduce stresses in the chamber structural 
wall resulting from pressure-wave propaga
tion. Baird and Anderson21 suggested a 
modification wherein both the liquid lith
ium and the chamber rotate together, form
ing a paraboloid-shaped cavity. Burke22 also 
suggested using centrifugal force to hold the 
blanket against the wall of the chamber. 
Concurrently with our study, Madarame 
et al. 2 3 proposed a horizontal rotating cham
ber employing liquid lithium and using 
wetted thermal shields for end closures. We 
wished to retain the concept of holding the 
blanket against the wall with centrifugal ac
tion, but looked for a means to make a 
more uniform blanket without top or end-
closure problems. 

We also wished to eliminate the fire 
hazard of liquid lithium, so we incorpor
ated the moving-solid-blanket concept 
documented previously by Meier and 
Maniscalco.24 They suggested using falling 
Li 20 spheres, but their flow rate was large 
and, again, there were top-closure prob
lems. Combining centrifugal action with a 
solid Li 20 pebble blanket capitalized on 
the best features of all the previously pro
posed chambers. 

A key advantage of the Cascade concept 
is its inherent safety: it does not use '.iquid 
lithium. Fusion reactors using liquid lithium 
must be designed to mitigate potential fire 
hazards. The Cascade concept also offers 
the potential for improved power-plant effi
ciency because the high maximum Li 20 
pebble-blanket temperature (1200 K) per
mits the use of a helium gas-turbine cycle. 
In addition, the inherent safety of Cascade 
may allow it to be located close to popula
tion centers, which would make more feasi
ble the use of waste heat for low-grade 
industrial processes and space heating in a 
regeneration mode. 

The Cascade chamber may allow for 
some cost reductions in the balance-of-
plant. First, we are investigating ways of 

eliminating the intermediate heat-transfer 
loop required for tritium isolation in other 
fusion power plants: removing most of the 
unburned and bred tritium by the vacuum 
system, then removing the remaining tri
tium in fluidized-bed heat-exchangers using 
helium gas, which fluidizes the Li 20 peb
bles. Second, we may be able to reduce the 
cost of the reactor containment building be
cause lithium oxide does not bum when 
exposed to air, water, or concrete, and, 
therefore, cannot be a mechanism for re
leasing either tritium or radioisotopes in the 
activated structure. Hence, we may be able 
to construct the reaction chamber contain
ment building with standard industrial re
quirements, rather than with the massive 
concrete structures commonly envisioned 
with nuclear power plants. 

Shock propagation to the chamber struc
tural wall, resulting from the deposition of 
x-ray, debris, and neutron energy in the 
solid Li 20 pebbles, produces only moderate 
stresses (~-10 MPa). Stresses produced due 
to the weight of breeding material and 
chamber rotation (~30 rpm) are only 
S MPa. These low stresses permit flexibil
ity in the design of the chamber wall. 
Presently available steel may be used with 
nominal external cooling, or more exotic 
materials may be used without external 
cooling. 

Some breakup of the pebbles due to de
position of x-ray, debris, and neutron en
ergy is expected, but this will produce only 
small effects on the operation of the cham
ber and will actually ease the tritium re
moval. Altho^h Li 20 was selected because 
of its high tritium breeding ratio (TBR) of 
1.35, other solid breeders (e.g., LiA102 with 
a TBR of ~0.9) are feasible if a neutron 
multiplier is incorporated. 

A number of issues still need to be 
resolved 
• We need to establish the actual shape of 

the chamber wall. 
• We may have to conduct experiments to 

quantitatively determine erosion of the 
chamber wall by the solid Li ;0 pebbles; 
however, we are encouraged by the fact 
that large gravel-crushing and ore-
grinding chambers have reasonable 
lifetimes. 

• We need to determine limits to the cham
ber repetition rate. 
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Tabic 8-2. Breeding 
material charac
teristics. 

• We need an economical tritium recovery 
method to minimize the tritium inventory 
in the solid Li 20 blanket. 

• VVe are examining potential options for 
power conversion equipment to take ad
vantage of the high-temperature potential 
of the chamber. 
In summary, the Cascade concept offers a 

new option for developing safe, efficient, 
and flexible inertial-fusion reaction cham
bers for future commercial-power genera
tion. !n the following six articles, we 
describe some initial calculations associated 
with the Cascade chamber and its balance-
of-planl. four studies address the viability 
of the Cascade chamber, First, we invest! 
gated whether a TBR greater than unity 
could be obtained. VVe selected Li,0 as the 
blanket material because this study showed 
it gave a TBR of 1.35. Second, wc evaluated 
the buildup of carbon-14 in the Li,0 blan
ket to assure ourselves that activation from 
this source would be low. Third, we con
ducted a stress analysis of ;he Cascade 
chamber '.vail and found a consistent design 
could be made using materials that are 
available today. Fourth, we designed a vac
uum system that could be used to satisfac
torily pump the chamber in the 0.2-s time 
span available between consecutive pulses. 

In the last two articles, we consider the 
conversion efficiency of thermal energy f> 
electricity. Cascade's high-temperature 
chamber gives us the potential for thermal 
efficiencies of ~60%. The trade-off occurs 

Density Atom fraction 
Material (g/cm3) Element (%) 
Li-,0 2.01 6 Li 4.95 

'L i 61.72 
0 33.33 

Li ,C0 3 2.11 6Li 2.47 
'Li 30.86 
C 16.67 
0 50.00 

LiAlOj 2.55 "Li 1.86 
'Li 23.15 
Al 25.00 
O 50.00 

LiF 2.63 6Li 3.71 
' L i 
F 

46.29 
50.00 

L i 8 Zr0 6 2.99 *Li 3.96 
'Li 49.38 
Zr 6.67 
0 40.00 

in higher equipment costs to reach the 
higher values of efficiency. We studied 
three 1000-MW,. alternatives for the 
balance-of-plant that resulted in efficien
cies ranging from --30 to 55%. We also 
documented a parametric analysis on the 
highest efficiency cycle, including a high-
temperature helium turbine and a steam-
bottoming cycle. 

Author: J. H. Pitts 

Major Contributors: J. A. Blink, L. A. 
Glenn, J. Hovingh, G. P. Lasche, W. R. 
Meier, and M. J. Monsler 

Neutronics Studies. Several solid breeding 
materials were initially considered for use in 
the Cascade chamber. Neutronics calcula
tions^ were run to compare the nuclear 
characteristics of five different materials: 
Li20, Li2CO„ LiAlO,, LiF, and LisZrO„. 
Table 8-2 gives the densities and atom frac
tions for each compound. Natural lithium 
(7.42 at.% "Li, 92.58 at.% 7Li) is used 
throughout. 

The neutronics model used for these 
scoping studies is shown in Fig. 8-11. The 
source consists of 14.1-MeV neutrons born 
in a compressed DT region with a pr of 
3.0 g/cm". A spherical shell of breeding ma
terial extending from 4.0 to 5.0 m, sur
rounds the fuel and is subdivided into five 
zones as shown. The 1-cm-thick innermost 
zone is included to obtain the peak neutron 
heating rate. The entire blanket is at one-
half normal density to represent the pack
ing of particles in the Cascade chamber. 
The effective blanket thickness is thus 
0.5 m. The steel chamber wall and beam 
penetrations are not included in these 
calculations. 

The results for the five different breeding 
materials are summarized in Table 8-3; Li 20 
has the highest tritium breeding ratio (TBR) 
at -1.36. and LiAlO;, has the lowest at 0.87. 
If beam ports were included, the breeding 
performance of Li : C0 3 might be marginal. 
The neutron leakage, N,, gives an indica
tion of the adequacy of a 0.5-m-thick blan
ket. A thicker blanket would retain some of 
the leakage neutrons and increase the TBR. 
The number of neutrons that reenter the 
central vacuum region per DT neutron, NK, 
gives an indication of the seriousness of 
neutron leakage through chamber ports.26 

8-20 
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Breeding 
blanket 

Vacuum 
region 

Target 

Fig. 8-11. In the one-
dimensional neu ron 
ics model for Cascade, 
the breeding blanket 
is subdivided into five 
zones. 

L D T at i>r = 3.0 g/cnv 

4.75 
5.00 m 

Table 8-3. Summary 
of neutronic results. 

All these values of N R are comparable and 
will result in port leakage on the order of 2 
to 3 times the port solid-angle fraction. The 
value of E„ includes the neutron energy de
posited in both target and blanket plus the 
neutron energy leakage. The resulting sys
tem energy multiplication factors range 
from —1 09 to 1.18, with LiF giving the 
highest value. 

The energy deposition by zone is given 
in Table 8-4 for the different breeding ma
terials. (The neutron energy deposited in 
the target zone is approximately the same 
in each case and is equal to —1.86 MeV.) 
These numbers can be used to calculate the 
specific energy deposition per pulse as 
follows 

£n 2 1 
-T^TX — X y X1(M 
17.6 pV g (2) 

where 

E n = neutron energy deposited in the 
zone MeV/DT reaction 

P = material density (g/cm3) 
V = volume of the zone (cm3) 
V = fusion energy yield per pulse (MJ). 

The first term (ED/17.6) is the fraction of the 
fusion energy deposited in the zone; the 
second term (2/pV) is the mass of material 
in the zone, and the factor 106 converts 
megajoules to joules. Li2G has the highest 
specific energy deposition and Li8ZrO(, has 
the lowest. 

After selecting Li 20 as the breeding ma
terial, we carried ovt a two-dimensional 

Li zO 0.950 0.407 1.357 0.066 1.364 16.09 1.113 
L i 2 C 0 3 0.870 0.202 1.072 0.103 1.545 15.65 1.088 
LiAI0 2 0.742 0.123 0.865 0.157 1.751 15.61 1.086 
UF 0.987 0.266 1.253 0.C-10 1.517 17.28 1.181 
LigZrO 6 0.963 0.293 1.256 0.077 1.593 16.72 1.149 

The following per DT neutron: 

^6 = 
6Li(n,T)a reactions 

r 7 - 7Li(n,nT)a reactions 
Tj = r6 + r7 

N L - neutron leakag e from blanket 
NR = neutrons reentering vacuum region 
En = total neutron energy deposited plus energy leakage 
M„ = system energy mulHplication = (En + 3.5)/17.6 

Volume3 

(m 3) L i 2 0 

Energy deposit on (MeV) 

Zone 
Volume3 

(m 3) L i 2 0 L i 2 C 0 3 LiA102 LiF Li 8 Zr0 6 

1 2.016 0.453 0.390 0.414 0.562 0.450 
2 51.46 8.170 7.272 7.441 9.454 8.271 
3 60.15 3.779 3.778 3.656 3.741 4.020 
4 67.22 1.366 1.628 1.521 1.235 1.523 
5 74.68 0.414 0.560 0.542 0.367 0.487 
aThis volume contains the breeding material at one-half normal densit 

' • 

neutronics calculation for the Cascadr-
chamber. The model is shown in Fig. 8-12. 
The U 2 0 blanket and steel vessel wall are 
concentric, ellipsoidal shells. The Li20 re
gion is at one-half normal density and is 
1.0 m thick (radially) at Z = 0. The Fe ves
sel wall is 5.0 cm thick. The elliptical sur
faces intersect the axis of rotation at 7.00, 
8.00, and 8.05 m. Two conical penetrations 
along the axis of rotation represent the 
beam ports. The enclosed half-angle is 
8.11°, which gives a total solid angle frac
tion of 1% for the two beams. A pr-3 target 
is located at the origin. Material characteris
tics are the sa.ne as listed in Table 8-2. 

Table 8-4. Distribu
tion of energy 
deposition. 
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Avis of 
relat ion 

-Li-,0 breeding blanket ^-Steel wall 

I-IR. 8-12. The two-
dimensional neutron-
ics model for Cascade 
represents the cham
ber geometry and in
cludes beam ports. 

Table 8-5. Neutronic 
results for two-
dimensional 
calculation. 

Tritium breeding 
r,, 
h 

Total 

Energy deposited (MeV) 
Target 
Li 2 0 blanket 
Fe wall 

Total 

Energy leakage (MeV) 
Beam ports 
Vessel wall 

Total 

Neutron leakage 
Beam ports 
Vessel wall 

Total 

0,94? 
0.402 

1.349 

1.86 
14.06 
0.04 

15.96 

0.15 
0.04 

0.027 
0.039 

0.066 

The results are given in Table 8-5. The 
chamber has a tritium breeding ratio of 
~1.35, with ~0.95 from "Li. The total 
energy deposition is 15.96 MeV per DT 
reaction, which gives a system energy mul
tiplication of 1.11. The energy lost through 
the beam ports is dominated by the direct 
loss of 14.1-MeV neutrons. The number of 
neutrons leaking through the ports is 2.7 
times the solid angle fraction, as expected. 

Author: W. R. Meier 

Carbon-14 Generation in the LsO Blan
ket of Cascade. Lithium oxide (LiiO) as a 
fusion reactor blanket material will generate 
radioactive carbon-14 (14C) through neutron 
reactions with oxygen. If the quantities of 
U C thus produced are large, there obviously 
would be serious safety implications for 
Cascade and other fusion reactor concepts 
in which LiiO is LOntemplated as a safe 
blanket material. 

Using the method and symbology of 
Ref. 27 to estimate the time-dependent 1 4C 
radioactivity from neutron reactions with 
the Li 20 blanket of a Cascade reactor on a 
per-GWt. basis,"' we found that , 4 C genera
tion in LiiO is possible by one first-ordered 
sequence (sequence 1) and four second-
ordered sequences (sequences 2 through 5) 

1. l 70(n,«) l 4C 
2. "'0(n,7) l 70(n,(() 1 4C 
3. "'0(n,«) 1 1C(n,7) l 4C 
4. 180(n,2n)170(n,<v)l4C 
5. ",0(n,<v)"C(n,2n)l4C. 

Of these reactions, only the ''0(n,«), the 
"'0(n,<r), and the nC(n,7) reactions have 
been computed and entered into ACTL, the 
evaluated neutron-activation cross section 
library.2'1 

To obtain the reaction-rate constants A 
(the reaction probabilities per nucleus per 
unit time), we used a spherical neutronics 
model of Cascade with a homogeneous 
14-MeV neutron source in a compressed 
target at the center of the chamber; a spher
ical shell of 50% solid-density Li :0 at a ra
dius of 4 to 5 m; and a 5-cm steel shell 
beginning at a radius of 5 m. The steel shell 
is necessary to account for reactions from 
reflected neutrons; if it is not included, the 
number of reactions is about 2% lower. Be
cause Cascade is oblong in shape, the actual 
l 4C activities will be on the order of 20% 
greater than calculated.2'' A source of 9.59 
X 10:" (fusion) neutrons per second was as
sumed, which corresponds to a fusion 
power of 2700 MWr, or a net electric power 
of ~ 1 GW,.. The reaction rates scale directly 
with fusion power because the sequences of 
second order in A have little significance. 

P̂  J reactor operation time of 30 years, 
we may ignore burnup of all nuclides be
cause, of all carbon and all oxygen isotopes, 
no total reaction rate exceeds 1.71 X 10 l 2/s, 
which corresponds to a 1/e bumup time of 
18 844 years. In addition, since the half-life 
of 'XT (2.45 s) is much less than the smallest 
burnup time, we may equate the >• . i loss-
rate constant, A, of b C with its rarlioacrive-
decay constant, Ai'C(rJ ,. With a half-life 
of 5730 years, and a 30-year reactor opera
tion time, the loss by decay of 1 4C can also 
be neglected to an accuracy of less than 
30/5730 (less than 1%). 
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Reaction rates for which the cross sec

tions do not exist in the ACTL library are 
contained in Table 8-6. We have also listed 
there the substitutions that we used. It will 
be seen, after computation, that an error 
here of 2 or 3 orders of magnitude for the 
first three listed reactions will make little 
difference; an error many orders of magni
tude will also make little difference for the 
fourth reaction. Examination of the X values 
for all nuclides shows such large variances 
to be unlikely. 

Using the method described in Ref. 27, 
and with these assumed X values, the con
tributions to the population of l 4C from 
each sequence are: 

1. N(t = 0),7oX, r r = 2.01 XlO2 4 nuclei, 

2. N(t = 0),„ oX„,O ( n i )X, r o ( 7*/2 

= 9.69 X 1021 nuclei, 
3. N( t=0) ,„ o x,„ O | n i 0 x n c ( n c i | rV2 

= 2.11 X 102" nuclei, 
4. N(t = 0 ) 1 H o X „ O ( n ^ , 7 o ,7-72 

= 5.18 X 1020 nuclei, 
5.N(t = 0 ) , H o X, S o ( | i i | ) V > 2 n | 7VA'5C 

= 1.62 X 1012 nuclei. 

This gives a total of 2.02 X 1024 nuclei of 
, 4 C, which corresponds to a , 4 C radioactiv
ity of 210 Ci/GW(, after 30 years of reactor 
operation. 

We can expect that sequences of each 
higher order will, in sum, make negligible 
contributions relative to those of the next 
lower order (of the order of the ratio of the 
sum of the contributions of sequences 2 
through 5 to the contribution of sequence 1, 
or 0.0052). Neglect of all other sequences 
therefore causes an error on the order of 
0.0052 + 0.00522 + 0.00523 + . . . = 
0.0052/(1 - 0.0052), or approximately 0.5%. 

We can therefore conclude that, even on 
time scales of 30 years, , 4 C generation from 
a pure Li 20 blanket in a spherical Cascade 
reactor is on the order of 210 Ci. Account
ing for approximately a 20% increase be
cause of Cascade's oblong shape, we may 
expect 250 Ci. Compared to the probable 
hazards from activated impurities in Li20, 
from tritium, and from activation of sur
roundings (steel, etc.), the hazard from 1 4C 
radioactivity in the Cascade reactor would 

Unlisted reaction Substitute reaction 
160(n(-y) 1 2C(n,7) Both even-even. Both tight-shell 

closures (integer number of a 
particles in nucleus). No isotones 
of 1 6 0 listed in library. 

lfiO(n,a) 160(n,a) Isotopes, both even-even. (The 
Coulomb banier, which is pri
marily a function of the number 
of protons, is important here, as 
well as the pairing potentials.) 

180(n,2n) 19F(n,2n) Isotones. (Same neutron energy 
levels and shell closures.) 

15C(n,2n) 13C(n,2n) Nearest available similar reac
tion. 

be negligible. (The latter two sources are on 
'he order of 10 and 100 MO, respectively, 
in the HYL1FE reactor at 30-year shutdown, 
which, in turn, will have more than an or
der of magnitude less radioactivity than any 
magnetic fusion reactor of the same power 
output and having a steel first wall. ) 

At long decay times (over 100 years), , 4C 
may become a significant relative contribu
tor of total radioactivity, but it emits no 
gamma rays (and is thus easily shielded), 
and it does not concentrate in any particular 
organ or gland of the human body. Also, it 
is easily formed into stable solid com
pounds, and its energy of decay is relatively 
low. (Accounting for neutrino energy loss, 
the average /i energy is less than 0.1 
MeV.) Nevertheless, since all waste must 
meet a shallow burial criterion based on 
current congressional and federal regula
tions after some specified period of decay, 
14C will probably remain a concern. 

Because the major contribution of l 4C is 
from sequence 1 and varies linearly with 
time, its contribution relative to those that 
vary quadratically in time (sequences 2, 3, 
and 4) is even greater at reactor operation 
times of less than 30 years. Thri-efore, our 
assumptions of neglecting oxygen bumup, 
l 4C decays, and transmutation sequences of 
order >2 are only strengthened. !f fresh 
Li 20 is cycled into the Cascade reactor, the 
contributions of the quadratic sequences are 
again diminished. We can therefore expect 
the total 14C radioactivity generated by the 
Cascade reactor in its Li 20 blanket to be 
approximated by 250(T/30)(P/2.7), or 3.1TP 
Ci, in which T is the total time of full-
power operation in years, and P is the 
fusion power in GWf. 

Author: G. P. Lasche 

Tabic H-6. Reaction 
rates and substitutions 
for cross sections not 
included in AC'l L. 
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Stress Analysis of the Cascade Chamber 
Vail. We calculated the stress31 in a 25-

mm-thick 2-1/4 Cr-1 Mo steel wall with a 
5-m maximum radius perpendicular to the 
axis of rotation, and we found the magni
tude to be satisfactory. The desig:. can 
withstand the environment of the 600-MJ, 
5-Hz Cascade chamber, including exposure 
to a 1200 K U 2 0 pebble blanket, for the en
tire 30-year lifetime and can be built with 
techniques available today. 

We made our calculations based on the 
methodology for a consistent wall design 
developed for the HYLIFE chamber.12 We 
combined the st™ady or quasi-steady wall 
stresses—caused by centrifugal action and 
temperature differences—with the transient 
stresses caused by x-ray, debris, and 
neutron energy deposition. All stresses are 
shown to comply with the intent and meth
odology of the American Society of 
Mechanical Engineers (ASME) code.33 

To evaluate centrifugal stress, we note 
that the rotational speed of the chamber is 
set so that Li 20 pebbles at the minimum ra
dius perpendicular ;o the axis of rotation 
will be held against the wall. The centrifu
gal acceleration, it, at the minimum radius 
must equal that of gravity. Our minimum 
radiu., Rm i n, is 1 m, so that the rotational 
speed, u>, becomes 

• ._ / ^ m / ? 

- 3.13 rad/s (30 rpm) . (3) 

Maximum stress due to centrifugal action 
occurs at the maximum radius, R„, per
pendicular to the axis of rotation. T o calcu
late this stress, we first find the wall 
pressure, P, caused by centrifugal action, 
and next the stress, a, in the prolate 
spheroid-shaped chamber caused by the 
pressure34 

V = — = — , (4) 
y A A ' 

where 

F = force due to centrifugal action (N) 
A — area (m2) 
m = mass (kg) 
a = acceleration (m/s2) . 

Consider a strip at this maxim: '.m radius of 
unit length in the direction of the axis of 
rotation, then 

p = t : J i^ 

P R,, (2R2, - R2) 
a = — ; — 

2/R2 

+ , W l R 2 / | ( 2 R 2 - R 2 ) ] 

= 8.0 MPa , (6) 

where 

Pl-ijO = = density of Li,0 pebble blanket (1000 
kg/m3) 

Pstm-l = = density of steel (7800 kg/m3) 
R, = - maximum radius perpendicular to 

the axis of rotation (5 m) 
Ri, = = maximum radius parallel to the axis 

of rotation (8 m) 
R, = ; maximum inner radius of Li 20 peb

ble blanket perpendicular to the axis 
of rotation (4 m) 

f •• wall thickness (0.025 m). 

Calculation of thermal stress requires a 
heat-transfer analysis to determine the tern 
perature difference across the wall. We se
lected a Li 20 pebble-blanket temperature 
of 1200 K, and an inside-wall surface 
temperature of 800 K, and we then used 
Wunschmann and Schiiinder's correlation35"3' 
to determine heat transfer. We found that 
the heat-transfer coefficient between the 
Li 20 pebble blanket and the wall is domi
nated by thermal radiation. Heat flux into 
the wall is substantial—equal to 63 kW/m2. 
The total heat-transfer rate through the 
Cascade wall is 28 MW. 

The temperature difference, ATW, across 
••i" "val1 am' 'he thermal stress were found 

„ .. _nd 132 MPa, respectively. Of 
the 60 K temperature difference, 55 K is 
caused by heat transfer from the Li,0 peb
ble blanket to the wait, and 5 K is due to 
internal heat generation. The outside sur
face of the wall needs to be maintained at 
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740 K by convective heat transfer. This can 
be accomplished with the use of liquid met
als, water, or perhaps even helium gas. 

In summarizing, the hoop stresses in the 
wall may be diiided into transient and 
steady (or slowly varying) portions. Tran
sient stresses occur following each fusion 
reaction as a result of energy deposition 
from x rays, debris, and neutrons. These 
transient stresses32 are shown in Fig. 8-13. 
At the design point of 600 MJ and 5 Hz, the 
total is between ?.4 and 12.7 MPa, depend
ing on the assumption of the type of geom
etry. In addition, we showed32 that, if we 
make the most conservative assumption 
that there is ho heat transfer between va
porized materials and the Li 20 pebble blan
ket, the vaporized material would exert a 
pressure on the wall resulting in a stress of 
14,4 MPa for a prolate spheroid with major 
and minor semiaxes of 8 m and 5 m, re
spectively. However, by the time the pres
sure builds up, the stresses shown in 
Fig. 8-13 would have decayed. Hence, 
they are not additive, and do not occur 
simultaneously. 

Coupling all of the stresses together re
sults in the values shown in Table 8-7. In 
using these stresses to determine allowable 
limits, we need to separate primary stresses 
caused by a force or pressure from second
ary thermal stresses. Secondary stresses re
lieve themselves with plastic deformation, 
whereas primary stresses do not. 

Allowed stresses are based on the ASME 
pressure-vessel code, 3 2 , 3 3 which cites four 
criteria. 

The first criterion involves creep-fatigue 
evaluatioi i. -ietermining the number of cy
cles necessary to cause a failure under the 
fluctuating stress conditions present in the 
Cascade reaction chamber. If the time when 
a steady creep load exists is negligible (as in 
our case), it is required that 

V(JL (7) 

where n is the number of applied cycles of 
loading condition /, and ,Vn is the number 
of design allowable cycles of loading condi
tion / permitted for an equivalent straii i 

108 

6J 

1 
I 
I 

1 0 6 

\ T 
Cylindrical geometry 

limit ^ 

Fig. 8-13. Cascade 
chamber wall hoop 
stress due to x-ray, 
debris, and neutron 
energy deposition in
creases with pellet 
yield. 

1000 2000 
Pellet yield, y (MJ) 

3000 

Table 8-7. Summary 
of the inside-
surface wall hoop 
stress. 

Source of stress Level of streb (MPa) 

Centrifugal action 3 

Thermal stress** 
Pressure from vaporized material c ' d 

Shock caused bv x ravs, debris, and neutrons 
(600-MJ, 5-Hz chamber)* 

Cylindrical geometry limit 
Spherical geometry limit 

Total stress 
Cylindrical geometry 
Spherical geometry 

8.0 
132.0 
14.4 

12.7 
5.4 

153 to 155 
145 to 15" 

aPrimary stresses. 
^Secondary stress (relieved with plastic deformation). 
Stress caused by pressure from ablated material assumes no heat transfer. The 

value included here is twice the static value, which accounts for dynamic 
loading. 

**Peak stress caused Dy pressure from ablated material occurs at a later time 
than the peak stres reused by shock interaction: therefore, pressure and shock 
stresses are not additive. Totals shown include one or the other of ^hese str«?sse^ 

e5hock caused stresses are calculated at two limits—cylindrical and spherical. 
Our value for Cascade is between these two limits. 

range, Mpl . Fo l lowing t h e m e t h o d s u s e d 

in Ref. 32 w i t h Booker ' s fa t igue d a t a , 1 * a n d 
a c c o u n t i n g for a n o n z e r o a v e r a g e s t ress , w e 
s h o w tha t t he a l l o w a b l e n u m b e r of cycles 
exceeds 1 0 i : , u s n . g w o r s t - c a s e c o n d i t i o n s 
s h o w n in Tab le 8-7. T h e C a s c a d e reac t ion 
c h a m b e r h a s a l ifet ime of 5 X 10 u cycles, 
wh ich is o r d e r s of m a g n i t u d e b e l o w the al
lowed value*. H e n c e this cri terion offers n o 
l imitat ion. H o w e v e r , b e c a u s e of t h e loga
r i thmic n a t u r e of t h e da ta , a smal l inn-ease 
in m a g n i t u d e of t h e f luc tua t ing l o a d s 
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substantially decreases the allowed number 
of cycles. If the stress due to pressure is in
creased from 14.4 to 46 MPa, the actual life
time would equal the allowed lifetime. 

The second criterion is associated with 
maximum strain limits. If an elastic analysis 
is used, the sum of the primary and second
ary stresses must be less than the yield 
strength. T^e yield strength'13 at the inside 
wall temperature of 800 K is 166 MPa, 
which exceeds the worst-case conditions 
shown in Table 8-7 by only 7%. It is this 
criterion that limits the design of the Cas
cade chamber. 

The third criterion applies to the allowa
ble time a primary stref "-in be present un
der operating conditiotu.. Again following 
the methods of Ref. 32, we find that actual 
times the primary stress levels exist are be
low the allowable times, so that this crite
rion offers no restriction. 

A fourth criterion applies to steady pri
mary loading conditions. With the exception 
of the 4ress resulting from centrifugal ac
tion, a. i primary loads on the Cascade 
chamber are fluctuating. The steady 8.0-
MPa stress due to centrifugal action is well 
below th; allowed 63 MPa at our inside 
wall temperature of 800 K and offers no 
restrict, m. 

In conclusion, we find that a consistent 
design t ir the Cascade chamber that con-
fc.mc tj the intent and methodology of the 
ASME code results in the following limits 
• Rad.us at midsection—5 m. 
• Wall thickness—25 mm. 
• Li,0 pebble-blanket temperature—1200 K. 
• Steel used—2-1/4 Cr-1 Mo. 

A number of variations are possible to le-
duce the size and cost ol the chamber. De
creasing the wall thickness would reduce 
thermal stresses and permit a smaller-radius 
chamber. Lower blanket temperature would 
also reduce thermal stresses below the cal
culated value of 132 MPa and permit a 
smaller-radius chamber. Different materials, 
such as silicon carbide, could be used to 
eliminate cooMng the chamber wall. We aie 
examining these and other options. How
ever, the present design—while not neces
sarily optimum—is a w orkable option that 
is conservative and could be built today 
with compliance to the ASME code. 

Ai-trmr: J. H. Pitts 

Major Contributors: L. A. Glenn, 
J. Hovingh, and W. R. Meier 

Vacuum Pumping of the Cascade Reac
tion Chamber. There are two convenient 
locations for vacuum pumping the Cascade 
chamber—the aperture at each end of the 
horizontal axis. Calculations-'9 show that 
these apertures are adequate for pumping a 
3000 MW, chambei to a pressure of at least 
10 2 Torr, while pressures of 3 X 10 3 Ton-
can be reached, but with some difficulty. 
This pressure range is more than adequate 
for laser or light-ion-beam drivers.4" 

On a steady basis, noncondensable gas 
that must be pumped from the Cascade 
chamber comes from unburned DT gas in 
the pellets, from helium generated in the 
fusion r, actions, and from helium and tri
tium produced in the blanket by neutron 
capture with lithium. It can be argued that 
the noncondensable gas produced in the 
blanket is trapped In the solid Li 20 pebbles. 
However, because the temperature of these 
pebbles is high, diffusion of both helium 
and tritium out of the pebbles is expected 
to be rapid. At any rate, inclusion of the 
noncondensable gas produced in the blan
ket offers an upper limit for vacuum pump
ing requirements. 

To calculate the noncondensable gas 
throughput, we must first know (1) the 
burn fraction for DT gas injected into the 
chamber, (2) the chamber thermal power, 
and (3) the tritium breeding ratio. The bum 
fraction, fb, can be calculated4' by 

/h = l>r 
6.3 + fit (8) 

where, for reactor pellets, the expected 
product of density and radius (pr) is about 
3 g/cm\ Hence, a typical burn fraction is 
0.32. 

From the DT reaction 

D + T — a(3.5 MeV) + n(14.1 MeV) , (9) 

we see that for each D + T burned, a total 
of 17.6 MeV is released and one He atom 
(from the a particle) is produced. The total 
DT burned for a 3000-MW, chamber is 
8.9 X 10 " kg/s. Tiu injected and un
burned DT gas and the He gas produced in 
the DT reaction are then 

DT gas injected = DT gas burned 

2.8 X 10 3 kg/s 
8-26 
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DT gas unbumed = 1.9 X l O - 3 kg/s 

He gas produced in the DT reaction 
= 7.1 X lO" 6 kg/s. 

Noncondensable gases generated in the 
Li 20 blanket can be calculated easily if the 
TBR is known. Meier calculated a TBR for 
Li 20 in the Cascade chamber as ~1.4. (See 
the article, "Neutronics Studies," earlier in 
this section.) There are, then, —1.4 atoms 
each of tritium and helium generated in the 
blanket for each tritium atom burned, or 

Tritium generated 
in the LKO blanket = 7.5 X 10 " kg/s 
Helium generated 
in the Li 20 blanket = 9.9 X 10 " kg/s . 

Using the perfect gas law, we calculate 
that the throughput of DT and helium gas 
is 0.39 and 0.26 Torr-l/s K. If we assume the 
worst case, where the gas temperature is 
equal to the Cascade pebble outlet tempera
ture of 1200 K, and where the typical cham
ber pressure for laser drivers is 0.1 Torr an 
effective pumping speed of 4700 1/s for DT 
and 3100 1/s for helium is required. 

The effective pumping speed is decreased 
by the conductance of the duct connecting 
the vacuum pump to the chamber by the 
relationship 

H (10) 

where 

S,, = effective pumping speed, 1/s 
S = vacuum pump speed, i/s 

and the duct conductance, C, ;n 1/s is found 
(Ref. 42) with 

3.64 A (T/M)"2 

1 + (3/16) (HI/A) 
molecular 
flow 

TTfl4 P , m , 

~8vT~ 
•'iscous 
flow 

.(11) 

Here, A is the area of the duct in cm2, H is 
the perimeter in cm, L is the length in cm, 
M is the molecular weight of the gas, T is 
the absolute temperature in K, a is the duct 
radius in cr R is the viscosity in poise, and 
P l v l , is the a erage pressure in Torr. 

The relationship between effective speed, 
pump speed, and duct conductance is plot
ted in Fig. 8-14. Note that, if the duct con-

Duct conductance/effective 
speed {CISe) 

quir°d effective pumping speed, then the 
pump speed needed is essentially equal to 
the effective . peed. As the duct conduc
tance is reduced, more and more pumping 
speed is needed to obtain the required 
effective pumping speed. When the duct 
conductance is twice the effective speed, 
the pump speed needed is twice the 
effective speed. 

Typical pumping systems used for re
moval of hydrogen isotopes and helium 
from conceptual fusion reactor designs con
tain both Roots blowers and cryogenic 
surfaces operating at a liquid helium 
temperatuij r' 4.2 K. The University of 
Wisconsin4' suggests that cryopumps have 
speeds of 5 1/s • cm" of cryosurface for DT 
and 21/s-cm2 for helium. 

For a duct temperature of 1200 K, we 
need a pumping system capable of continu
ously removing 310 Terr 1/s of helium and 
470 Torr 1/s of DT. If the chamber pressure 
is 10 2 Torr (a value well below that re
quired for a laser driver), the effective 
pumping speeds needed are 31 000 1/s for 
helium and 47 000 1/s for DT. Consider two 
1-m-radius, 2.5-m-iong ducts emanating 
from the Cascade chamber. For our condi
tions, the ducts operate in the viscous flow 
regime, and, for an average duct pressure of 
10 "2 Torr, the conductance per duct, based 
on calculations using Eq. (11), is 4 X 106 1/s 
for DT and 7.5 X 10" 1/s for helium. The 
ratio of duct conductance to effective speed 
is large, and the ratio of pumping speed to 
effective speed, SJS^ = 1.0. Hence, the 
necessary pump speeds are about 31 000 1/s 
for helium and 47 000 1/s for DT. 

If we conservatively assume that no 
Roots blowers are used, pumps with a total 

Fig. 8-14. Relationship 
between effective 
speed, pump speed, 
and duct conductance. 
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cryosurface area of 31 000/2 + 47000/5 
= 25 000 cm2 would then be needed. Even 
with this conservative assumption, such an 
area is feasible from an engineering 
standpoint. 

If the chamber pressure is reduced to 
10 ' Torr, molecular flow dominates, and 
the effective pumping speed required ex
ceeds the total conductance of the twr 
ducts discussed above; the necessary pump
ing speed then becomes infinite. If these 
two ducts only are used, a practical lower 
limit to chamber pressure would be 3 X 
10 ' Torr Reduction of chamber pressure 
below this number would requite a larger 
total duct area 

Two conclusions emerge from this study. 
First, a vacuum system capable of reaching 
chamber pressures of at least 10 2 Torr can 
be constructed without difficulty using the 
two apertures in the ends of the 3000-MW, 
Cascade chamber. At chamber pressures 
less than 3 X 10 ' Torr, additional duct 
area to the vacuum system pumps will be 
required. Laser drivers require about 10 ' 
Torr chamber pressures. Second, through
put for a 3000-MW, Cascade chamber is 310 
TOT i/s of helium and 470 Ton- 1/s of DT if 
the gas temperature is 1200 K. Additional 
transient pumping u accommodate outgas 
sing during startup may be necessary; this 
can be easily incorporated at chamber pres
sures above 10 " Torr. 

Author: J. H. Pitts 

Major Contributors: T. Batzer, J. A. 
Blink, J. Hovingh, G. P. Lasche, W. R. 
Meier, and M. J. Monsler 

Three Alternatives for the Cascade 
Balance-of-Plant. To evaluate the net en
ergy production of the Cascade reactor 
chamber, we have considered several bal-
ance-of-plant alternatives. We report here 
on three 1000-MW,, alternatives: (1) a steam 
cycle, (2) steam with a helium-topping cy
cle, and (3) helium with a steam-bottoming 
cycle (Figs. 8-15 through 8-17, respectively). 
The steam cycle alternative adopts the tech
nology developed for the Solase conceptual 
laser fusion reac'.or design'44 and combines it 
with the Cascade chamber. Net plant effi
ciency (electrical power to the buss bar 

divided by the rv 'action chamber thermal 
power) is 30%. No attempt is made to capi
talize on the high-temperature potential of 
the Li20. The other two alternatives add a 
helium cycle and use the high-temperature 
potential of the Li,0. In each case, we 
have modified i i , 0 temperature in the 
chamber to accommodate balance-of-plant 
requirements. 

In the steam cycle alternative (Fig. 8-15), 
Li 20 exits the Cascade chamber at 870 K, 
thereby easing cooling problems that could 
be encountered with the chamber .vail. 
After leaving the chamber, the Li 20 flow is 
split and falls 'hrough both steam genera
tors and reheaters. The designs i..? standard 
counterflow shell-and-tube with an overall 
heat-transfer coefficient44 of 770 W, m2K 
and a log mean temperature difference4^ of 
100 K. The controlling heat-trans.'er conduc
tance44 occurs between the Li,0 particles 
and the outside tube wall; it equals 850 
W/m2K. Total heat transfer areas are 34 000 
n r and 13 000 m2 for the steam generators 
and reheaters, respectively. Energy is ex
tracted from the steam in turbine-generators 
that produce 1300 MW,, gross and 
1000 MW,, net, yielding a net plant effi
ciency of 30%. 

Tritium outgasses from the Li 20 and is 
removed by the vacuum system. Some 
small quantities of tritium will diffuse 
through the steam generator and reheater 
tubes to form tritiated water in the second
ary loop. Should this be a problem, double-
walled tubes or alternative ways of 
reducing tritium permeation into the sec
ondary loop would be required. 

The second alternative, steam with a 
helium-topping cycle (Fig. 8-16), has two 
distinct advantages over the straight steam 
cycle. First, it utilizes the high-temperature 
potential of the Li 20 particles, and, second, 
it includes fluidized-bed heat-exchangers 
that increase the overall heat-transfer coef
ficient. One fourth of the energy produced 
in the Cascade chamber is removed in the 
helium-topping cycle, and the remainder is 
removed in the steam cycle. The Li 20 parti
cles exit from the chambe- .it 1200 K and 
then pass through a batch valve separating 
the chamber, where the pressure is 10" 2 

Torr, from a holding tank, where the pres
sure is near atmospheric. 
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Li 2 0 , 670K, 10^Ton-

Cascade chamber 
3340 MW, 

Fig. 8-15. Cascade 
chamber—steam c>cle. 

1300 MW e gross 
1000 MW. net 

Generators 

Low-pressure / 
turbines -* 

520 K 

Steam ' Steam 

Condenser -

Waste heat 

Net plant efficiency 
30% 

A separate flow of helium gas is used to 
fluidize the L i : 0 particle; in the heat ex
changer. The velocity of the helium must 
be enough to fluidize the bed, but beiow 
that which would result in carryover of par
ticles from the bed. These two limits are 
calculated* as 

<'[".'/'.. " B K 
1650,u 

and 

4 lp . 

225 „,n 

• 0.26 cm/s (12) 

-• 37 cm/s (13) 

where 

»„,i 
dr 

IK 

! minimum fluidizing velocity, cm/s 
! particle diameter, taken as 0.01 cm 
'• particle density, taken as 2 g/cm 2 

r gas density, equal to u 0029 g/cm 2 a 
6.1 MPa and 1000 K (Ref. 47) 

: gravitational constant equal, to 
980 cm/s 

•• gas viscosity, equal to 4.6 X 10 4 

g/cm-s at 6.1 MPa and 1000 K 
(Ref. 47). 

The corresponding flow-rate range is from 
2 X 10 4 to 2 X 10 2 kg/s. 

Heat transfer for the minimum fluidizing 
velocity4" was calculated to be 1800 W/m 2K. 
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Fig. 8-16. Cascade 
chamber—steam with 
a helium topping 
cycle. 
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Li,0, 800 K, 10 " 2 Tore 

Cascade chamber 
2800 MW, 

Compressor 

300 MWC 

net 

.̂ 900 MWe gross 
700 MW„ net 

Condenser 
Waste heat 

Net plant efficiency 
36% 

Conductance across the tube wall was re
tained as established in the Solase study44 

at 10 000 W/m2K. The inside heat-transfer 
copfficient for helium45 and condensing 
steam'4 were found to be 5000 and 59 000 
WnrK, respectively. This results in overall 
heat-transfer coefficients of 1200 W/m2K in 
the helium section and 1500 W/m2K in the 
steam section of the heat exchanger. Heat-
'.ransfer areas are 2300 m 2 for the helium-
:opping cycle and 4900 m 2 for the steam 
cycle. In addition, the steam-cycle heat ex
changer has an area of 2700 m2, which 
makes a grand total of 9900 m2. Net effi
ciency for the helium-topping cycle'"1 is 
44%, yielding, when combined with the 
steam cycle, a net plant efficiency of 36%. 

An additional advantage to the fluidized-
bed approach is that this small flow rate 

will contain essentially all of the tritium 
that diffuses out of the LiaO as it passes 
through the heat exchanger. Tritium can be 
separated from the fluidizing helium, 
thereby offering additional protection to the 
secondary loop fluids. 

The third alternative proposed by Meier49 

uses helium with a steam-bottoming cycle 
(Fig. 8-17). This cycle, with a net plant effi
ciency of 55%, obtains 42% from the 
helium cycle and 13% from the steam-
bottoming cycle. Total heat-trai'sfer area is 
103000 m2, including the recuperator. If the 
steam bottoming is eliminated to save capi
tal expense, the heat-transfer area required 
drops to 61 000 m2. 

A comparison of the three alternatives is 
shown in Table 8-8. The heat-transfer area 
of the steam cycle (alternative 1) could be 
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Li,0, 800 K, 10^Ton-
Cascade chamber 
1820 MW, 

Helium turbine-generator 

Fig. 8-17. Cascade 
chamber—helium 
with steam-bottoming 
cycle. 

Fluidizing helium gas 
5 x 1 0 - 4 t o 5 x 10~ 2 kg/s 

490 K 
Heat-

exchanger 
A = 42 000 m 2 Compressor ( 

Net plant 
55 

efficiency 
% 

Tabic 8-8. Comparison 
of three alternatives 
for a 10D0-MWC Cas
cade chamber balance-
of-plant. 

decreased if a fluidized bed is used; how
ever, it is limited in the maximum tempera
ture permitted by the steam cycle. Adding a 
helium-topping cycle (alternative 2) reduces 
the total area of the heat exchangers and 
increases the efficiency with added benefits 
of lower chamber power, lower pellet yield, 
and lower chamber-wall stresses. Maximum 
efficiency is obtained with alternative 3, but, 
with larger heat exchangers and more 
equipment, cost is increased. 

Author: J. H. Pitts 

Major Contributor: W. R. Meier 

Parametric Analysis of a Power-
Conversion System for Cascade. To evalu
ate efficiency for the high-temperature 

Alternative 

Net plant 
efficiency 

(%) 

Total3 

heat exchanger Chamber 
areas thermal power 
(m^) (MW 

(1) Steam cycle 
(2) Steam with He-

topping cycle 
(3) He with steam-

bottoming cycle 
(Meier cycle) 

30 

36 

55 

47000 3340 

9900 2800 

103000 1820 
a Not inducting condenser to remove waste heat 

power conversion of the Cascade reactor, 
we conducted parametric analyses of a 
closed-cycle helium turbine system. This 
system contains a regenerator and is water 
cooled; if the system proves cost effective, 
a steam-bottoming cycle can be added. 
Our parametric analyses of the gas cycle 
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Regenerator 

Compressor 

Heat 
exchanger 

Electric 
generator 

Fig. 8-18. A steam-
bottoming cycle can 
be coupled to a high-
temperature gas cycle. 

Fig. 8-19. Gas-cycle 
efficiency increases 
with the cycle peak 
temperature. 
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Pressure ratio (R ) 

examine the effects of peak temperature, re
generator effectiveness, and system pressure 
loss on the cycle efficiency. 

The power-conversion cycle is illustrated 
schematically in Fig. 8-18. Low-pressure, 
low-temperature He is first compressed, 
then preheated in the regenerator before 
entering the Li20/He heat exchanger. High-
temperature (7\), high-pressure He exits the 
heat exchanger and expands through the 
gas turbine, providing the shaft work. After 
leaving the turbine, the He is initially 
cooled in the regenerator and then passes 
through a He/H 20 heat-exchanger that re
duces the He to the lowest cycle tempera

ture (7",). The He/H 20 heat exchanger could 
be a steam generator, and the steam could 
be used as a bottoming cycle, as illustrated. 

This cycle configuration is relatively stan
dard''" ,2; other components can also be 
added to increase the efficiency of the cycle. 
Two ways of increasing efficiency would be 
to add intercooling in the compression stage 
or to reheat between the two expansion 
stages in the turbine. Since the intercooler is 
a low-temperature component, it is more 
likely to be cost effective than a reheater. 
Neither are examined here. 

The ws-cycle thermal efficiency (without 
the bottoming cycle) is given by'" 

s„,.T\|l - | R p ( l - « ) | " ) - T.(R;-1)/^ 
AT 

(14) 

where 

AT = r ; - r, [i - v | i + IRJ: - il/^; 

- T 2 „ r ( l - „ „ | l - | R , , ( 1 - » ) " | l 

tl,. = turbine efficiency 
r/, = compressor efficiency 
i?, = regenerator effectiveness 
R = compressor pressure ratio 
(5 = fractional system pressure loss 
a = (1 - 1)/-,- ' 
•) = 5/3 = ratio of specific heats 
T, = cycle minimum temperature, K 
T2 = cycle peak temperature, K . 

In th? parametric studies, the pressure ra
tio was used as the independent variable. In 
all cases, 1 1 ^' the compressor and turbine ef
ficiencies were held constant ui 90%, which 
is typical. The minimum cycle temperature, 
which is set by the available heat sink (in 
this case, water), /as held r t 330 K. Increas
ing the minimum cycle temperature above 
330 K would decrease the cycle efficiency, 
but also would reduce the required heat-
transfer area for the H e / H 2 0 heat 
exchanger. 

The gas-cvcle therm->' efficiency as a 
function of the pressure ratio for three dif
ferent peak temperatures ( A = 1100, 1200, 
and 1300 K) is shown m Fig. 8-19. The frac
tional pressure loss is taken to be 7.5%, 
which is typical of values cited in the 
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literature.30 5 2 The peak thermal efficiency 
increases from ~38% at 1100 K to ~42% at 
1200 K and to ~45% at 1300 K. The pres
sure ratio at which the peak efficiency oc
curs increases slightly with increasing peak 
temperature; it goes from 2.2 at 1100 K to 
2.5 at 1300 K. In going to higher tempera
tures, the trade-off for greater efficiency ap
pears in higher costs and added material 
problems. 

The thermal efficiency curves for differ
ent values of regenerator effectiveness are 
shown in Fig. 8-20. Here, the peak tempera
ture is held at 1200 K, and the system pres
sure loss is fixed at 7.5%. As seen, the peak 
thermal efficiency is quite sensitive to the 
regenerator effectiveness. Here the trade-off 
is the additional heat-transfer area required 
to achieve high values of i;r for increased 
thermal efficiency. The UWMAK-HI study5 2 

showed that, for its particular design, in
creasing the regenerator effectiveness from 
85% to 90% required nearly 50% more 
heat-transfer area. Moreover, increasing -q, 
from 90% to 95% more than doubled the 
required heat-transfer ,jea. Considering this 
increase in requirements, the UWMAK-III 
study selected a value of 88%. Other reports 
use 90% as typical.50'51 

Figure 8-21 shows the thermal efficiency 
curves for various values of the fractional 
system pressure loss, where 5 = pressure 
loss in the circuit divided by the compressor 
exit pressure. Clearly, S should be mini
mized. Careful design may be required to 
minimize pressure loss and operation at a 
high system pressure; both of these condi
tions are likely to increase • stem cost. 

For the specific representative parameters 
given in Table 8-9, the gas-cycle thermal ef
ficiency is 42%. We find that —58"'. of the 
heat is rejected in the He/H 2 0 h /at ex
changer, where the temperature falls from 
532 K to 330 K. Adding a steam-bottoming 
cycle to utilize this heat can increase the 
overall system efficiency. However, the cor
responding increase in costs would have to 
be evaluated. 

If we assume that the steam cycle oper
ates between 500 K and 310 K, and if we 
use a typical estimate for the steam cycle 
efficiency (60% of the Carnot cycle), then its 
efficiency will be ~23%. The overall system 
efficiency is then 55% [i.e., TJ = 0.23(0.58) 

Pressure ratio (R_) 

Compressor efficiency He = 9°"-
Turbine efficiency n, - «% 
Regenerator effectiveness n, = 90% 
Pressure ratio Rp = 2.5 
Fractional pressure loss ii = 7.5% 
Thermal cycle efficiency H, = 42% 
Temperatures T, = 330 K 

T2 = 1200 K 

+ 0.42]. The power plant cost could, there
fore, be increased by 31% for the same cost 
of electricity based on gross electric output. 
When laser recirculating power require
ments are included, the allowable cost dif
ference is greater. 

In summary, we can state that the closed-
cycle high-temperature helium-power con
version system that we have examined 
could be coupled to the Cascade chamber. 
We carried out parametric analyses to 
evaluate the trade-offs involved in the 

Fig. 8-20. Gas-cycle ef
ficiency ircreases with 
increasing regenerator 
effectiveness. 

Fig. 8-21. Gas-cycle ef
ficiency decreases 
with increasing sys
tem pressure loss. 

Table 8-9. Gas-cycle 
parameters for a rep
resentative example. 
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Fig. 8-22. Flow charl 
for neutron activation 
and decay calculations. 

configuration and design of such a system. 
We found that the He cycle alone can pro
vide a gross thermal efficiency of 42% at a 
peak-cycle temperature of 1200 K. If a 
steam-bottoming cycle is added, the overall 
conversion efficiency then rises to 55%. 
Cost information on various components 
and configurations would allow us to assess 
more completely the economic implications 
of the parametric variations examined here. 

Author: W. R. Meier 

Major Contributor: J. H. Pitts 

Neutron-Activation 
Studies 
Influence of Steel Type on Fusion 
Wall Activation 

Introduction. Conceptual designs for 
fusion reactors need to address the possibil
ity of radioactive buildup in the reactor 
vessel caused by neutron bombardment. 
Therefore, we developed a set of computer 

codes combined with hand calculations 5 4 to 
determine the potential radioactivity of ma
terials in our conceptual fusion reactors. 
These codes, illustrated in Fig. 8-22, are also 
being used by the magnetic fusion and fis
sion waste communities. 

This article summarizes a larger study™ 
of the time-dependent radic^tivrry of sev
eral steels that have been proposed for use 
in fusion reactors. The results are reported 
in terms of activity and afterheat, of biologi
cal hazard potential for inhalation and in
gestion, and of feasibility for shallow-burial 
disposal. Further considerations on the in
fluence of reactor geometry on radioactivity 
are described in the next article, "Influence 
of Fusion Reactor Configuration on 
Neutron-Induced Radioactivity." 

Steel Composition. Several steels have 
been considered for fusion reactor designs. 
In Table 8-10, we show the composition of 
the five steels we studied 
• Case N—The primary candidate alloy 

(PCA) is an advanced titanium-modified 
type-316 stainless steel under consider
ation for first walls in magnetic fusion re
actors. It was the material selected for the 
STARFIRE commercial tokamak design 
study. 5 ' ' 

/ i n p u 
I so 
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Case 

TaDle8-10. Materials 
investigated. 3 

P 
Nb-

Q 
Thermally 

K 
Case Q with 

S 
Case R with 

N 0 stabilized stabilized V replacing 75-cm Li 
Element PCA HT-9 2-1/4 Cr 2-1/4 Cr Mo protection 

0.005 B 0.005 — 
C 0.05 0.22 0.09 0.11 0.11 
N 0.01 — — — — 
Al 0.03 — — — — 
Si 0.5 0.38 0.32 0.25 0.25 
P 0.01 0.019 0.012 0.005 0.005 
S 0.005 0.006 0.007 0.011 0.011 
Ti 0.3 — — — — 
V 0.1 0.27 — — 0.94 
Cr 14 11.3 2.19 2.22 2.22 
Mn 2 0.52 0.46 0.41 0.41 
Fe 64.88 85.435 94.261 96.054 96.054 
Co 0.03 — 0.0011 0.002 0.002 
Ni 16 0.5 0.5489 0.0998 0.0998 
Cu 0.02 — — — — 
As 0.02 — — — — 
Nb 0.03 — 1.13 — — 
Mo 2 0.85 0.98 0.94 — 
Ta 0.01 — — — — 
W - 0.5 — — — Pin tt-9*l i ^pntnolru 

aAH compositions are in wt%. 

• Case O—A ferritic steel, HT-9 (Ref. 57) 
contains 12% Cr; it has been used in the 
HIBALL heavy-ion ICF design,58 the 
EAGLE light-ion ICF design,59 and the 
W1TAMIR tandem-mirror design.60 

• Case P—Low-chromium ferritic steel, 
2-1/4 Cr-1 Mo, is extensively used in 
steam generators, and two variations have 
been investigated for use with liquid lith
ium.61 The steel used in Case P has a 
small amount of Nb to stabilize the car
bides against lithium corrosion. 

• Case Q—The other version of 2-1/4 
Cr-1 Mo steel, which stabilizes the car
bides with a heat treatment, is used in the 
HYL1FE laser or heavy-ion ICF design.62 

• Case R—A 2-1/4 Cr-1 V steel is a modifi
cation to thermally stabilized 2-1/4 Cr-1 
Mo in which the Mo is replaced by V to 
reduce the long-term activity. Although 
this steel has not yet been evaluated from 
other viewpoints (e.g., weldability or cor
rosion resistance), we include it to quan
tify its benefits from the viewpoint of 
activation. 

• Case S—The low-activating alloy, 
2-1/4 Cr-1 V, was also used with an ICF 
source and a 75-cm liquid-lithium wall 
protection. 
Reactor Geometry. The neutronics cal

culations required to determine the neutron 

-14-MeV isotropic 
point source 

Fig. 8-23. Geometry 
used for comparison 
of materials. 

18-cm graphite 

2-cm B.C 

10-cm 
outei structure 

(Spherical geometry) 

flux were based on a one-dimensional reac
tor geometry, as illustrated in Fig. 8-23. The 
14.1-Me'/ point source was enclosed by the 
2-cm-thick spherical wall at 5-m radius. The 
neutron olanket/reflector consisted of 78 cm 
of lithium, 18 cm of graphite, 2 cm of boron 
carbide, and a 10-cm-thick outer wall. In 
each case, the neutron source was on for 30 
years at a flux corresponding to 1 GW,, 
chamber power and 70% capacity factor, 
and then the wall material was allowed 
to decay. 

Activity, The activity is shown as a func
tion of time in Fig. 8- 24(a), using a linear 
format. The linear-linear form is used to 
present an undistorted visual comparison 
because the apparent relative magnitudes in 
logarithmic form can be made large or 
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Tabic 8-11. Activity 50 
years after shutdown.3 

small by the choice of the lower cutoff 
decade. However, the linear scale has the 
disadvantage of not showing relative mag
nitudes at long decay times; therefore, we 
have expanded that portion of the linear 
scale in the insets in Fig. 8-24. A semilog 
plot was also generated (but is not shown) 
to allow easy extraction of numerical values 

Description 

Activity 50 y Reduction 
after shutdown since Reduction 

(kCi) shutdown from PCA 
N PCA 650 2400 1 
0 HT-9 30 52000 22 
P Nb-stab. 2-1/4 Cr 44 36000 15 
Q Thermally stab. 

2-1/4 Cr 16 100000 41 
R 2-1/4 Cr-1 V 5.5 293 000 119 
S LMW protected 

2-1/4 Cr-1 V 
LMW protected 

2-1/4 Cr-1 V 1.6 600000 412 
aThe final two columns show the reduction of activity compared with shut

down and compared with PCA (50 y after shutdown). 

at all times of interest and to allow estima
tion of the effective decay half-life as a 
function of time from the slope of the de
cay curve. The gap in the curves just after 
shutdown corresponds to (h • first year 
of decay. 

At shutdown, all five unprotected walls 
have roughly equal activities, ~1 .6 GCi, 
and the liquid-lithium-protected wall has a 
factor-of-16 less activity. Ten years after 
shutdown, the activity of each wall has 
dropped by a factor of ~30 , and the five 
unprotected walls still have roughly equal 
activities. 

Fifty years after shutdown (80 yeais after 
start-up), a considerable spread has devel
oped between the six cases, as shown in 
Table 8-11. The PCA (case N) is by far the 
worst with an activity of 650 kCi, a factor-
of-2400 reduction from shutdown. The two 
versions of 2 1/4 Cr-1 Mo and the HT-9 

Fig. 8-24. (a) Activity; 
<b) afterheat, as a 
function of time; 
(c> inhalation bhp, as 
a function of time; 
(d) ingestion bhp. 

N = FCA 
O = HT-9 
P = Nb-stab. 2-1/4 Cr 

Q = Th-stab. 2-1/4 Cr 
R = 2-1/4 Cr- I V 
S = LMW-protected 2-1/4 Cr 
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(cases O, P, and Q) have activities of a few 
tens of kCi. The two 2-1/4 Cr-1 V walls 
(cases R and S) have activities of unly a 
few kCi. Also, the liquid-lithium-protected 
2-1/4 Cr-1 V wall (case S) activity is now 
over 400 times less than the PCA activity; it 
was only 16 times less at shutdown. 

In all six cases, tritium has been elimi
nated from consideration because the tri
tium that diffuses into the steel during 
operation is much more significant than the 
tritium produced in the steel by neutron re
actions. Inspection of the FORIG output 
revealed the importance of accounting for 
the activation of daughters and for changes 
in parent nuclide populations. In one exam
ple, the 5 5Mn inventory tripled during 30 
years of activation, and its activation daugh
ters would be underestimated if the initial 
population was used in a hand calculation. 

Afterheat. The afterheat in the six walls 
is shown as a function of time in Fig. 
8-24(b). If the temperature limit is 1300 K, 
the spherical chamber can be buried in 
earth when its afterheat is ~14 kW if it is 
first crushed, or ~61 kW if it is buried as a 
hollow sphere.64 Assuming hollow sphere 
burial, the PCA wall cannot be buried until 
8 years after shutdown, the other four un
protected walls until 4 years after shut
down, and the liquid-lithium-protected wall 
until — 1 year after shutdown. For crushed 
sphere burial, the PCA wall must be held 
for 17 years after shutdown, the other four 
protected walls for ~7 years, and the 
liquid-lithium-protected wall for 2 years. 

Inhalation Hazard. The inhalation bio
logical hazard potential (bhp) is shown for 
the six walls in Fig. 8-24(c). This index rep
resents the amount of air required to dilute 
a fully vaporized wall such that the dose re
ceived by continuously breathing the mix
ture will net exceed 0.5 rem per year. The 
inhalation bhp is calculated for each nuclide 
by dividing the activity by the radioactivity 
concentration guide (RCG) taken from col
umn 1 of Table II of 10CFR20 (Part 20, Title 
10, Code of Federal Regulations). Since 
structure vaporization is only possible by 
applying large amounts of energy, inhala
tion bhp is only appropriate at shutdown or 
shortly thereafter. Three of the steels (HT-9, 
thermally stabilized 2-1/4 Cr, and 2-1/4 
Cr-1 V) have roughly equal shutdown inha
lation bhp of ~~ 3 X 10* knv3. The PCA and 
Nb-stabilized 2-1/4 Cr walls are about 25% 

Neutron-Activation Studies 
and 50% higher, respectively, while the 
liquid-lithium-pr'otected 2-1/4 Cr-1 V is a 
factor of 15 lower. 

Ingestion Hazard. The ingestion bhp is 
the amount of water required to dilute a 
fully dissolved wall to the level that the 
dose received by using only this water will 
not exceed 0.5 rem per year. The ingestion 
bhp is calculated by using the RCG values 
taken from Column 2, Table II, 10LFR20. 
Dissolution of th . wall into water is most 
likely after the material is buried (as waste). 
The ingestion bhp is shown for the six 
walls in Fig. 8-24(d). The data are plotted as 
a ratio of the radioactive ingestion bhp of 
the activated wall to the amount of water 
required to dilute an unactivated wall, from 
a chemical hazard viewpoint. Thus, when 
the ratio falls to 1.0, dissolution of the acti
vated wall is similar to dissolving clean, un
irradiated steel. After only 15 and 28 years, 
the liquid-lithium-protected and unpro
tected 2-1/4 Cr-1 V walls, respectively, reach 
the level where the radioactive hazard of 
shallow land burial is similar to the rou
tinely accepted chemical hazard of burying 
an unirradiated wall. The other four walls 
reach roughly steady bhp values at ~35 
years after shutdown. The HT-9 and ther
mally stabilized 2-1/4 Cr level is ~4 years, 
the Nb stabilized 2-1/4 Cr steady level is 
~-9 years, and the PCA wall reaches a level 
of —20 years. 

Disposal. The ratios of radioactive to 
chemical ingestion bhp at ~35 years after 
shutdown indicate that shallow burial 
migh. he feasible at that time. However, the 
Nuclear Regulatory Commission (NRC) has 
recently addressed the shallow burial issue 
(n a new regulation, 10CFR61. This regula
tion lists ihe maximum allowable concentra
tion of '-.ich nuclide in the solid waste 
(rather than in water or air). The actual con
centrations are divided by the allowable 
concentrations, and the ratios are summed 
over all nuclides. The resulting sum (called 
the shallow burial index, or SBT) must be 
less than 1.0 before burial is allowed. This 
technique has been applied to our six steels 
at a time of 50 years after shutdown. The 
SB! values of PCA, HT-9, and both ther
mally and niobium-stabilized 2-1/4 Ci steels 
are above 100 times the proposed limits 
(due to the low allowable 9 4 Nb limit). The 
unprotected and lithium-protected 2-1/4 
Cr-1 V walls have SBI levels of 0.14 and 
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0.06, respectively. Thus, only the 2-1/4 
Cr-1 v walls could be buried 50 years after 
shutdown under the proposed rules. Since 
liquid-lithium protection would also reduce 
9 4Nb production in the other steels due to 
the softer and less intense neutron flux, 
liquid-metal-wall ICF reactors will have a 
significant advantage over magnetic fusion 
reactors from the viewpoint of structural 
waste disposal. 

Conclusion. The PCA steel appears to be 
a poor choice from both afterheat and dis
posal viewpoints. The riT-9 and both ther
mally and Nb-stabilized 2-1/4 Cr steels are 
better from an afterheat viewpoint, but still 
unacceptable with respect to waste disposal. 

Introduction. Although the neutron-
induced radioactivity in a fusion reactor is a 
nonlinear problem requiring, for its solu
tion, the use of neutron transport codes and 
neutron activation and decay codes, simple 
arguments can be made that give useful 
scaling laws for the total radioactivity in a 
fusion reactor."1 Because these scaling laws 
rely heavily on assumptions of linearity and 
the smallne5s of second-order effects, we 
have compared them to the results of com
puter experiments designed to investigate 
their validity over the range of operating 
parameters typical of fusion reactors. 

We varied the following factors to com
pare activation and decay 
• Reactor power level. 
• Neutron source distribution (point/ 

homogeneous). 
• First-wall radius. 
• First-wall thickness. 
• Reactor configuration (spherical/cylindrical). 

We then investigated the 
• Total radioactivity of the first wall com

pared with a structural wall located be
hind a lithium blanket. 

• Effect of pi electing the first wall with a 
thick liquid-lithium wall (as in the case of 
some ICF reactor ) 

• Effect on total radioactivity of neutron col
lisions in a typically dense ICF fusion 
plasma. 

• Effect on total radioactivity of the neutron 
flux reflected from the blanket. 
We address here only the totals for radio

activity, hazard potential, and thermal de
cay power. (Specific activity can be made 
arbitrarily small by increasing the totai mass 
of waste and is therefore not a good figure 
of merit.) 

Effect of First-Wall Thickness and 
Reactor Power. There are only two funda
mental parameters with which activation in 
a typical fusion reactor varies linearly (if all 
elf.e remains unchanged): total reactor ther
mal power, and the thickness of the first 
wall. Total radioactivity in a fusion reactor 
is not a direct function of first-wall radius, 
nor is it one of first-wall configuration. The 
derivation for this linear scaling law is de
scribed elsewhere.**1" 

Essentially, this law is an observation 
that, for the same fusion power, the num
ber of neutrons impinging on the first wall 
is constant. Thus, the larger the area of the 
first wall, the lower the incident neutron 
flux, and total radioactivity is, lr first order, 
independent of the area of the first wall. If 
thr probability for any given nucleus in the 
nrst wall undergoing a ntutron reaction 
over the lifetime of the irradiation is small, 
then secondary activations can be neglected, 
and the isotopic composition is then ap
proximately unchanged. In this case, the 
total radioactivity in the first wall after 
some period of irradiation is directly pr^ -
portional to the activation rate. If we may 
also assume that average neutron path 
lengths in typical fusion reactor first walls 
are small compared to a neutron mean free 
path, we may conclude that the total radio
activity in any fusion reactor is directly pro
portional to 

• The number of fusion neutrons per sec
ond, which is in turn proportional to the 
reactor thermal power. 

The unprotected 2-1/4 Cr-1 V ste?l has 
about the same time required as the latter 
two steels to reduce the afterheat to an ac-
cept?'.vle level, and it is acceptable for shal
low burial. The liquid-lithium-protected 
2-1/4 Cr-1 V steel wall is by far the best of 
tne six cases, with a short cooling time and 
legal disposal by shallow burial. 

Authors: J. A. Blink and G. P. Lasche 

Influence of Fusion Reactor 
Configuration on Neutron-Induced 
Radioactivity 
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• The average neutron path length in the 
first wall, which is in turn proportional 
only to the first-wall thickness. 
The degree to which these scaling laws 

hold valid depends on the extent to which 
secondary activations, parent nuclide deple
tion, and neutron absorption in the first 
wall can be neglected. We will investigate 
these scaling laws by comparing them with 
computational resists for ranges of first-wall 
thicknesses and tirst-wall radii typical of 
fusion reactors. 

The Effect on Total Radioactivity of 
First-Wall Configuration and Plasma 
Distribution. The argument for the linear 
scaling of total radioactivity with first-wall 
thickness and reactor power holds for reac
tors with distributed neutron sources, as 
well as for point sources, for cylindrical or 
toroidal wall shapes, as well as for spherical 
wall shapes; and for first walls protected by 
a thick layer of liquid lithium, as well as 
unprotected first walls. 

However, because the characteristic flux 
spectrum in the first wall is different among 
ihese configurations, they will exhibit differ
ent total radioactivities. The direction of 
change in total activity due to first-wall 
configuration and plasma distribution is 
predictable in the following cases 
• If the neutron source is distributed 

throughout the volume enclosed by the 
first wall, the averaged neutron path 
lengths in the wall will be longer because 
some of the neutrons will enter the wall 
c bliquely. This leads to greater radioactiv
ity than that expected from a point source 
of neutrons at the center of an enclosed 
volume. 

• Greater induced radioactivity can be ex
pected as the reaction chamber shape de
parts from that of a sphere toward that of 
a cylinder or a torus. This is again because 
neutrons will have greater averaged path 
lengths in the wall due to a greater aver
aged neutron angle of incidence upon 
the wall. 

• For inertial-confinement fusion, the fuel 
must be compressed to very high densi
ties. Since the collision probability in
creases with density, a significant portion 
of the neutrons will have lost sufficient 
energy through nuclear collisions in 
the fusion plasma to be below the thresh

old for some neutron reactions in the 
first wall. The result :5 less induced 
radioactivity. 

• Finally, for some inertial-confinement 
fusion reactor designs, a thick liquid-
lithium wall is p'aced between the neu
tron source and the fusion chamber walls. 
In this case, the neutrons available to acti
vate the first wall wiii be less in number 
and lower in average energy. The result 
again is less induced radioactivity. 
Computational Experiments to Test the 

Scaling Lav. _. To investigate the validity of 
the scaling laws, we performed a number of 
computational experiments that calculated 
the magnitude of each first- and second-
order effect listed above. Computational ev
idence is necessary for assurance that the 
nonlinear nature of neutron-reaction cross 
sections, combined with the after-scattering 
changes in population, direction, and en
ergy of the neutrons, does not produce sig
nificant nonlinear effects. 

In each experiment, one parameter of the 
base case was changed while all others 
were held equal. A neutron-transport code 
was then run to determine the neutron flux 
spectrum, from which flux-averaged cross 
sections for neutron activation were calcu
lated. Next, a neutron activation and decay 
code was run to determine the activity dur
ing 30 years of reactor operation and for the 
first 100 years following decommissioning. 
(The computational procedure is described 
in detail elsewhere." ) The parameters 
chosen for each experiment are shown 
in Table 8-12. 

Table 8-12. Parame'ers 
for the computational 
experiment. 

Description 

A The base case. Point source of neutrons corresponding to 1 GW t, at 
the center of a sphere with 5-m radius and 2-cm first-wall thickness. 
followed by a blanket of 80-cm Li, 18-cm graphite, 2-cm 3 4C, and 
10-cm steel outer structure. 

B One-half fusion power (0.5 GW e). 
C Double fusion power (2 GW e). 
D Thinner wall (1 cm). 
E Thicker wall (3 cm). 
F First wall at 3 m radius. 
G First wall at 7 m radius. 
H Cylinder with line source and reflecting ends. 
I Homogeneously distributed neutron source (0 to 5 m). 
J Neutron-collisional {pr = 3 g/cm 2) ICF source. 
K First wall protected by a lithium wall at50% liquid density from 0.5 

to 2.0 m. 
L Neutron reflections from blanket neglected. (Blanket replaced by a 

perfect absorber of neutrons.) 
M Activity in the outer steel structure o f the base case. 
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Fig. 8-25. Activity 
curves for reactors 
with p^rameteis de
scribed in Table 8-12. 

The effects of neutrons scattered by the 
blanket were included by placing a typical 
blanket behind the first wall in each case. 
The neutron flux correspond 2d to 2700 MW 
fusion power at a 70% capacity factor. Each 
first wali was irradiated for 30 years to 
maximize the nonlinear effects that could 
invalidate the scaling laws. 

In each case, the first-wall material (2-1/4 
Cr-1 Mo ferritic steel) remained unchanged. 
We also compared and analyzed other 
steels that will yield different characteristic 
curve shapes.68 (See also the previous arti
cle.) However, the neut:on flux spectrum 
for all steels will be approximately the 
same, since it is primarily determined by 
collisions with iron, the major component 
of steel. Therefore, although the magnitudes 
and compositions of the radioactivity in 
other steels will be quite different, they will 
nevertheless obey the same scaling laws to 

roughly the same degree that they are 
obeyed by 2-1/4 Cr-1 Mo steel. 

The results of the compater experiments 
conform closely with the scaling laws based 
on first-order theory and are presented in 
Fig. 8-?5 in linear-linear form. (The linear-
linear .orm is necessary in order to present 
a good intuitive visual comparison of rela
tive magnitudes. In log-log or semilog form, 
relative magnitudes can appear to be large 
or small depending on the choice of the 
cutoff decades.) To show radioactivities at 
long decay times, we have expanded that 
portion of the linear scale in the inset of 
Fig. 8-25. For comparison, the magnitudes 
of each curve of Fig. 8-25 relative to the 
magnitude of the base case are shown in 
Fig. 8-26 at four sample times. 

Departures from the scaling laws become 
more pronounced at long decay times. This 
is because most of the original activity, 

60 80 
Time after start-up (y) 

8-40 



Neutron-Activation Studies 

which was produced by direct activation of 
stable nuclides, has decayed away at long 
decay times, leaving secondary activations 
in greater relative importance. Differences 
in curve shapes are most pronounced for 
cases K and M because moderation of the 
neutron flux spectrum by an interceding 
thick layer of lithium produced a different 
set of averaged cross sections. 

Conclusion. We have found that previ
ously described scaling laws for total 
neutron-induced radioactivity in typical 
fusion reactors are in good agreement with 
computed results for a range of typical reac
tor power levels, operation times, and wall 
thicknesses. Except at long decay times, 
the total radioactivity in the first wall 
• Varies in almost direct proportion (to 

within about 5%) to the fiiut-wall thick
ness, and the rate of increase decreases 
slightly as thickness increases. 

• Varies in almost direct proportion (to 
within about 5%) to the reactor thermal 
power. 

• Is almost independent (to within about 
5%) of the first-wa'1 radius. 

• Increases (on the order of 35%) if the first-
wall geometry is changed from a sphere 
to a long cylinder. 

• Increases (on the order of 35%) for a dis
tributed neutron source instead of a point 
source. 

• Decreases (on the order of 10%) if the ef
fect of the neutrons reflected from colli
sions in the blanket are neglected. 

• Decreases (on the order of 30%) with very 
high-density fusion plasmas typical of 
inertial-confinement fusion. 

• Is greater (by an order of magnitude) than 
the radioactivity in typical structural mate
rial behind the blanket. (This justifies ap
proximating the tota'. induced radioactivity 
with that of the first wall.) 

• Is greater (by an order of magnitude) than 
the radioactivity in a similar first wall pro-

. tected by an effective thickness of 75 cm 
of liquid lithium (as in the case of liquid-
metal-wall ICF reactors). 

Fig. 8-26. Total radio
activity of each case in 
Tabte 8-12 compared 
with thai of the base 
case. 
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In summary, all fusion reactors, regard
less of geometrical shape or first-wall 
radius, having unprotected first walls of the 
same thickness and made of similar mate
rial, and operated for the same amount of 
time at the same power levels, will have 
roughly equal total radioactivities (but dis
tinctly less in the case of !CF due to cham
ber sphericity, neutron collisions in the 
dense plasma, point-source effects, and, in 
some cases, liquid-metal-wall protection). 
Their total radioactivity scales only with the 
product of their thermal power and their 
first-wall thickness. 

Because other quantities of interest— 
biological hazard potential, thermal decay 
power, and gamma activity—are the scalar 
product of a set of constants and the cor
responding radionuclide activities, it follows 
that the totals of these other quantities of 
interest also scale in direct proportion only 
to thermal power and to first-wall thickness 
to the extent to which secondary activa
tions, parent nuclide depletion, and absorp
tion of neutrons by the first wall can be 
neglected. 

Authors: G. P. Lasche and J. A. Blink 

Liquid-Metal Systems 
Temperature and Velocity Limits 
for Liquid-Lithium Solutions 

Temperature Limits. Screening tests for 
liquid-metal corrosion usually start with iso
thermal capsule or crucible tests using static 
liquid metal surrounding specimen tabs. Ini
tial weight loss is large as highly soluble el
ements li.-ave the structural metal, diffuse 
through a static subboundary layer, and be
gin to mix into the boundary layer and bulk 
liquid. Carbides or impurity precipitates in 
the grain boundary may be preferentially 
attacked. After hundreds of hours, the 
structural alloy surface reaches a relatively 
steady-state composition, and the rate of 
dissolution in the specinv.": is determined 
by the activity gradient through the sub-
boundary layer of the liquid in contact with 
the specimen. As the elements dissolved 
from the specimen build up in concentra
tion within the bulk liquid mslal, the activ
ity gradient across the subboundary layer 
becomes shallower, and the corrosion rate 
slows, reaching zero as the bulk liquid satu
rates. A curve of weight loss vs time for 
static tests resembles the curve shown 
in Fig. 8-27. 

Much of the static-test liquid-mem! corro
sion data are "slope A" results. ("Slope A" 
lines are drawn between the origin and 
points on the curve; "slope B" lines are 
drawn between two points on the curve, 
eliminating the early behavior before the 
liquid becomes saturated in the dissolved 
elements of the steel.) The weight loss be
tween time zero and some arbitrary number 
of thousands of hours is measured. The 
weight loss is converted to surface regres
sion and this value—measured in typical 
units of corrosion rate: mil/y—is divided by 
the exposure time. Corrosion rates obtained 
from slope A data are quite dependent on 
the test time chosen, the volume of liquid 
metal, and the liquid-solid surface area. Per
haps the most useful data that can be ob
tained from static capsuie tests are slope B 
measurements. The difference in weight 
loss between 1000 and 2000 h of exposure 
is measured and expressed in terms of 
mil/y. In general, a slope B value of less 
than 0.2 mil/y at a particular temperature is 
seen as an encouraging indication that the 
structural alloy may be used at that tem
perature. Values above 0.2 mii/y are a 
warning sign that the alloy may not per
form adequately at the test temperature. 
The most reliable static test results are those 

Fusion power plant designs are very sensi
tive to limits imposed on liquid-metal tem
perature and velocity. Temperature limits 
affect plant efficiency; velocity limits deter
mine pipe diameters and, consequently, in
fluence plant costs. System designers, 
therefore, frequently request quantitative 
corrosion rates—data as a functior of tem
perature and velocity—for structural alloys 
immersed in either lithium or lead-lithium 
liquids. Su:h data are available for flowing 
sodium systems, but the liquid-metal com
munity is reluctant to give even qualitative 
data on lithium and lead-lithium. In this ar
ticle, we discuss the reasons for this situa
tion, and we present some very qualitative 
data based on studies done for LLNL 
at the Energy Technology Engineering 
Center (ETEC). 
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that follow the behavior in Fig. 8-28, where 
the slope B value plotted as a function of 
temperature is a low value over a wide 
temperature range. 

Thermal convection loops and pumped 
loops give data that are far more useful 
than static capsule tests, but complications 
preclude the assurance that quantitative cor
rosion data are valid for a particular design. 
Deposition of dissolved solute in regions of 
supersaturation and thin boundary layers is 
the dominant characteristic observable in 
the flowing loops. Flow blockage by depos
ited crystals becomes much more important 
than the excessive removal of a structural-
wall material. 

Saturation effects that cause static-capsule 
corrosion rates 'o approach zero at long 
times also contribute to a downstream effect 
in loop tests. If the hottest part of a loop is 
a long isothermal section, the bulk liquid 
moves toward saturation, and the activity 
across the subboundary layer becomes a 
function of distance from the beginning of 
the section. Additionally, the thickness of 
the subboundary layer is a function of liq
uid velocity and flow patterns, and the ac
tivity gradient is the ratio of the activity 
across the layer to the laye/ thickness. Liq
uid flow characteristics influence corrosion 
rate even in a completely isothermal loop. 
When AT conditions are imposed on the 
loop, temperature gradients along the flow 
interact with the other test parameters to 
complicate the situation. In general, deposi
tion of dissolved roiute is favored in regions 
that are cold, supersaturated, and have high 
velocity. As the deposited solute grows, the 
subboundary layer thins at the tip of the 
growth, and „ie deposition rate increases 
until plugging occurs. 

The behavior of each loop is different, 
and even the same loop can change in crys
tal deposition behavior as certain elements 
are leached away. Deposited crystals begin 
to change in stoichiometry as manganese, 
for example, is no longer available from hot 
surfaces. Partially closing a valve can create 
a high-velocity flow and cause crystalliza
tion from the liquid to occur locally at the 
valve seat. Introduction of an impurity into 
the liquid metal can cause major changes in 
behavior; e.g., nitrogen at a level of hun
dreds of ppm causes lithium to preferen
tially attack grain boundaries of austenitic 

stainless steel. Thus, corrosion-rate data 
obtained in a given loop using lithium with 
50 ppm by weight of nitrogen will not pre
dict the corrosion rate da:a in the same loop 
with lithium that contains 500 ppm nitrogen. 

All these phenomena are viewed by the 
metallurgist as valid reasons for not furnish
ing the system designer with quantitative 
corrosion rate data as a function of tem
perature for structural alloys in lithium or 
lead-lithium. For lithium, we can say quali
tatively that properly heat-treated ferritic 
steels and austenitic stainless steels should 
not give problems at 400°C. However, at 
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Fig. 8-29. Corrosion 
rate depends on 
liquid-metal velocity. 

500°C, ferritic steels are near the upper 
boundary of the temperature regime where 
these alloys may be used; at 550°C, ferritic 
steels are well into the temperature regime 
where these alloys may cause excessive 
mass transfer. By comparison, the austenitic 
stainless steels are well into the temperature 
regime of excessive mass transfer at 500°C. 

We are now investigating the tempera
ture limits for lead-lithium liquids. In addi
tion to corrosion data, lead embrittlement is 
a serious concern that will affect heat-
treatment practice. This embrittlement has 
been noticed at 1 at.% Pb in Li. We do not 
know as yet whether the effect extends 
down into the ppm range or up to the 
high-lead eutectic (Pbe3Lii7). The embrittle
ment phenomena may create a low-
temperature limit, creating a temperature 
window in which alloys may be safely 
used. System design considerations require 
a temperature window of at least 50°C. 

Velocity Limits. Velocity effects fall into 
two categories: polishing and etching 
(Fig. 8-29). Systems operating in the etching 
regime have rough surfaces where grains 
have etched out, while systems operating in 
the polishing regime usually have smooth 
surfaces. Liquid-metal systems should be 
operated in the polishing regime so that 
grains of structural alloy cannot etch out 
and fall into the moving liquid metal. 

If the steel has not been properly heat-
treated, the lithium can attack the carbides 
in the grain boundaries, leading to an 
etched appearance even though the velocity 

Polishing 
(Rate set by atoms diffusing through 
subboundary layer) 

/ Etching 
/ (Rate set by atoms leaving surface' 

Critical subboundary layer thickness 
Critical velocity 

is low. Thus, an etched appearance could 
indicate either a poor heat treatment, or 
corrosion in the etching regime, or Doth. 

The critical subboundary layer .hickness 
at which etching stops and polishing begins 
is a function of structural alloy, liquid-
metal, temperature, and, particularly, liquid-
metal solute concentrations. The critical 
subboundary layer thickness is usually ex
pressed in terms of the critical liquid-metal 
velocity through a pipe. In LMFBR sodium 
systems operating at 500°C with an oxygen 
content below 2 wppm, the critical velocity 
is just under 7 m/s for austenitic stainless 
steels. Pipe diameters are specified with this 
limitation in mind. However, for lithium 
systems, no experiments have successfully 
established the critical velocity, and there is 
no theoretical reason to expect the lithium 
critical velocity to approximate that of so
dium. Preliminary experiments have indi
cated that both the nitrogen content of the 
lithium and the stress state in the structural 
alloy will affect the critical velocity for lith
ium flowing through piping. Wilkinson69 

rotated a 3-cm-diam disk of 2-1/4 Cr-1 Mo 
steel at speeds up to 270 rpm in 500°C 
lead-lithium (1 at.% Pb-99 at.% Li) liquid 
for 400 h and found that the maximum ve
locity of —0.42 m/s did not exceed the criti
cal velocity. System designers are presently 
usinj.' the 7 m/s sodium limit on lithium de
signs even though the actual limit may be 
more than an order of magnitude lower or 
several orders of magnitude higher than 
this limit. 

Author: N. J. Hoffman (ETEC) 

Major Contributor I. A. Blink 

Liquid-Jet Impact Experiments 

Velocity (m/s)—*-
-Subboundary layer thickness 

The HYLIFE reactor chamber uses a cylin
drical steel shell as the first structural wall 
to absorb the radial momentum imparted to 
the liquid-metal jet array. The liquid must 
impact the wall of HYLIFE in a two-phase 
flow to keep transient stresses within ac
ceptable limits. Monsler proposed an alter
native first-structural-wall (FSW) concept 
consisting of multiple layers of steel bars 
wound in a helical configuration. The steel 
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bars in each layer are separated by a gap 
that allows a fraction of the impinging liq
uid to flow past that layer. The liquid mo
mentum is absorbed over a longer time 
period than is possible with the shell con
figuration.70 In this way. the peak stresses 
in the bars can be kept small, even if the 
liquid impacts at full density. The concept is 
illustrated in Fig. 8-30. 

The University of California at Davis has 
performed a study to evaluate the transient 
and steady-state drag of a liquid on a single 
bar—and some selected arrays of bars—as 

well as to det' nine the momentum re
moved from ..mpacting slugs of liquids. 1-7 2 

Data from relevant published papers were 
cast i.i terms of dimensionless time, pres
sure, and impulse to obtain dimensionless 
pressure and impulse time-histories. The 
scatter band in the dimensionless time-
histories was sufficiently small (considering 
the wide variety of data) to suggest near 
universal dimensionless curves for pressure 
and impulse. 

Concurrently, experiments were per
formed at Davis to study the impact of 

Fig. 8-30. Tapered 
HY11FE reaction 
(lumber with 
alternate-bar FSW. 
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Fig. 8-31. BLir loop 
flow paths. 

liquid jets on single bars and several arrays 
of bars. The drag coefficient of a jet impact
ing on a single bar was found to be 0.54 for 
a Reynolds number of 104. This is about 
half the classical drag coefficient of an infi
nite fluid over a cylindrical bar. The reduc
tion in the drag coefficient is due to the 
three-dimensional effects and the splitting 
of the round jet once it strikes the bar, 
which causes a region of near-ambient 
pressure on the downstream side of the bar. 

The steady-state drag of a jet on both a 
coplanar array and a staggered array of bars 
was measured. The drag forces measured 
are about an order of magnitude less than 
those predicted for infinite flows (of the 
same velocity as the jets) over the geometri
cally identical arrays. We used the single-
bar drag coefficient for jet impact to 
develop a method of estimating the drag 
force of jets impacting on an array of bars. 

This method can be coupled with the 
near-universal dimensionless pressure and 
impulse time-histories to estimate the mo
mentum removal of a jet impacting on an 
array if bars. As an example, a jet slug with 
a thickness-to-diameter ratio of 1:5 impact
ing on a staggered array of four rows of 
bars with bar diameters 8.3% of the jet di
ameter will transfer about 13% of the mo
mentum to the array. 

Summary. The problem of momentum 
removal from slugs of liquids using arrays 
of cylindrical bars has been investigated, 
and small-scale scoping experiments have 
been performed. These experimental results 
permit a first estimate to be made of the 
magnitude of the momentum removal pos
sible with typical staggered arrays of bars 
four rows deep cr with in-line arrays t!iree 
rows deep. These estimates, which must be 
considered tentative until more extensive 
experiments are performed, are much better 
than estimates based on the pressure drop 
of infinite flows over tube banks. Based on 
these tentative results, we can state that a 
first structural wall consisting of an array of 
steel bars will absorb the liquid momentum 
over a longer period of time than will a cy
lindrical shell. 

Authors: M. A. Hoffman and A. R. 
Raffray (University of California at Davis) 

Major Contributor: J. Hovingh 

Passage of Lithium through 
Stainless Steel Mesh 

Some inertial fusion power plant designs 
require that lithium or lead-lithium 
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solutions flow through a porous material 
such as steel mesh, woven cloth, or a 
porous-metal wall. These designs often rely 
on reestablishing 100% liquid coverage of 
the porous material surface almost immedi
ately after a fusion energy pulse has evapo
rated liquid from the surface. In lithium-
flow studies done for LLNL, ETEC devel
oped a bimetallic lithium pumped loop 
(BLiP loop) that can operate isothermally at 
500°C. This loop was designed so that flow 
could be directed axially through a cylindri
cal vessel packed with a spirally wound 
screen. The rolled screen was wound 
around a vertical axis so that the main flow 
was between tightly packed sheets of 
screen and the flow perpendicular to the 
general flow direction (i.e., radial flow) was 
through the fairly wide mesh of the screen. 

The screen was so tightly wound that ra
dial flow through the mesh was easier than 
axial or circumferential flow between the 
sheets of screen. The top of the screen was 
covered by a plate with many holes which 
evenly distributed the liquid from a pool 
that formed on the plate. An electromag
netic (EM) pump supplied liquid to the top 
of the pool, and argon pressurization was 
used to force the- liquid down into the mesh. 

The Blip loop at ETEC is shown in sim
plified form in Fig. 8-31. Lithium flowed for 
~4000 h from mid-September 1981 to mid-
April 1982. We found that the flow through 
the screen could not be initiated without ar
gon pressurization. Argon pressure in the 
10-psi range pushed the lithium through 
the screen and the flowmeter showed sev
eral gpm. The start-up argon overpressure 
was then reduced to the nominal system 
pressure, and the flow continued without 
an increase in the height of the lithium pool 
above the screen. This indicated that, once 
the flow was started, the gravity head was 
sufficient to maintain flow. 

At the end of the experiment, the test 
vessel was cut open, and the screen was ex
amined to see if the lithium had flowed 
uniformly in the screen section and whether 
the entire screen surface was covered by 
lithium. Since the total length of wire in the 
screen was on the order of 610 km, the 
huge surface area of lithium was of concern 
as a fire hazard; hence, the examination 
was performed in an inert gas, rather 
than in air. 

The examination showed that the vast 
majority of siTeen wire was completely bare 

Spirally wound austenitic 
stainless steel screen 
(number of wraps was 
greater than shown) 

Lithium stalactites 
remaining after the system 
was drained and cooled 

— Liquid lithium piston, or disk, 
remaining after the systen was 
drained and cooled 

Wetted tips of the mesh protruded 
iess than 1 mm through the 
otherwise flat piston bottom 

16 20 0 
Time (h) 

of lithium. Preferred lithium paths had de
veloped, and, like water tracing down a 
windshield, the entire lithium flow was 
down the wetted paths. The result was five 
lithium stalactites with circular cross sec
tions coming down the rolled screen and 
merging into a 3-cm-thick "piston" of lith
ium at the bottom of the screen pack. The 
screen away from the stalactites and the 
piston were never wet by the lithium that 
flowed for thousands of hours at ~500°C. 
The bottom of the lithium piston was very 
smooth, with about 1 mm of coated screen 
wires sticking through it. Evidently, lithium 
droplets had rained down from the bottom 
surface of the suspended lithium piston into 
the lower pool. The stalactites and piston 
are shown schematically in Fig. 8-32. 

To make sure that the piston was not an 
artifact of sudden cooling of lithium during 
the final drain process, we monitored the 
temperature of the test vessj at screen 
midheight. Draining took 0.5 h, while the 
vessel did not cool to the lithium freezing 
point (~-180°C) until 15 h after draining 
(Fig. 8-33). Since the liquid-lithium piston at 
the screen bottom was in good thermal 

Fig. 8-32. Cutaway 
view showing lithium 
stalactites and the 
lithium piston formed 
at bottom of rolled 
screen. 

rig. 8-33. Temperature 
of the test tank at 
midheight during the 
draining process. 
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contact with the vessel wall, the existence 
of the piston was not an artifact caused ry 
solidification during draining. 

The lack of complete wetting of lithium 
on stainless steel wire mesh during 4000 h 
of time at 500°C may not be as serious a 
problem to fusion reactor designers as it 
would appear at first thought. Tht lithium 
did wet t!ie screen within the stalactites and 
in the piston. Unwet areas initially rejected 
lithium and then did not have their surfaces 
exposed to the liquid during the test. Some 
prewetting techniques may be required in 
these types of applications. 

Author: N. J. Hoffman (FTEC) 

Major Contributor: J. A. Blink 

first variable was the ratio of pole pitch to 
the magnetic gap (see Fig. 8-34); the second 
dimensionless variable was the ratio of ro
tor length to pole pitch; and the third vari
able was the ratio of the field velocity to 
the circumferentia] component of the 
fluid velocity. 

While a more complete development of 
our design equations is contained else
where,73 the two most important equations 
are those for the required magnetic-flux 
density and for the pump efficiency. The 
pe^k magnetic-flux density may be ex
pressed as 

B = 
PQ/N1Z2 

"f (''i. ' )L'R 
(15) 

Electromagnetic Pumping c.f 
Liquid Lithium 

Fiee liquid metal is proposed for use withir 
the fusic i paction chamber of several ICF 
conceptual reactors, Ticluding HYL1FE, 
JADE, Pulse*Star, EAGLE, and the modified 
wetted wall. In each case, the reaction 
chamber is maintained at a vacuum to al
low beam transport to the target. Because of 
the vacuum within the liquid-metal pump
ing circuit, and the cyclic pressure pulses 
added to the liquid by neutron deposition, 
ICF reactor pumps are prone to cavitation, 
which could damage the driving surface" in 
mechanical pumps. Electromagnetic (EM) 
pumps, however, use the Lorentz Force (F 
= IJP X B) and require no moving surfaces 
within the fluid. Consequently, EM pumps 
can more easily cope with a low suction 
head and cyclic pressure pulses. 

In Ref. 73, we describe 10 distinct EM 
pump configurations and the design proce
dure for one promising geometry, the 
helical-rotor EM pump (HREMP). Our de
sign procedure was shown to be valid 
when applied to an experimental sodium 
HREMP. The design procedure was then 
used to specify a design point for a lithium 
flow rate of 8.08 m 3/s at a head of 82.5 kPa 
(the requirements for HYLIFE). This design 
point includes a complete set of 70 variables 
for a HREMP with either a normally con
ducting or a superconducting winding. 

To design a HREMP, three dimensionless 
variables were varied parametrically until 
optimum performance was achieved. The 

where 

Z = (J?2 + X 2)" 2 = the impedance of 
the liquid-metal eddy-current path 

R — resistance 
X = inductance 
PQ/N = the pressure times flow rate per 

poie 
i>, = the fluid circumferential velocity 
vb = the field velocity 
/ = the rotor length. 

The pump efficiency is 

PQ PQ(v„ - i',: 
" = 17 + + 2N| Y-) R„ 

+ 0.168 M, r p + (N;„,)2R„. , (16) 

where 

PQ = the gross hydraulic power added to 
the liquid metal (10% friction loss 
in the pump) 

PQ(vb - v,)/v, 
= the liquiri-metal slip loss due to the 

difference between the circumferen
tial fluid and field velocities 

2N(VJZwfR„ 
= the total J2R loss in the duct walls 

0.168 M ( r p 

= the combined eddy-current and 
hysteresis loss in the flux return 
path 

(Mw)X 
= the I R loss in the rotor winding 
(the factor of N = 2 accounts for 
the two poles on the rotor). 
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The slip loss mentioned above is also the 
liquid-metal I2R loss, numerically equal to 
N{V/Z)?,>. (Calculation of this loss from the 
two independent formulae was used as a 
check on the design procedure) The total 
/2R loss in tli" duct walls is also a slip loss, 
but with vt = 0 and Q = 0, the slip for
mula would have to be calculated in the 
limit, rather than directly. 

For a superconducting winding, the load 
on the cryogenic cooling system must be 
kept low because the cooling efficiencies are 
in the 0.1 to 0.2% range. For example, con
sider a 60%-efficient pump operating at 
82 kPa and 8.08 m 3/s. From Fig. 8-35, the 
heat load on the cryogenic system should 
be limited to —0.01% of th? pump losses, 
i.e., to ~40 W. This goal can be met by us
ing insulation consisting of a 6.35-mm 
Fiberfrax insulation layer, a 12.7-mm gap 
filled with circulating argon, a 6.35-mm 
Fiberfrax insulation layer on a thin Dewar 
outer wall, and five polished stainless-steel 
radiation shields inside the Dewar; the re
sulting heat load is then ~21 W. 

Figures 8-36(a^ and 8-36(b) show the 
pressure and efficiency of the normal and 
superconducting designs as a function of 
flow rate. For the HREMP with a supercon
ducting winding, the zero-flow pressure is 
higher than the HYLIFE gravity head, and 
start-up will not require additional winding 
current or reduced rotor velocity. In con
trast, for the HREMP with a normally con
ducting winding, the zero-flow pressure is 

Pump efficiency = 
Refrigeration 
efficiency = 0.1% 

60% 

10 l 

Fraction of pump losses 
removed by cryogenic system (%) 

insufficient to overcome the IIYLIFE gravity 
head (which is 91% of the head at the de
sign flow rate). Thus, for start-up, the pump 
with a normal winding must be temporarily 
operated at a higher winding current or 
lower rotor velocity to develop the pressure 
required for static lift at zero flow rate. 

If the magnetic flux density is increased 
to 143% of the design value to allow start
up of the normal-winding pump, the flux 
density increases to 3 T in the rotor core, 
well above the 2-T saturation limit. Alterna
tively, if the flux density and rotor dimen
sions are left at their design-point values, 
the zero-flow pressure can be increased by 
decreasing the rotor speed and, hence, the 
field velocity. At a field velocity of 43% of 
the design value, the zero-flow pressure 
equals the HYLIFE gravity head. Start-up 
can be accomplished by using a three-speed 

Fig. 8-34. (a) Longitu
dinal cross section of a 
HREMP. (b) Horizon
tal cross section of a 
HREMP. 

Fig. 8-35. The effecl of 
cryogenic refrigeration 
efficiency on overall 
HREMP efficiency. 
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Fig. 8-36. Pressure as a 
function of flow rate 
for a HREMP with 
(a) a normally con
ducting winding, and 
(b) a superconducting 
winding. 
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Fig. 8-37. A HREMP 
with a normally con
ducting winding can 
be started by varying 
the rotor speed. 

gear box between the drive motor and the 
rotor, as shown ii. Fig. 8-37. 

The HREMP designs for both a normally 
conducting and a superconducting winding 
were selected from a large number of 
potential designs in which the three dimen-
sionless variables were varied parametri-
caliy. The information contained in Ref. 73 
shows the sensitivity of the design figure of 
merit as the three dimensionless variables 
are changed. The ratio of efficiency to 
mass-diameter product was selected as a 
figure of merit because our overall objec
tives are to maximize the pump efficiency 
and to reduce the power-plant capital cost. 
Minimizing the pump mass reduces pump 

cost, and minimizing the pump diameter re
duces building cost. Because both mass and 
diameter appear in the denominator of the 
figure of merit, the optimal values for the 
three dimensionless variables may be de
rived from the points where the figure of 
merit is maximized. In terms of cost, the 
pump height is relatively unimportant be
cause it is less than the height of both the 
reactor vessel and the steam generators. In 
fact, there is sufficient height in the build
ing to allow for mounting the rotor drive 
motor either above or below the pump. 

Our design values for the three dimen
sionless variables (and for the efficiency, 
mass, and diameter) are shown in 
Table 8-13 for each pump type. At first 
glance, the pump with a superconducting 
winding seems far superior because its fig
ure of merit is 11.5 times larger than for the 
pump with a normal winding. However, 
the superconducting pump has additional 
costs because of the cryogenic cooling sys
tem and the decreased plant availability re
sulting from reduced reliability; hence, the 
pump with a normal winding may prove to 
be the best choice. For example, if efficiency 
alone were the figure of merit, the maxi
mum pump efficiency would increase from 
50 to 54% for the normal winding, and 
from 60 to 69% for the superconducting 
winding. Increasing the HYLIrE pump effi
ciency from 50 to 69% increases the plant 
output by 0.36 MW (per pump). At 
5<t/kW-h and a 70% capacity factor, this en
ergy has an annual value of $110 000. If 
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reliability is unchanged, and a 10% interest 
rate is used, we could invest up to $1.1 mil
lion in each wider or heavier pump (and 
larger building) before the efficiency savings 
are lost. However, if the efficiency is in
creased by using a more complex pump 
(such as one with cryogenic windings), the 
pump is likely to be less reliable, and the 
plant will be operational less of the time. 
Decreased plant availability of only 0.3% 
would cancel the benefit of increasing the 
efficiency of 11 HYLIFE pumps from 50 to 
69% if that efficiency improvement could 
be obtained with no capital cost. 

For a given winding type, trade-off of ef
ficiency and size can be made when the 
pump cost per kilogram of pump mass and 
the building cost per meter of pump diame
ter are known. The figure of merit to be op
timized will be a function of these cost 
factors, in addition to the interest rate and 
electric energy value. When the normal and 
superconducting windings are compared, 
additional consideration must be given to 
the effect of each pump type on the plant 
reliability. 

Authors: J. A. Blink (LLNL) and 
R. S. Baker (ETEC) 

Major Contributors: R. D. Kirvel (LLNL) 
and M. J. Tessier (ETEC) 

Embrittlement of 2-1/4 Cr-1 Mo 
Steel by a 1 at.% Pb-99 at.% Li 
Liquid 

Introduction. The steel alloy 2-1/4 Cr-1 Mo 
is a major potential candidate for the first 
structural wall in a laser fusion =actor be
cause of its low strategic alloy content, low 
swelling, and resistance to liquid metal cor
rosion. Data gener ted by the Colorado 
School of Mines (CSM) in previous LLNL-
funded programs illustra.d that 2-1/4 Cr-1 
Mo steel could provide good resistance to 
lithium corrosion, provided the carbides 
were stabilized either by the addition of ni
obium or by careful heat treatment.74 ,75 

In inertial fusion reactors such as 
HYLIFE, a heavy metal from the fuel cap
sule, such as lead, will bp mixed with the 
lithium. Data generated by CSM, also under 
the auspices of LLNL funding, indicated 
that the addition of lead to the liquid lithium 

Normal Superconducting 
Variable winding winding 

Pole pitch/magnetic g-p 6.5 3.0 
Rotor length/pole pitch 1.77 0.55 
Field/fluid velocity 1.13 1.40 
Efficiency (%) 50.2 59.6 
Mass a (Mg) 105 12.5 
Diameter (m) 2.54 2.21 
Figure of merit 0.188 2.19 

aNeither design includes the mass of the drive motor or the heat-removal 
systems. 

did not alter in a major way the lithium 
conosion of 2-1/4 Cr-1 Mo steel at tempera
tures from 400 to ftOO°C.76,77 

A major concern undrr study at CSM, 
a^atn under LLNL auspices, is the potential 
embrittlement of 2 1/4 Cr-1 Mo steel bv a 
lead-lithium liqviid. Several earlier stii lies 
have indicated that lithium r . i U: .. em
brittling agent for metils under loan The 
tensile properties (especially elongation) of 
Armco iron have been shown7 8 to ie ad
versely affected by exposure to li- ium, par
ticularly when the iron has been slowly 
cooled, then strained i.1 a slow strain rate in 
lithium at 200 to 600°C Other • tudies7 9"8 2 

have shown that lithium embr ules not only 
iron, but silver, copper, nickel j alladium, 
stainless steels, and high-strength steels. 

Previous research by Rostaker < t al.8 2 on 
the lithium embrittlement ' ' AISI 4130 steel 
found that the steel was i astrophically 
embrittled by Pthium or when the steel 
was heat treated to a te lie strength of 
150 ksi (1 GPa) or above. The ductility of 
the steel, measured after tensile testing in 
molten lithium at 205' C, was less than ex
pected even when the steel had been heat 
treated to low strength levels. These work
ers further found t' it the 210"C fracture 
strength of AISI 4 >0 steel wetted by lith
ium increased in 'rsely with the square 
root of the mea free path between car
bides. Grain size has also been found to be 
an important microstructural parameter in 
lithium embr'dement. Rostaker et al.8 2 

showed that ihe fracture strength of both 
copper and nild steel wetted by lithium at 
205°C increased inversely with the square 
root of grain diameter. 

Lead aiso has been identified as an 
element that embrittles other metals, includ
ing zin , germanium, copper, nickel, iron, 
and k w-alloy steels.8 1 , 8 1 This phenomenon 
has been found to be sensitive to second-
element content. For example, 0.1% zinc 

Table 0-13. Design 
values for helical-
rotor liM pumps. 
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Fig. 8-33. Ultimate 
(ensile strength of 
2-1/4 Cr-1 Mn steel, 
determined in both 
avgon and lead-
h t h u m liquid. 

was found to extend the temperature of 
e:nbrittlement of AIP' 4140 steel hy lead to 
above 425°C (Ref. 83). 

Results and Discussion. The only 
known study of the potential embrittlement 
of 2-1/4 Cr-1 Mo steel by lithium, lead, or 
by a lead-lithium liquid is the LLNL-
funded preliminary study in progress at 
CSM. In this program, two microstructural 
conditions of 2-1/4 Cr-1 Mo steel are being 
strained in tension at fixed deflection rate 
(2 /im/s) while submerged in either pure 
lithium, pure lead, or the 1 at.% Pb-99 at.% 
Li (17.6 wt% Pb, 82.4 wt% Li) liquid at 
eight different temperatures. The two mi-
cnWTUCtures being studied are obtained 
by the following heat treatments: (1) aus-
tenitizec! at 1300°C, oil-quenched; and (2) 
austenitized at 1300°C, oil-quenched, tem
pered at 750°C for 10 h. These microstruc-
tural conditions represent the extremes in 
potential embrittlement susceptibility. The 

as-quenched condition is the highest 
strength and, therefore, most susceptible 
to liquid-metal embrittlement. The high 
austenirizing temperature produce s a micro-
structure simulating a weldment that has 
not been postweld heat treated. In contrast, 
the quenched and tempered microstructure, 
representative of an extensively tempered 
weldment, is sufficiently ductile to likely 
avoid liquid inetal embrictlement, although 
such a he.it treatment significantly lowers 
the allowable stress to which a structure 
could be designed. 

The results of testing these microstruc-
tures at fixed deflection rate while sub
merged in a 1 at.% Pb-99 at.% I.i liquid are 
shown in Figs. 8-38 and 8-39. Figure 8-38, 
which shows the ultimate tensile strength 
vs temperature for both microstrucrures, 
tested in both argon atmesphere and the 
lead-lithium liquid, vividly illustrates the 
significance of the embrittlement problem. 
While the heavily tempered specimens dis
play little or no difference in fracture 
strength whether tested in argon or in the 
lead-lithiurn liquid, the untempered speci
mens display significantly reduced fracture 
strengths over the entire range of tempera
tures when tested in the lead-lithium liquid. 
The tensile strength data also suggest an
other difficulty with utilizing an extensive 
temper to solve a lead-lithium embrittle
ment problem. The heavily tempered speci
mens are significantly softened by the heat 
treatment; base plate given a normal (900 to 
950°C) austenitizing treatment would con
ceivably be excessively weakened by such 
an extensive temper. Measurements of duc
tility, expressed as percent elongation in a 
nominal 1-in. gage length, are shown in 
Fig. 8-39 for the same specimens described 
in Fig. 8-38. Note that the as-quenched steel 
exhibited limited ductility even when tested 
in argon. In the argon tests, the percent 
elongation of the as-quenched steel was 
low, unless the test temperature was greater 
than 400°C, although the reduction in area 
was found to be 10 to 30%, depending on 
test temperature. The as-quenched steel 
exhibited nil ductility at all tempera
tures when tested in the 1 at.% Pb-99 at.% 
Li liquid. 

Ductility measurements of the tempered 
steel tested in argon wero significan }y 
greater than comparable values for the un
tempered steel, as expected. (The apparent 
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minimum in percent reduction in area at 
about 400°C is not yet understood; further 
study of this phenomenon is in progress.) 
Ductility measurements of the tempered 
steel tested in the 1 at.% Pb-99 at.% Li 
liquid were also significantly greater than 
comparable values for the untempered steel, 
again attesting to the effectiveness of a tem
pering heat treatment to reduce liquid metal 
embrittlement susceptibility. Ductility mea
surements at 250°C provide a cautionary 
note; an apparent loss of ductility at this 
temperature, even after an extensive tem
per, implies that tempering may not 
cc npletely alleviate rmbrittlement by a 
le<_d-Iithium liquid. These results are consis
tent with results by Rustaker et al.3 2 show
ing ductility losses in heavily tempered 4130 
steel when tested in lithium at 205°C Fur-
ler testing in this temperature regime 

is in progress to clarify the extent of embrit
tlement, if any, in heavily tempered 
7.-1/4 Cr-1 Mo. 

Scanning electron fractographs of both 
as-quenched and quenched and tempered 
2-1/4 Cr-1 Mo steel samples were made af
ter testing in both argon and the 1 at.% 
Pb-99 at.% Li liquid at 348°C. In the argon 
tests, the fracture surfaces for both the as-
quenched and quenched and tempered 
specimens were characterized by fine micro-
void coalescence, indicating that the steel 
failed by ductile rupture at this temperature. 
3y contrast, the as-quenched 2-V4 Cr-1 Mo 
steel, when tested ir ?. 1 at.% Pb-99 at.% Li 
liquid at 348°C, failed by intergranular 
'racture—a phenomenon commonly ob
served in liquid-metal embrittleinent. Tem
pering the steel for 10 h at 750°C restored 
the ductile-mpture mode of f "are to speci
mens tested in the lead-lithium liquid. 

Conclusions. Specimens of 2-1/4 Cr-1 
Mo steel, heat-treated to simulate the near 
heat affected zone of a weldment, were se
verely embrittled by a 1 at.% Pb-99 at.% Li 
liquid at temperatures from 250 to 525 DC. 
Embrittled specimens failed by irtergran-
ular fracture. An extensive temper (10 h at 
750°C) significantly reduced the embrittle
ment susceptibility of the steel. Tempered 
specimens generally exhibited good ductility 
and failed by ductile rapture. Huwever, 
tempering significantly reduced the strength 
of the steel. If applied to base plate metal, 
given a conventional austenitizing heat 
treatment, such tempering could reduce the 
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strength to an undesirable level. Also, mea
surable loss of ductility was observed in 
tempered specimens tested in the 
lead-lithium liquid at 250GC. 

Authors: G. R. Edwards and B. A. 
Eberhard (Colorado School of Mines) 

Major Contributors: J. Hovingh (LLNL) 
and N. J. Heffman (ETEC) 

Power-Plant 
Considerations 
Evaluation of Pirect-Illumination-
Driven ICF Reactors 

lnertial-fusion reactors for power generation 
require high-energy drivers to compress and 
ignite the fusion fuel pellet. There are two 
techniques for irradiating the fuel pellet: 
radiation-driven and direct-illumination-
driven. The radiation-driven targets have a 
high-Z radiation case that converts the 
dri"er beam energy to x rays. This radiation 

Fig. 8-39. The ductility 
of 2-1/4 Cr-1 Mo steel, 
determined in both 
aigon and lead-
lithium. 
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Table 8-14. Compari
son o! direct-drive re
actor system with 
radiation-driven reac
tor system. 

case provides a hohlraum-Hke region that 
gives relatively uniform ii radiation of the 
pellet with as few as two driver beams. On 
the other hand, the direct-illumination-
driven pellets absorb the driver energy in 
the expanding plasma from the fuel cap
sule. To absorb the driver energy uniformly, 
a direct-drive pellet requires a large number 
of driver beams evenly distributed over its 
spherical shell. The final optics that turn the 
driver beam into the reaction chamber can 
be either "uefocus^d" high f/No. or low 
f/No. optics. In either case, the velocity 
asymmetries must be kept to less than 
about 4%. 

Recent conceptual designs for inertial-
fusion power reactors are suitable (z. 
nd.iation-driven targets. These reactor de
signs usually feature high f/No. driver 
beams entering the reactor cavity from es
sentially two sides. In a recent study,8'1 we 
examined the possibilities of using directly-
driven targets, even though the energy 
gains are expected to be less than in 
radiation-driven targets. For the purpose of 
this study, we took therr, to be equal for the 
same driver wavelength and energy; more 
accurate data from ongoing physics experi
ments will be available later. In this exami
nation oi" J',rect-illumination effects, we 
studied four parameters 
• Mirror damage constraints. 
• Reactoi neutronics performance. 
• System energetics. 
• Cost. 

Mirror Damage Constraints. In analyz
ing laser-light damage to the final-focusing 
mirror, we find that the maximum f/No. is 
limited by the laser damage threshold of 
the optics. This damage can be minimized 
by 10 Torr-m xenon gas, which will protect 
the mirror surface from both the pellet de-
l ris and the x rays generated by the reac-

Direct drive Radiation drive 

Oytics f/3 f/50 
Number of beams 24 2 
Tritium breeding ratio 

Lithium 1.0 1.3 
L ' 1 7 P b 8 3 0.6 1.1 

Blanket multiplication 
Lithium 0.90 1.20 
Lii?Pb(o 0.87 1.30 

Net/gross power ratio (ijQ = 10) 
Lithium 0.59 0.66 
U„?bm 

0.58 0.67 

ti n. Analysis also shows us that neutron 
damage is greater on the low f/No. optics 
required for direct-illumination targets than 
on the high f/No. optics associated with 
radiation-driven targets. Because of this 
higher damage, we see an increase in optics 
costs and in power plant downtime, both 
factors reducing net revenue from a power-
producing plant. 

Reactor Neutronics Performance. In a 
fusion power plant, a liquid-metal blanket 
in the reactor vessel absorbs neutrons and 
breeds tritium. For this purpose, we ana
lyzed two blanket materials: lithium and 
L.i|7PbB1. We found that the maximum solid 
angle of beam penetrations through the 
blanket will be limited by the tritium breed
ing ratio. The fusion energy lost through 
large-solid-angle be im ports represents a 
substantial loss of revenue from the power 
plant. When we reviewed reactor design 
concepts, we also found that the complex 
irradiation geometry for a directly-driven 
plant eliminates several of our cavity design 
options (e.g., HYLIFE) for protecting the 
first wall from the fusion reactions. Further 
studies are required to design a cost-
effective direct-illumination-driven reactor. 

System Energetics. In Table 8-14, we 
compare the performance of two power 
plants: one a direct-illumination-driven 
power plant with 24 beams and f/3 final 
optics, the other a radiation-driven power 
plant with 2 beams and f/50 final optics. 
Each of them would use either a lithium or 
a Li i rPb s , blanket. The data show that the 
Li, 7Pb a l blanket has an unacceptable 
tritium breeding ratio (<1) in the direct-
illumination system For a fixed fusion en
ergy gain (t)Q) of 10 (where rj is the laser 
system efficiency and Q is the pellet gain), 
the ratio of the net power to the gross 
power produced is about 10% less for this 
direct-illumination system than for tfu' 
radiation-driven system. 

Cost. In assessing costs, we see that the 
target factory of a direct-illumination plant 
will be slightly less expensive because the 
targets are less complex. However, this 
power plant will also require a more com
plex and, therefore, more costly reactor and 
containment structure to accommodate the 
globally distributed laser beams and related 
optics. If we consider the total system effi
ciency discussed in the previous paragraph, 
for the same net cost of electricity produced, 
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the allowable capital cost of this direct-
illumination-driven power plant must be 
10% less than that of a radiation-driven 
power plant. For a $1.5 billion plant, this 
represents $150 million. 

In conclusion, we note that the capital 
costs for low f/No., direct-illumination-
driven inertial-fusion power plants are re
quired to be significantly less than those for 
the radiation-driven power plants in order 
to produce electricity at the same cost. High 
f/No. direct illumination solves the neutron 
damage problems for the final optics and 
will reduce the tritium production and blan
ket performance problem of low f/No. di
rect illumination. The globally distributed 
optics, however, will rerjlt in extra costs, as 
well as the elimination of several feasible 
reactor concepts relative to the radiation-
driven power plants. Detailed self-consistent 
reactor design and costing. . .dies would be 
required to quantify these ..'-fferences. How
ever, it is clear that high f/No. illumination 
of radiation-driven targets, from the fewest 
possible directions, will maximize reactor 
performance and minimize plant cost. 

Author: J. Hovingh 

Commercialization of Ineriial 
Fusion for Electric Power 
Production 

Introduction. We have devised a plan to 
develop inertial fusion for power produc
tion."' First, we determined what large facil
ities we need for ICF development; then, 
we estimated the time schedule required for 
construction of these large facilities. Our ini
tial plan included goals and a development 
schedule for each of the three main devel
opment facilities. We have recently pro
posed8 6 an operating point (target gain, 
driver energy, pulse rate, etc.) for each facil
ity as a function of the commercial-reactor 
laser-driver type and pulse rate. We also 
considered the effect of developing fusion 
as a source of fissile fuel rather than as 
thermal power. In setting a schedule and in 
planning operating points for the major en
gineering facilities, we also generated mile
stones for development of the driver, the 
target factory, and many of the other com
ponents of an ICF power plant. This article 
summarizes our development plan. 

Facility Goals. We believe that three in
tegrated facilities will be needed to com
mercialize inertial fusion 
• An engineering test facility (ETF) that tests 

several potential reactor concepts at the 
lowest practical fusion power for only a 
few pulses at a time. The goal of ETF is to 
verify modeling and simulation results for 
several reactor first-wall concepts (e.g., dry 
wall, wetted wall, liquid-metal wall) and 
then to use the experimental data to 
choose a first-wall concept for further 
development. The ETF is assumed to be 
an add-on to the target physics dem
onstration farilih' (TPDF), which will 
demonstrate the reactor physics required 
for commercialization. The goal of TPDF 
is to demonstrate target yields of a few 
hundred megajoule or more for both mili
tary and energy applications. 

• An experimental power reactor (EPR) that 
integrates the selected driver and reactor 
concept at a low fusion power. The EPR 
will demonstrate integrated operation of 
most power plant systems. 

• A demonstration power reactor (DEMO) 
that operates reliably for extended peri
ods. The DEMO fusion power level may 
be lower than required for economic 
power production, but it must be large 
enough, and provide a reliable enough 
cost data base, for utilities to risk con
struction of full-size commercial plants. 
The timely operation of each facility will 

require extensive development programs 
for supporting systems (such as target-
fabrication factories, target-injection hard
ware, tritium-processing equipment, etc.). 

The thermal power of each facility can be 
quite low and still provide energy densities 
comparable to a commercial reactor be
cause, in ICF, we can move the energy-
absorption materials closer to the point 
source. (Energy density is roughly propor
tional to the target yield divided by the 
square of the wall radius.) This design 
freedom allows the reactor portion of ICF 
development facilities to be much smaller 
than magnetic fusion facilities with similar 
goals. However, the ICF facilities still in
clude large, expensive drivers, and the cost 
of ICF and MFE development facilities will 
be of the same magnitude. The high cost of 
the driver could be offset by the separabil
ity of the driver and reactor (allowing 
more reactor design freedom) and by the 
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Fig. R-40. Engineering 
development schedule. 

possibility of reusing the driver in a 
subsequent facility. 

We have not proposed a materials test fa
cility (MTF) in the time line because we be
lieve that 1CF reactor materials selection 
will be possible using analytical studies, 
small-scale experiments, and results from 
other energy programs (LivlFBR, coal gas
ification, and MFE). If we are successful, 
DEMO will validate our choice of materials; 
if not, DEMO becomes the MTF, and the 
schedule must be extended. 

The three facility descriptions (ETF, EPR, 
and DEMO) are based on the viewpoint of 
reactor development, and the schedule is 
used to provide milestones for the driver 
development program. A scenario based on 
driver development may not distinguish the 
facilities in the same way. For example, the 
EPR and DEMO both require a repetition-
rated, multimegajoule driver, and it is possi
ble that the same driver will be used in 
both facilities; thus, DEMO could be consid
ered an upgrade of EPR. Similarly, if a 
heavy-ion-beam or repetition-rated laser 
driver is chosen for the TPDF/ETF, that 
driver could p. ssibly be reused in the EPR 
and DEMO. 

Schedule. The selection of three facilities 
and the lead-time constraints for large facili
ties allow the formulation of a schedule. 
The nominal rime line shown in Fig. 3-40 

begins in 1985 after some results from Nova 
and PBFA are available. A preliminary 
Schedule 44 is not submitted to DOE for 
any facility (TPDF/ETF, EPR, or DEMO) 
until the preceding facility has operated for 
two years (one year start-up, one year of 
experimentation). As Fig. 8-40 shows, the 
DEMO would operate in 2016, using these 
assumptions. 

The preliminary driver dc-iUiuti for 
TPDF/ETF will be made in 1987 under the 
nominal schedule, and the final decision 
will be made in 1989, when Title 1 is 
complete. Thus, several laser and heavy-
ion-beam options will be available for con
sideration. The preliminary driver decision 
for FPR will be made in 1998 under the 
nominal schedule. Therefore, if a single-
pulse driver is used for TPDF/ETF, 1998 is 
the key date for development programs for 
the driver, target factory, and other high-
repetition-rate systems. 

This schedule could be compressed in the 
unlikely prospect that a Manhattan Project-
style development of 1CF is implemented. 
For example, if the preliminary design 
Schedule 44 is submitted for construction, 
rather than for design funding, the concep
tual design and Title 1 steps are eliminated. 
Double-shift construction could cut the 4- to 
6-year construction time to 3 to 4 years. 
Results from Nova/PBFA could be made 

1 1 1 1 1 
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1 1 1 1 1 1 I I I I 1 I I 1 ' 1 
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available earlier. The accelerated time line 
has DEMO operating around 2006, ten 
years earlier than the nominal schedule. 
Since the EPR driver decision point is 
moved up four years to 1994, development 
programs for repetiHon-rated systems re
quire earlier funding to meet the schedule. 
This rather unrealistic accelerated scenario 
is of interest primarily because it defines the 
earliest possible date for the DEMO. 

If the ICF development program contin
ues at the present pace through 1990 and 
then becomes an accelerated program, the 
nominal schedule could be compressed 
with DEMO operating in 2009. In this case, 
development programs for repetition-rate 
systems must succeed by 1997. 

The schedules described are success-
oriented; i.e., they assume availability of 
funds arid timely success in each technol
ogy development program and in each of 
the three integrated facilities. Clearly, unan
ticipated delays in the schedules are always 
possible. For example, because of funding 
limits, only a few candidate structural ma
terials will be developed for use in the EPR 
and DEMO facilities. If the synergistic ef
fects of fatigue, pulsed radiation, and liquid-
metal corrosion drastically shorten the life 
of the structural components in EPR or 
DEMO, a considerable delay could result 
while alternative materials are developed 
for the next facility. 

Characteristics of the Development 
Facilities. To specify the characteristics of 
each development facility, we must first 
consider the characteristics of pott itial 
commercial plants as a function of chamber 
pulso-rate and driver efficiency. Then, the 
size of e.sch development facility can be 
chosen to satisfy its design goals while gen
erating a minimum of fusion power. The 
accomplishments for this procedure have 
been described in Ref. 86 for five potential 
chamber-pulse-rate/driver-efficiency com
binations. The TPDF/ETr- has the same 
characteristics in each case, but the com
mercial chamber and the driver types must 
be selected prior to EPR construction. 

The target-gain level demonstrated in 
TPDF will allow elimination of those 
driver/reactor combinations with a recircu 
lating power fraction that is too high (prod
uct of driver-efficiency and target-gain that 
is too low). The ETF experiments, coupled 
with economic and safety analyses, will be 

used to select the driver/reactor combina
tion leading to a commercial reactor low in 
cost and high in safety. Then the EPR and 
DEMO can be sized as intermediate points 
leading to the commercial plant. 

Fissile Fuel Breeder Development. The 
high efficiency of using 14-MeV neutrons to 
convert fertile material (2 3 2Th or :'1SU) to fis
sile fuel ( 2 3 JU or 2 3 9Pu) allows one fusion 
breeder reactor to support as many as 20 
light-water reactors of the same thermal 
power as the breeder. The high support ra
tio allows the fusion-breeder cost to be 
shared among many light-water reactors, as 
part of the fuel cycle. Hence, the breeder 
can cost considerably more than a fission 
reactor and have little impact on the cost of 
electricity. In addition, the product of target 
gain and driver efficiency (also called the 
fusion gain) of a fusion breeder can be 
much lower (1 to 5) than for a pure fusion 
reactor (>15). 

While economic considerations may per
mit an earlier application for fusion breed
ers than for pure fusion, the retaxed fusion 
gain requirement will probably not allow 
the development schedule to be accelerated, 
since the time lines shown in Fig. 8-40 re
quire success in driver and target designs 
for either the pure fusion or the fusion 
breeder application. The target gain for a 
pure fusion commercial plant is scheduled 
to be demonstrated in TPDF. If TPDF only 
demonstrates target gains that are suitable 
for fusion breeder reactors, the pure fusion 
schedule will be delayed or terminated, and 
the breeder schedule will proceed. If TPDF 
demonstrates target gains for both breeders 
and pure fusion reactors, then both pro
grams can proceed on the same schedule. 
Therefore, relaxation of taiget gain will 
probably not accelerate the schedule for 
fusion breeders beyond the schedule de
scribed in Fig. 8-40. However, if funding is 
very limited, relaxed target gain could mean 
a smaller driver that costs less, thus enhanc
ing the probability of obtaining funding for 
breeder development facilities. 

If a heavy-ion-beam or high-etficiency 
laser is developed for TPDF or EPR, relax
ation of the driver efficiency requirement 
for breeders will have no impact on the 
development schedule. If a low-efficiency 
laser is chosen, a fusion breeder program 
would require less driver development than 
for a puce fusion driver, but, again, this 
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difference cannot accelerate the breeder 
schedule. Rather, problems with the driver 
development program could delay the pure 
fusion time line. 

The ETF will probably be able to serve 
both fusion-breeder and pure fusion devel-
opmen t because of its inherent design flex
ibility. The EPR and DEMO facilities might 
be able to test both technologies simulta
neously by allocating a portion of the reac
tor chamber to each application, or, more 
likely, by sharing the driver between two 
separate chambers. 

Although a fusion-breeder schedule 
might proceed while a pure fusion schedule 
might be delayed because of target gain or 
driver efficiency problems, each fusion-
breed:r development facility will include a 

more complex blanket and balance-of-plant 
than would its pure fusion counterpart. The 
development of the fuel processing equip
ment, the afterheat removal system, and 
other safety systems will make it more diffi
cult for fusion breeder development to stay 
on schedule, as compared to pure fusion. 

The fusion breeder represents an attrac
tive application for fusion. In addition to its 
favorable economics, the fusion breeder can 
have a rapid impact on a large fission reac
tor energy grid because each new breeder 
will supply makeup fuel for as many as 20 
fission reactors. But we do not believe that 
the development time can be faster than 
the plan proposed for pure fusion. 

Authors: ) . A. BJink and M. J. Monsler 
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