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FOREWORD 
This report presents the unclassified activities and accomplishments of the Laser Program at 

the Lawrence Livermore National Laboratory for the calendar year 1980. The classified work of 
the Program in 1980 is being reported separately. The Laser Program at LLNL, comprised of 
both Laser Fusion and Laser Isotope Separation efforts, is supported by the United States 
Depclrtr~ler~t uf Erle~gy. 

Our purpose in preparing this report is to present our work in depth for the benefit of the 
inertial confinement fusion and isotope separation communities. Accordingly, concepts, 
theoretical analyses, computational results, design and configuration of experiments, data, and 
results are presented in detail to allow critical technical evaluation and to make it possible to 
reproduce or extend any of the work presented here. In 1980 we realized significant scientific and 
engineering accomplishments in all areas of our Program. In the fusion effort, a major highlight 
of the year has been the conversion of the Argus laser to a green/blue target irradiation facility 
and the experimental demonstration of dramatic improvements in critical laser-plasma coupling 
and drive parameters; in the isotope separation effort, a major highlight of the year has been the 
successful scaling of coppcr vapor lascr devices to a level of 150 watts maximum extractable 
power per aperture, an attractive level for use in uranium enrichment plants. 

This report is published in three volumes; the major sections correspond to the division of 
technical activity in the Program. Section 1 in Volume I provides a Program Overview, 
presenting highlights of the technical accomplishments of the elements of the Program, a 
summary of activities carried out under the Glass Laser Experiments Lead Laboratory Program, 
as well as discussions of Program resources and facilities. Section 2, also in the first volume, 
covers the work on solid state Nd:glass lasers, including systems operations, Nova and Novette 

. system development, and supporting research and development activities. 
. Volume 2 contains five sections that cover the areas of target design, target fabrication, 

diagnostics, and fusion experiments. Section 3 reports on target design activities, plasma theory 
and simulation, code development, and atomic theory. Section 4 presents the accomplishments of 
the Target Fabrication Group, Section 5 contains the results of our diagnostics development, and 
Section 6 describes advances made in the management and analysis of experimental data. Finally, 
Section 7 in Volume 2 reports the results of laser target experiments conducted during the year. 

. Volume 3 is comprised of three sections, beginning with Section 8 on Advanced Lasers. Both 
theoretical and experimental research and development activities on advanced laser systems are 

., presented here. Section 9 contains the results of studies in areas of energy and military 
applications, including those relating to electrical energy production by inertial confinement - 
fusion systems. Finally, Section 10 presents results from selected activities in the Advanced 
Isotope Separation Program. 

L. W. Coleman 
W. . . F. Krupke 
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Laser Program Overview 
Introduction 

The principal components of the Laser Program at the Lawrcnce Livermore 
National Laboratory (LLNL) are laser fusion and laser isotope separation. The 
goals of the Laser Fusion Program are to produce significant well-diagnosed 
thermonuclear implosions in the laboratory and to exploit this capability for 
military applications in the near term and for civilian power applications in the 
longer term. The military applications of laboratory implosions are two-fold: 
(1) to investigate and enhance our understanding of nuclear weapons physics in 
support of the weapons program, and (2) to simulate effects of nuclear 
explosions on military targets. A further, implicit feature of the program is to 
strengthen and broaden the intellectual resource base of the weapons program 
through the process of developing and applying inertial confinement fusion 
(ICF) technology. The longer-term objective of developing ICF technology for 
civilian power applications is one that offers a very high payoff, but one that 
also entails a considerably higher technical and economic risk. 

Through the mid-1980s the Laser Fusion Program will focus on achieving 
ignition conditions in a thermonuclear plasma, a necessary milestone on the 
way to either application of ICF technology. In order to develop the basis 
of scientific understanding leading to the 

Percent 
demonstration of ignition, we have con- 
structed and operated a series of experi- 40 1 

mcntal facilities over the past eight years. 
Using Nd:glass lasers, a mature and flexible 
technology, we have been able to progress 
from Janus (40 J, 1973) to the construction of 
Nova. Experiments conducted on our facili- 
ties have resulted in prugressivcly increas- 
ing fuel temperatures and densities. More 
importantly, these experiments have greatly 
increased our understanding of the inter- 
action of intense laser light wilh targets and 
of the physics of laser-driven implosions. 
This, in turn, has enabled us to identify 

La- 
critical requirements for ICF targets and, 

- consey uently, has led to significant advances 
I 
t. in both target design and target fabrication 

technology. 
During 1980, we emphasized strengthening 

our understanding of the physics of laser 
fusion targets, both directly driven and 
radiatinn-driven, and improving our ability 
to diagnuse the properties of relatively cold, 
dense plasmas. Operating the Argus facility at 
0.53 and 0.35 pm, we have explored the 
wavelength scalings of absorption, stimulated 
scattering, and x-ray conversion processes 
and their impacts on target performance. 
Figure 1-1 summarizes the results of our 

Radiated EnergyfAbsorbed Energy 
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Fig. 1-2 
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experimental measurements of absorption, soft x-ray conversion efficiency, and 
suprathermal x-ray production obtained with 1.06-, 0.53-, and 0.35-pm laser 
irradiation of Au disks at intensities of 3 X 1014 W/cm2. The dark vertical bars 
surrounded by color blocks represent the measured values and their associated 
uncertainties. These initial experiments have verified the theoretical predictions 
of dramatically improved target coupling and reduced suprathermal electron 
production at short wavelengths. With Shiva, we extended our series of 
measurements of dense [>100X liquid density deuterium-tritium (D-T)] 
implosions, with improved confidence in the diagnostic results. 

Our target fabrication effort is devoted to the development of various 
technologies required for both current targets and more complex targets 
required in the future. We have fabricated both radiation-driven and directly 
driven target types, are continuing to study both types, and will be able to test 
either type with Nova. We have made advances in several aspects of target 
technology, especially in the development of diagnuslic targets, including 
bromine-seeded and copper-coated spheres. Our techniques for target 
characterization and metrology were further advanced for both transparent and 
opaque targets. 

Througll iiriprotred target theory, we have obtained a better definition of the 
relation between absorbed energy and target gain. We have developed 

theoretical models for the performance of hohl- 
raum targets which are in good agreement with 
our experimental data. The critical task of 
designing the experiments to be conducted on the 
next generation of facilities (Nova and PBFA 11) 
has been initiated. In 1980, we refined the design 
of heavy-ion driven targets and found significant 
improvement in their theoretical performance. 

Supported by our improving understanding of 
and confidence in wavelength scalings, our current 
projections of attainable target gain as a functioil 
of on-target energy at 1, 0.5, and 0.3 pm are 
summarized in Fig. 1-2. The densest (most intense) 
color region shown for each wavelength denotes 
the best target performance that we confidently 
believe can be realized shortly after experiments 
begin with the requisite driver, provided that the 
necessary target fabrication and diagnostics cap- 
abilities have been developed. The continu- 
ously fading colors, progressing loward higher 
target gain and lower enercy out to thc thcorel- 
ical limits (white), signify target performance that 
we believe is achievable but with continuously 
decreasing probability in the near term. Raising 
the probability of achieving increasingly efficient 
performance represented by the fading color in the 
figures requires correspondingly increasing expen- 
ditures of time, money, and effort. 

We have completed the design of the twenty- 
beam Nova laser, which is capable of producing 
nominally 200 to 300 kJ of 1.05-pm light, or 130 to 
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200 kJ at 0.53 or 0.35 pm, in a 3-ns pulse. At present, we have received DOE 
approval for the completion of ten beams of Nova, and are awaiting final DOE a review of our proposal to complete the full system with frequency flexibility. In 
order to obtain new data to increase our confidence in the design of Nova 
targets for ICF milestones and to gain experience in operating Nova hardware 
and subsystems, we will replace the present Argus system with two Nova beam 
lines which will provide 15 to 20 kJ of 1.05-pm radiation, and up to 10 to 14 kJ 
of 0.53-pm light in a 3-11s pulse. This system, Novette, will operate in late 1982 
to early 1983. Shiva and Argus will be retired in 1981 to permit changeover to 
the Novette system. 

In parallel with the development of our fusion target design and fabrication 
capabilities and with the target experiments program, we have pursued the 
investigation of alternative driver technologies, emphasizing those drivers which 
offer the promise of reduced cost and higher efficiency. During 1980, we were 
designated as lead role laboratory for short-wavelength laser development. We 
have formulated a national program plan involving industrial contractors and 
have coordinated the efforts at the three DOE Defense Program laboratories. 
Within the resource guidance provided by DOE, the plan provides for the 
construction of a 10-kJ system test bed and 100-kJ power amplifier module in 
the 1985-1986 timeframe, as a means of evaluating pulse-compressed excimer 
laser technology. Several other advanced laser concepts will also be evaluated at 
a lower level of effort. 

For both military and civilian applications, it is essential that technology be 
developed in the context of its ultimate use. With respect to civilian power 
applications, in 1980 we have continued the conceptual development of the 
high-yield lithium-injection fusion-energy (HYLIFE) converter, performed cost 
analyses relative to fusion power plants using the HYLIFE converter, and 
introduced a new liquid metal reaction chamber concept which utilizes a liquid- 
metallwick structure facilitating a higher pulse repetition rate than is feasible 
with the HYLIFE design. In the area of military applications we have 
conducted ultra-high pressure shock wave experiments to acquire equation of 
state data for aluminum and copper in the pressure regime 0.3 to 3 TPa. A more 
extensive review of our military applications activities can be found in our 
classified 1980 annual report. 

In 1979, LI,NL was designated as lead laboratory for target experiments 
using short-wavelength lasers. Three major supyurt laboratories were identified 
(the University of Rochester Laboratory for Laser Energetics, KMS Fusion, 
Inc., and the Naval Research Laboratory) where glass laser facilities devoted to 
ICF research are in operation, As lead laboratory, we are responsible for 
providing technical direction to the support laboratories and for integrating 
their activities into the national program. During 1980, lead laboratory 
management was put inlo effcct, and coordination of the support laboratory 
programs with the LLNL program was established. The lead laboratory 
program has fostered techriical interchange among the laboratories and has 
progressed significantly toward its goal of more effective use of national 
resources in achieving the ICF Program's objectives. 

The goal of the Laser Isotope Separation Program is to develop laser isotope 
separation technology for both military and civilian applications. The Atomic 
Vapor 1 ,aser Isotope Separation process (AVLIS), which we are developing for 
the production uf enriched uranizlrn fuel lor light-water reactors, promises to be 
more efficient and less expensive and energy-consuming than the technologies 
currently available. 
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The Laser Isotope Separation program has been organized into four 
progressive stages: starting with technology evaluation, followed by technology 
demonstration, engineering demonstration, and economic demonstration. We 
are now nearing the end of the first stage. We demonstrated the scientific 
feasibility of the uranium atomic vapor process in 1974, and have subsequently 
developed the technology for the laser, vaporizer, and extractor systems. In 
1980, we integrated the Venus copper vapor laser system into our process- 
simulation experiments, substantially increasing the volume of vapor 
illuminated. We also initiated the operation of the Mars process chamber, 
which will provide a significant increase in uranium vapor production for our 
scaling experiments. 
Author: J .  L. Emmett 

Summary of Major 
Activities 

In this report, we present our achievements 
and research accomplishments for calendar 
year 1980. These results represent the 
combined activities of more than 550 people, 
working with a total operating budget of 
$65.9 million for the year. In this overview, 
we present a summary of the major technical 
activities of the program, followed by 
highlights of the lead laboratory program 

and summaries of program resources and 
physical facilities. 

Fusion Lasers 

In 1980, we administratively combined the 
Solid State Laser and the Advanced 
Quantum Electronics Programs to form the 
Fusion Lasers Program. This action enables 
us to take advantage of the technical and 
program management experience we gained 
in developing and deploying large Nd:glass 
laser systems (Argus, Shiva, Nova) to benefit 
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our advanced laser systems development 
activities. The overall objective of the Fusion 
Lasers Program is-through our in-house 
technical efforts and through our Lead Role 
Laboratory assignment for advanced 
lasers-lo providc the short-wavelength laser 
system facilities required for the National 
ICF Program. 

Solid State Laser Program 

The objective of the Solid State Laser 
Program is to design, construct, and operate 
the Nd:glass laser facilities required for 
inertial fusion research at LLNL. In 1980, we 
directed our efforts to the five technical areas 
discussed in Section 2, "Solid State Laser 
Systems and Technology": 

Nova. 
Shiva/Argus operations. 
Novette. 
Solid state laser R&D. 
Basic research. 
Nova was originally designed to provide 

200 to 300 kJ on target at 1.05 pm at a 

maximum power of 200 to 300 TW. The final 
design completed in 1980 indicates that the 
upper end of this performance range will be 
achieved. The Nova project proceeded well 
during 1980. The first phase of Nova, 
approved by DOE, involves the construction 
of both the laboratory building (to house ten 
74-cm-diam beam lines) and the Nova office 
building. By the end of 1980, both structures 
were more than 50% complete. The Nova 
laser chain design using phosphate laser glass 
was frozen in 1980, and we have initiated 
procurement of all long-lead optical 
components except for the laser glass. Figure 
1-3 shows a number of 1.2-m-diam BK-7 
mirror blanks that will be used to turn the 
74-cm-diam Nova laser beams onto the 
target. 

During 1980, we operated the Shiva laser 
on a two-shift schedule, providing pulses 
with a rnaximu~n powcr of 20 TW and a 
maximum energy of 20 kJ. The operational 
flexibility of Shiva allowed us to conduct 
experiments with pulse widths from 100 ps to 
35 ns. During the year, we obtained a great 
deal of scaling information on fusion targets. 

Fig. 1-4. Second- and 
third-harmonic output 
beams of the Argus laser. 
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Of particular note, we were able to drive a 
target to a D-T fuel density of 100 to 200 
times liquid density. 

We operated the Argus laser as a multi- 
wavelength irradiation facility in 1980. We 
demonstrated external conversion effi- 
ciencies of 75 and 55% to the second (2w) and 
third (3w) harmonics, respectively. With 
good beam quality as shown in Fig. 1-4, we 
operated the up-converted laser system at the 
30-5 level and acquired a complete set of 
absorption, x-ray conversion efficiency, and 
hot electron data for comparison with laser 
plasma coupling models and simulations. 

In 1980, we designed the two-beam 
Novette laser system based on Nova laser 
hardware and incorporated 74-cm-diam 
harmonic conversion crystal arrays. The 
Novette laser system will provide up to 20 kJ 
of 1.05-pm light and up to 14 kJ of 0.53-~irn 
light on target in a 3-11s pulse. 

The Solid State R&D efforts focused on 
successfully prototyping the Nova plasma 
shutter and the Nova 46-cm-aperture 
amplifier (shown in Fig. 1-5), which uses 
split laser disks. Significant progress was also 
madc on the development of large-area 
graded-index glass components for use in 
low-loss, high-damage-threshold spatial 
filter lenses. Technology development of 
harmonic crystal arrays and the design of an 
effective multi-color system configuration 
has also progressed significantly. 

Advanced Lasers 

The objectives of the advanced lasers effort 
are to identify, demonstrate and assess short- 
wavelength laser driver systems capable of 
being scaled to achieve the ICF milestones of 
high pellet gain (>50) and power 
production. 

In 1980, our research and development 
activities (presented in Section 8, "Advanced 
Lasers") emphasized pulse-compressed rare- 
gas halide (RGH) laser systems as the 
baseline approach to meeting the program 
objectives. Using the RAPIER (Raman 
Amplifier Pumped by Intensified Excimer 
Radiation) RGH laser system test bed, we 
demonstrated the technical feasibility of the 
hybrid pulse-compression system architec- 
ture. A 20-fold Lemporal pulse compression 
was achieved by first compressing the 
60-ns output pulse of the e-beam excited 
A-amplifier by a factor of 3 using the tech- 
nique of angle-multiplexing, followed by a 
seven-fold compression using the technique 
of backward-wave Raman scattering. The 
latter was accomplished using methane gas 
as the Raman medium, contained in a 
grazing-incidence light-channel cell. 

Toward the end of 1980, we developed a 
concept for a new pulse-compressor laser 
system architecture, the Raman Accumu- 
lator, in which the (KrF) excimer pump 
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medium and the Raman converter medium 
are contained in coupled resonator cavities. 
Preliminary analyses of this regenerative 
type of laser system indicate that a very 
compact and cost-effective multimegajoule 
driver system can be cot~figurcd. A 
conceptual layout of a megajoule 
accumulator system is shown in Fig. 1-6. 

In addition to our primary efforts on 
RGH laser systems, we have continued to 
develop and evaluate two other advanced 
laser systems. The V:MgF2 laser is 
representative of high-average-power solid 
state lasers. Crystal growth experiments 
carried out at the Lincoln Laboratory have 
shown that solid solutions of crystalline VF2 
and MgF2 can be grown up to 10 wt% VF2 
without significant quenching of excitation 
energy. This VF2 concentration level is well 
in excess of that required for efficient 
pumping of large V:MgF2 fusion lasers. In 
addition, absolute spectral cross sections and 
the energy storage lifetime of the V:MgF2 
laser medium have been determined as a 
function of temperature. 

We continued the analytic and 
computational investigation of the free- 
electron laser (FEL) as a fusion driver. We 
have continued to extend and refine our 
models of the optical beam interaction with 
the electron-beamlwiggler structure, with 
emphasis on propagation effects. We have 
also examined the feasibility of using a 

circular betatron as an electron-beam 
accelerator in a high-current FEL system 
and have identified the key technical issues 
requiring further evaluation. 

Target Design 

The design of targets to achieve the program 
goals requires the combined efforts of our 
plasma, code development, and design 
groups. As described in Section 3, "Target 
Design," these groups develop theories of 
beam-plasma interactions, implosions, and 
thermonuclear microexplosions, build 
requisite computer codes, and use these tools 
to design targets and simulate experimeats. 

In 1980, we succeeded in using the Shiva 
laser to implode D-T fuel to densities over 
100 times liquid D-T density at a temper- 
ature of 0.5 keV in lascr-driven hohlraum 
targets. Preshot theoretical predictions of the 
target performance are in excellent 
agreement with the measured results. 
Theoretical models have been developed 
which correctly predict hohlraum 
temperatures and suprathermal electron 
scaling. 

Recent experimental confirmation of 
theoretical predictions of improvements in 
laser plasma coupling at short wavelengths 
represent a very significant development in 
ICF research. Theoretical scaling from the 

Fig. 1-6. Megajoule 
excimer aceumulalu~ 
system layout. 
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preliminary results of Shiva hohlraum 
experiments indicates that the suprathermal 
electron problem will be controlled in Nova 
and reactor targets by using 3w light 
(0.35 pm). We have pursued theoretical 
studies addressing plasma heating, electron 
generation, transport, and stimulated 
processes. Our theoretical predictions of the 
importance of Raman processes in targets 
with sufficiently long plasma scale lengths 
were confirmed. Further experiments with 
well-diagnosed plasma conditions in larger 
underdense plasmas are needed to solidify 
our theoretical analyses, which predict that 
the hot electrons are generated predomi- 
nantly by the Raman and 2wp processes. 

The capabilities of LASNEX have been 
enhanced through introduction of new 
operational and code structure features. New 
modeling of atomic physics [I~OCPSFPS 

important in ICF have been pursued. 
Our calculations continue to support the 

theoretical possibility of achieving ignition 
and scientific breakeven with a 10-kJ short- 
wavelength laser, provided that stringent 
symmetry, fluid stability, pulse shaping, and 
frequency shaping requirements can be met. 
However, these milestones will most likely be 
first achieved with 0.1- to 1-MJ drivers 
(Nova, PBFA 11) because success at the 
10-k J level requires approaching ideal target 
performance limits, whereas there is reservc 
and margin for uncertainty at the 0.1- to 1 .O- 
MJ level. Thc feasibility and scale of 
ignition-scientific breakeven are only weakly 
coupled to the feasibility and scale of the 
high-gain fusion microexplosions required 
for civilian and military applications. 
Nevertheless, we have developed a scenario 
of experiments that can be performed with 
0.1- to 1-MJ drivers to demonstrate that 
sufficiently high gains can be achieved at the 
multimegajoule size and to confirm 
theoretical scaling. 

We made significant advances in the 
design ot charged-particle targets in 1980. 
We have produced a design for a heavy-ion 
reactor target whose theoretical performanct: 
matches that of a short-wavelength laser 
target design. We have also developed a 
design for a light-ion target that achieves 
ignition (in calculations) when driven by 
about 2 MJ of light ions. 

For direct implosions, we are pursuing 
both single- and double-shell designs with 
low-density outer shells. The low-density 

feature makes the achievement of high gain 
possible without reliance on unproven 
methods of controlling fluid instabilities. 
These current designs do not yet achieve 
what we believe to be their ultimate 
performance potential, but we have several 
promising concepts for improved designs 
that provide higher gains with less driver 
energy. Our estimates of fusion-reactor 
driver requirements and our calculated gain 
curves remain the same as those presented 
last year. 

Target Fabrication 

Our primary target fabrication tasks are two 
fold: to develop the technologies needed to 
produce targets that meet future 
r c y u i ~ e ~ ~ ~ e r ~ l s  and to provide the targets 
required for our current experimental 
program. Much of this work encompasses 
research and development of materials and 
techniques versatile enough to meet the 
needs imposed by a variety of target concepts 
and designs (describcd in Section 4, "Target 
Fabrication"). 

The major portion of our work is done in 
the areas of hollow sphere development and 
production, coatings and layers, cryogenics, 
characterization (micrometrology) and 
arlalysis of materials, and D-T fuel fill. In 
1980, we made arlvances in all thcse areas. 

Through the developmcnt of new 
equipmeilt and procedures, we have been 
able to increase the diameters of the glass 
microspheres we produce to 1.7 mm. We 
have also begun to produce hollow metal 
sphercs with our liquid droplet systems (as 
well as by blowing the metal spheres 
individually). We have developed techniques 
for filling spheres with special gases for 
diagnostic purposes. Bromine is a partic- 
ularly interesting material for neutron 
activation and x-ray line em~ssion 
measurements of compressed target fuel 
density. We have successfully put bromine as 
a tracer in D-T filled microspheres. The 
techniques for filling microspheres with D-T 
have been ~mproved for better control and 
reliability, in addition to better control of 
contamination from foreign materials on the 
microspheres during fill. 

Our work on coatings and layers this year 
has included continued development and use 
of thc molecular beam levitation system for 
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coating individual microspheres. Processes 
for batch coating microspheres are being 
developed and evaluated. We have continued 
to build our capabilities to produce uniform, 
smooth polymer- and metal-seeded organic 
coatings. Metallic coating techniques have 
been employed, for example, to uniformly 
coat copper onto microspheres as a diag- 
nostic material for implosion experiments. 

Stepped-joint hemispheres are assembled 
around an inner assembly to form the outer 
shell in two-shell targets, as shown in Fig. 
1-7. We are able to produce and assemble 
these mating edge-stepped parts with the 
high quality required for targets. 

Characterization and analysis of 
materials, parts, and complete targets are 
difficult but essential tasks. A variety of 
microanalytical and metrological techniques 
are brought to bear on thesc problems. We 
have developed an energy-selectable 
monoenergetic x-ray source that produces 
high-resolution microradiographs of 
optically opaque targets to 1-pm accuracy. 
We have continued developing automated 
surface-mapping capabilities that use both 
interferometry and electron backscattering. 
Microsectioning techniques developed for 
target spheres permit us to examine the inner 
structure of the target wall and corroborate 
our nondestructive measurements. 

Our cryogenic work this year has cenlered 
on thrar. areas: (1) experimenting with fill 
tubes and hydrogen isotope "powders" for 
forming thick fuel layers, (2) continued study 
of the layers formed by a fast refreeze 
technique, and (3) in designing and evalu- 
a t i ~ ~ g  cryogenic target holding, positioning 
and shielding hardware. 

Wc have done mathematical modeling to 
describe the process rates in an ICF target 
factory. An analysis of such systematics can 
help identify critical rate and process factors 
for further sLudy and optimizarion. 

Fusion Experiments, 
Diagnostics and Analysis 

' I  he F u s i u ~ ~  G*perimontn program element 
has the responsibilities to plan and conduct 
our laser fusion experiments, to  develop and 
implement the necessary diagnostic tech- 
niques and instrumentation, and to reduce 
and analyze the data from experiments. This 
work in 1980 is presented in detail in 

Sections 5, 6,  and 7 of this report (i.e., 
"Diagnostics," "Management and Analysis 
of Experimental Data," and "Laser Fusion 
Experiments and Analysis," respectively). 

We used the Argus Nd:glass laser to 
conduct a series of experiments to study the 
wavelength scaling of absorption, scattering, 
x-ray conversion efficiency, and hohlraum 
target performance. The output of the laser 
was converted to the second and third 
harmonic at 9-cm aperture; the experiments 
were conducted with 4 3 0  J at either wave- 
length. The results support the predicted 
favorable theoretical scalings of increased 
absorption and x-ray conversion efficiency 
and reduced fraction of energy in supra- 
thermal electrons at shorter wavelengths. 

Our major target experiment efforts with 
Shiva centered on achieving and diagnosing 
compressed D-T fuel densities in excess of 
100 times liquid density and understanding 
the conditions required to achieve this 
density to support the scaling to Nova 
targets. We have also conducted a series of 
experiments with Shiva to study a number of 
other physics issues and scalings important 
to hohlraum-driven targets and to directly 
irradiated targets. Targets irradiated for 
equation-of-state studies a t  Shiva have 
produced the highest pressure shock waves 
yet observed in the laboratory. 

We have made substantial progress in the 
development, improvement, and implement- 
ation of our diagnostic instrumentation 
during the year. We have succeeded in 
absolutely calibrating our soft x-ray streak 
camera to provide absolute x-ray spectral 

Fig. 1-7. Double-shell 
measurements with 15-ps time resolution. 
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Fig. 1-8. High- 
resolution spatially and 
time-resolved x-ray 
images with x-ray 

6 backlighting of laser- 
driven disk target. 

f' 

Spatial discrimination was added to the soft 
x-ray streak camera and to Dante in order to 
localize sources of x-ray emission, and new 
schemes using multilayer x-ray interference 
mirrors for improved energy discrimination 
were adopted. The 22X magnification 
Wolter x-ray microscope-streak camera 
system was completed at Shiva and used to 
obtain x-ray images with high spatial and 
temporal resolutions both from target self- 
emission and with x-ray backlighting (an 
example is presented in Fig. 1-8). 

High-energy x-ray measurements have 
been extended to 200 keV with a unique new 
filter-fluorescer system, and an optical streak 
camera has been successfully used to 
simultaneously record the high-energy x rays 
and the laser pulse to obtain absolute, high- 
resolution timing. Advanced techniques for 
fabricating thick. high-resolution rniclu- 
structures for imaging suprathermal x rays 
have been developed. We are pursuing 
techniques for generating x-ray pulses 
suitable for x-ray probing diagnostics and 
have conducted analyses of the requirements 
on these sources for diagnosing various 
classes of targets via backlighting. 

Experiments at Shiva with targets 
containing Br seed gas added to the fuel 
provided data on the retrieval fraction of the 
Br tracer. Neutron activation of the Br will 
allow a direct measurement of compressed 

fuel pR. We were able to image x-ray line 
emission from the Br in these experiments to 
determine fuel density. 

A new optical instrument for diagnosing 
Brillouin and Raman sidescattering has been 
designed and the data collection system 
constructed. We have prepared a detailed 
design for a 4w UV probing-interferometry 
plasma density diagnostic system for the 
Novette facility. 

Additional advances were made in the 
development of charge coupled devices for 
data recording in a number of diagnostic 
applications and new optically triggered 
switches for providing fast, high-voltage 
electrical pulses required by some of our 
instruments have bcen buill and tested. 

We purchased and installed a VAX 1 11780 
computer as part of our f~rmali7.ed Fusion 
Experiments data management and analysis 
effort. Currently installed in a temporary 
location, the computer system is up and 
running, and many of our analysis codes are 
now operating on it. We have also received 
approval for, and have designed, a 
permanent addition to our office building for 
the Fusion Experiments Analysis Facility. 
Upon completion of the building, the 
computer system will be moved to it and 
made operational to handle the reduction 
and analysis of our unclassified and 
classified target experiment data, which will 
be acquired directly from the laser facilities 
over n sp~cial data link. 

We are rapidly developing the program- 
ming and computational tools, resources, 
and expertise to provide capabilities for 
"quick-look" data processing, fully 
automated analysis, interactive analysis, 
individual shot archival, shot summaries, 
and experimental series data bases. 

Energy and Military Applications 

The ob.jective of the Energy and Military 
Applications effort is to develop scenarios 
for the applicatiun of IrF  technology to 
meet both 111iliLary and clvilian energy 
requirements. In our work, which is reported 
in Section 9, "Energy and Military 
Applications," we estimate the potential 
benefits and risks of each application, 
evaluate alternative development strategies, 
and create conceptual designs of test 
facilities and power plant reactors. For 



civilian energy production, we have been 
conducting a design study for a 1000-MW, 
generating station. The design is based on 
the liquid-metal wall that converts the pulsed 
radiation output of the fusion pellet to heat 
without suffering exccssive wall damage. 
This year we have examined many 
engineering aspects of liquid-metal systems, 
including the effects of corrosion, the effects 
of liquid-metal vapor on heavy-ion beam 
transmission, the technical requirements on 
liquid-metal pumps, and reactor safety 
issues. 

In 1980, we proposed a new reaction 
chamber concept that utilizes a liquid- 
metal/wick structurc which has the 
advantage of liquid-metal wall protection 
while permitting operation at higher pulse- 
repetition rate than is feasible with the 
HYLIFE design; it also can accommodate 
the use of either a laser or heavy-ion driver 
without requiring high liquid-metal flow 
rates. 

In anticipation of the future deployment 
of ICF power plants, we perfornled somc 
cost analyses of the HYLIFE converter and 
scoped the allowed costs of associated 
drivers, parametric in the cost of electricity. 
We also began the technical analysis to 
define a meaningful set of engineering 
objectives for an ICF reactor test facility. 

- - - 

I ,sser Isotope Separation 

The purpose of the DOE Laser Isotope 
Separation (LIS) Program is to demonstrate 
a uranium isotope enrichment process that is 
both more energy efficient and less experlsivc 
than present technologies for producing fuel 
for light water reactors. In the LLNL Laser 
Isotope Separation Program, we are working 
toward this goal by developing an Atomic 
Vapor Laser Isotope Separation (AVLIS) 
process in which the ~ 2 3 5  atoms in an atomic 
uranium vapor stream are selectively ionized 
using powerful tunable lasers. We then 
separate the ionized atoms from the vapur 
stream using electromagnetic forces. 

In 1980, the AVLIS Prograrrl achicved 
significant technical progress in several areas 
(see Section 10, "Advanced Isotope 
Separation"). We combined the Regulis 
uran~um separator willi thc improved SPP-I1 
copper-vapor/dye laser system in order to 
conduct enrichment runs. We also integrated 
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the Venus laser-power amplifier system into 
our process-simulation experiments, 
achieving a substantial increase in the 
volume of uranium vapor illuminated. The 
uranium vapor production rate will be 
increased 10-fold from earlier capabilities 
with the operation of the Mars vaporizer- 
chamber. 

During 1980, we achieved a major advance 
in copper vapor laser (CVL) technology with 
the first successful operation of a large- 
bore (7.5-cm diam) longitudinal discharge 
device. When configured as an oscillator, 
we achieved a single-aperture output power 
in excess of 85 W at a pulse-repelition 
frequency of 5 kHz. We project a maximum 
extractable power of 135 W from the same 
devices cunfigurcd as an amplifier. 

We have continued to develop our eco- 
nomic model of the AVLIS process, 
including the results of rccent technology 
advanccs. Our analyses continue to reinforce 
the position that AVLlS offers the advan- 
tage of both low capital and low power 
costs, relative to alternative enrichment 
technologies. 

- - - 

Lead Laboratory 
Program for 1.06-pm 
and Shorter-Wavelength 
Target Experiments 

During the next few years there must be a 
strong theoretical, computational, and 
experimental effort to provide the basis of 
understanding for the design of Nova 
targcts. In order to make optimal use of the 
available glass laser facilities in support of 
Program milestones, and to integrate the 
scientific talent resource a t  these facilities 
into the National Program, the Lead 
Laboratory for 1 0 6 - ~ m  and Shorter- 
Wavelength Target Experiments (Glass 
Laser E.xperiments) was established in 
November 1979. LLNL was designated as 
lead laboratory, and KMS Fusion, Inc. 
(KMSF), the Naval Research Laboratory 
(NRL), and the University of Rochester 
(U/R) Laboratory for Laser Energetics 
(LLE) were designated as major "support 
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contractors," with funding continued 
over a period of several years. With the 
facilities a t  these four laboratories, the 
understanding of both target design and 
target physics can be advanced. The 
capabilities of the Nd:glass laser facilities at 
the support laboratories are summarized in 
Table 1-1. 

The lead laboratory research activity at 
LLNL encompasses target experiments, 
target design, plasma physics theory, target 
fabrication, and technology development, as 
a part of a full-spectrum ICF program. The 
objective of the major support laboratory 
efforts is twofold: to  complement the efforts 
at LLNL by pursuing promising alternative 
approaches and to supplement LLNL's 
efforts in areas of critical importance. 
Through lead laboratory management, 
1.LNL provides technical. direction tn the 
support laboratories, to ensure that their 
activities are well integrated into the national 
program, and to ensure that the support 
laboratories are well-informed concerning 
both technical progress and strategic 
planning within the national program. 

The Lead Laboratory Office is part of the 
LLNL Laser Program reporting to the 
Associate Director for Lasers. The Lead 
Laboratory Office does not have a 
permanent staff; instead, it draws on the 
resources of the LI.NL Laser Program as 
required. In this way, a broad range of 
technical expertise is available as needed for 
proposal review, program evaluation, and 
technical consultation. All contracting 
activities within the lead laboratory program 
are carried out by the DOE Nevada 
Operations Olfice (NVO). 

Resource allocations within the ICF 
program, including the funding levels for 
each of thc support contractors, are 
determined by the Office of Inertial Fusion 
as part of the DOE budgeting process. Each 
contractor develops a work plan, in con- 
sultation with the lead laboratory, which 
then submits its recommendations regarding 
that work plan to NVO as a basis for 

contract negotiation. Program authority 
resides within DOE, while the lead 
laboratory provides technical direction and 
supplies technical information and guidance. 

Technical direction is accomplished within 
the Glass Laser Experiments program by the 
process of technical interaction. Members 
of the technical staffs of the participating 
laboratories meet on a frequent and informal 
basis to discuss program plans and technical 
objectives. 

Lead laboratory management provides for 
efficient use of the resources available in the 
program. The exchange of personnel and 
equipment is encouraged; joint experiments 
with LLNL personnel have been carried out 
at both KMSF and the University of 
Rochester. Work directed toward the goals 
of the National ICF Program can he 
proposcd lul Ll~e larger fac~hties (e.g., Nova) 
as they become available. 

Becausc 1980 was the first full year of lead 
laboratory operation, it wab necessary to 
establish and develop the entire set of 
operational administrative procedures and 
formal relationships. By the end of 1980, all 
three support laboratories were under 
contract, and a program of funded research 
activities in universities and industry 
(unsolicited proposals) had been structured. 

Each support laboratory program has 
identified an area of concentration. At the 
University of Rochester, the emphasis is 
placed on experiments carricd out at 
0.35 pm, using the frequency-tripled output 
of the single-beam GDL laser. Omega, the 
24-beam laser, can be configured to 
illuminate targets with a symmetric 
arrangement or 6 ,  12, or 24 beams. It will 
first be used for studies of multiplebeam, 
direct illumination at 1.05 pm. Off-line 
investigations of frequency-conversion 
technology, thin-film coating development, 
and laser damage also are included in the 
U /R  program. 

In addition to these activities, the U/R 
facilities are also available to outside users 
under the DOE-sponsored National Laser 

Table 1-1. Nd:glass 
laser facilities at support 
laboratories. 
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Users' Facility (NLUF). In 1980, several 
proposals for use of the NLUF wcre 
reviewed, and initial funding was granted to 
investigators. Experiments will be carried 
out in 1981 on the NLUF by several outside 
users, primarily in the area of diagnostic 
development. 

The KMSF program emphasizes both 
target-fabrication technology and laser- 
plasma interaction physics. Each of the three 
target-fabrication activities in the national 
ICF program-Los Alamos, LLNL, and 
KMSF-has developed a range of 
fabrication techniques for fusion targets. 
During 1980, initial steps were taken to 
integrate these three activities into an 
optimized program in order Lo makc the best 
use of the available resources. In addition to 
the development of target fabrication 
technologies, which complements the 
activities at LLNL and Los Alamos, in 1980 
KMSF provided target-fabrication support 
to other laboratories in the program. 

The experimental program a t  KMSF 
concentrates on two areas of investigation: 
physics of long-scale-length plasmas using 
long-focal-length, illumination optics, and 
uniform, direct illumination studies using the 
very fast "clamshell" optics to provide 
nearly uniform coverage of a sphere with two 
beams. Experiments are carried out at both 
the fundamental (1.05 pm) and the second 
harrr~ur~ic (0.53 pm) of thc KMSF laser. 

At NRL, the ablative acceleration of thin 
foils is the principal subject of study. The 
objective is to evaluate target designs in 
which deleterious plasma physics effects are 
reduced by using a luw driving intensity (1013 
to 10'4 W/cm2). In this approach, hydro- 
dynamic stability and implosion symmetry 
are the paramount issues. Both experimental 
and theoretical studies of foil acceleration 
are included in the NRL program. 

In 1980, the support laboratories provided 
several notable contributions to the ICF 
program. At U/R, it was demonstrated that 
frequency tripling uf Nd:glass output could 
be highly efficient (approaching 70% tripling 
efficiency in a fully optimized system). At 
KMSF, low-leakage micrnsphcres were 
fabricated, and delivered to LLNL. In the 
experimental program, holographic- 
ipte~.rcrornctry observations were made of 
the coronal density profile in higll-2 spheres, 
and a high-density plasma jet was designed 
for studies of long-scale-length plasmas. At 
NRL, stable acceleration of foils up to a 

velocity of lo7 cm/s was observed. Diag- 
nostic development was initiated to 
determine if the foil was expandirlg or 
compressing during this acceleration. High 
absorption and high ablative efficiency were 
observed at the irradiation intensity levels 
employed. 

In the funded research activity emphasis is 
placed on fundamental studies of target 
interaction physics, especially plasma 
physics effects arising in the laser-plasma 
interaction, reactor design studies, and novel 
laser concepts. In 1980, LLNL program 
funds were set aside to support this activity. 
In 1981, funds were earmarked in the ICF 
budget for that purpose. 

Lead laboratory activities will continue in 
1981. The basis of cooperative effort and 
integrated use of several facilities has been 
established. We anticipate that technical 
interactions and joint activities among Lhe 
participants will continue to develop. 

Program Resources 

For fiscal year 1980, resources in the Laser 
Program totaled $65.9 million in operating 
funds, $4.9 million in equipment funds, and 
$58.2 million for construction projects. The 
total number of internal program 
personnel-including the Nova line-item 
construcrion pl'ojcct- was 584 Figure 9-1 
and Table 1-2 provide a graphical and 
tabular summary of the operating funds and 

Fig. 1-9. Ten-year 
personnel levels for both the Laser Fusion history of laser program 
and Laser Isotope Separation Programs over funds and 
the past 10 years. persannei. 

Funding 

Fiscal year 
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Table 1-2. Ten-year 
history of operating r;;,,mk;c' .??% G :~ :. p7 - ' Fiscal year 
funds for  as^^ ~ u s i ~ ~  , $  1971 1972 1973 1974 1975 1976 1976Ta 1977 1978 1979 19@ 
and Laser Isotope 
Separation Programs. Opt-rn 

($ million) 
~aser Fusion 9.5 13.5 18.4 19.9 22.2 7.0 30.8 40.6 48.0 

Laser Isotope 
separation - - 

Personnel 

academic community. The Nova project was 
appropriated $56 million, bringing the total 
to $79 million of the authorized $195 million. 
Construction of the office and laboratory 
buildings continued, and orders were placed 
for some long-lead special-facility procure- 

The Fusion Target Development Facility 
was appropriated $1 million of the $7.6 
million total project cost, allowing the 
detailed design of conventional and special 
facilities, and the bidding of a single contract 
to design and construct the facility. 

Equipment funding was reduced for FY 
1980, again emphasizing the need for 
increased funds in this area. The outlook for 
FY 1981, however, is positive and should 
help reverse this trend. 

Laser Isotope. Separation 

In FY 1980, the operating budget for the 
Laser Isotope Separation Program was 
$17.85 million, the equipment budget was 
$2.1 millicrn, and the general plant project 

Tablc 1-4. FY 1980 
Laser Isotope Separation Laser P'usion Program 

. . 

Program operating 
resources. 

Operating funds of $48 million represented a 
9% increase in buying power over FY 1979. 
This allowed the required emphasis on Nova 
prototyping and the experimental pro- 
gram, as shown in Table 1-3. The staff 
increased by only seven employees over 
the previous year, allowing us to expend 
additional resources in industry and the 

budget was $1.15 million. ~ h d  persinnil 
numbers reflect all LLNL employees in 
direct support of the programs: scientific, 
technical, nontechnical, clerical, and craft. In 
addition to this in-house LLNL compla 
mwt, we use non-LLNL contract personnel 
to support peak program loads. This effort 
averaged approximately 30 people for FY 
1980. A hreakout of the LIS Programs by 
FY 1980 budget category and personnel is 
given in Table 1-4. 
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Program Facilities 

Introduction 

The Laser Program continued to experience 
significant growth in 1980; we made 
important progress towards providing 
permanent housing for more of our people 
and experiments. We completed new office 
and laboratory buildings, made significant 
progress in the construction of the Nova 
Project, carried out modification and 
modernization of many cxisting facilities, 
and accomplished the successful initial 
planning and design for additional new 
facilities. New construction efforts centered 
on the Nova office building and laboratory 
addition, while the activation of the Mars 
facility for LIS was completed and some new 
temporary offices were obtained. A major 
effort involved the renovation of the 381 
office building interior to repair earthquake 
damage and to upgrade its seismic response 
characteristics. 

Table 1-5 summarizes the comparative 
space distribution for the program for 1979 
and 1980. The current total of 367 151 ft2 
represents a 4.0% increase from 1979 and 

' indicates the continuing cxpansion of office 
and laboratory space requirements. 

Facilities Planning 

Facilities planning has always been a major 
concern of our program. In order to properly 
site and coordinate the planned Laser 
Program facilities, we undertook a long- 
range planning effort. We retained the firm 
of Royston, Hanamoto, Alley and Abey 
(P.HAA) to assist in this planning effort. 
Their previous work involved developillg a 
master siting plan for the Laboratory. 

The program's master planning effort was 
divided into two sections: A long-range plan, 
shown in Fig. 1- 10, which would concentrate 
on program expansion ~hrough the year 
2000, and a five-year plan, depicted in Fig. 
1-1 1 which would concentrates on the near 
future. The long-range plan has been 
completed, and its major findings have been 
endorsed by both the program and 

Laboratory management. Among the major 
findings and decisions are the following: 

We will make an effort to replace obsolete 
permanent and temporary facilities with 
new, modern laboratories. 
The growth of thc program will extend 
eastward and will eventually occupy 1 15 of 
the Laboratory's 627 acres. 
Our current facilities construction plan has 
been modified to decrease the population 
density and will provide a more campus- 
like sctting with appropriate pathways, 
trees, and landscaping. 
We are proceeding with design and 

construction activity based on the five-year 
plan. We are primarily concerned with the 
completion of the major facilities indicated 
in Fig. 1- 1 1 and the associated movement of 
people within the program. 

Earthquake Damage. The January 24, 1980 
earthquakes were considered by seis- 
mologists to be of moderate intensity; 
nonetheless, the temblors caused extensive 
interior damage to Building 381 and 
somewhat less damage to Building 391. 
Three earthquakes measu~ing 5.5, 5,2, and 
4.8 on the Richter scale occurred between 
1 1:00 and 1 1:03 a.m. Aftershocks continued 
for several days, with a second moderate 
quake of 5.6 occurring on January 26. In 
addition to the damage caused to the 
building interiors, many pieces of experi- 
mental apparatus were dislodged. The earth- 
quakes moved the Shiva laser space frame, 
but it settled very close to its original 
position. The target-room space frame was 
displaced by about 1 in., and it subsequently 
had to be jacked back into position atid 
reat.taached. There were no injuries. 

We have upgraded our seismic safety 
requirements. Repair of Building 38 1 cost 
approximately $325 000, with $50 000 in 
repairs scheduled for 198 1. We estimate that 
approximately $450 000 was spent repairing 
the total facility damage left by the earth- 
qunlres. We are imple~~~enting a comprshen- 
sive disaster plan that will allow us to 
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deal more effectively with a disaster. The 
upgraded office building now meets our 
latest construction standards, which are 
based upon the maximum credible earth- 
quake that could occur at the Laboratory. 

Nova (Buildings 391 and 481). Construc- 
tion of the Nova project began in 1979 with 
the Building 39 1 laboratory addition 
commencing in May and the first work on 
the Building 481 offices starting in October. 
Work on both structures has continued to 
progress through 1980, on schedule, with an 
anticipated completion date of December 
1981 for both facilities. An activation and 
migration plan for the new buildings is 
currently in the development stage. By the 
cnd uf 1980, both structures were more than 
5010 complete, and all major design work 

Fig. 1-10. Long-range 
facilities plan. 

had been finalized. Current cost estimates 

are $22.1 million for the Building 391 
laboratory addition and $6.6 million for the 
Building 481 office building. The Nova 
Office Building will provide offices, 
conference rooms, and drafting areas for 200 
people; the Nova Laboratory will increase 
the floor area of the existing Building 391 
laboratory by 160%, adding 106 000 ft2 to the 
original laboratory's 66 750 ft2. Figure 1-12 
shows how the new office building will 
appear and its relation to the present office 
building. Figure 1-13 is representative of the 
interior plan of the office building. 

Fusion Target Development Facility 
(Building 298). Initial site preparation began 
in D C L C I I I ~ ~ ~  1Y8U for a major new facility 
for the Target Fabrication research. The 
47 500-ft2 Fusion Target Development 
Facility (FTDF) will cost approximately $7.6 
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million and will provide a centralized target LLNL. In the "Design-Construct" approach 
analysis, developmcnt, and fabrication being used for FTDF a single contractor 
facility for this laser fusion group. FTDF 
will represent a significant departure from 
construction techniques previously used at 

is responsible for the architectural, engi- 
neering, and construction phases of the job 
and builds the facility using standardized Fig. 1-11. Five-year 

facilities plan. 

Fig. 1-12. Exterior view 
of Building 481, Nova 
office building. 

1-17 
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methods of construction, such as tilt-up conventional techniques. As Figs. 1 - 14 and 
concrete wall panels and standard utility 1-15 show, the new building will be an 
packages. This technique, increasingly more attractive, functional laboratory. 
popular and successful with private Laser Program Machine Shop (Building 
commercial interests in technical fields, is 383). Design of a new facility, financed with 

Fig. '-I3. Interior plan resulting in lower costs per square foot than general plant funds, got underway in 
of Building 481. 

Fig. 1-14. Exterior view 
of Building 298, FTDF. 
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October 1980, with initial site preparation 
beginning in December. Planned as a 4500- 
ft2 support facility, it will house a machine 
shop and provide an improved food-vending 
area to support sccond-shift workers, The 
facility will be located immediately 
southwest of the Nova Laboratory (Building 
391). The preengineered building, designed 
to harmonize with the exteriors of the Nova 
Office Building and Laboratory, will 
improve working conditions for the 
machinists and will increase the available 
floor space of the present facility (now 2500 
ft2) by 80%. The current schedule is for 
personnel and machinery from the existing 
machine shop to move into Building 383 
during the summer of 1981. This facility will 
provide lmporraril bupyort for activatias of 
the Novette and Nova laser systems. 

Fusion Experiments Analysis Facility. A 
general plant funded project, estimated to 
cost $350 000, will result in an addition to 
the existing laser fusion office building, 
Ruildit~g 38 1.  The primary programmatic 
goals of Lliis centralized facility will be to 
combine computer and analysis resources 
into one location close to the laser facilities 
and personnel to be served. The building will 
house a data-analysis system (a DEC VAX 
1 11780 computer), which is compatible with, 
and will be directly linked to, the data- 
acquisition and control computers in our 
laser facilities. The building sile and exterior 
finish have becn selected and detailed. 
Engineering design began in December. 
Construction will be completed early in 
calendar year 1982. Figure 1- 16 is a rendition 

of the new Fusion Experiments Analysis 
Facility. 

Nova Storage Tent. Initial design, 
procurement, and preparation efforts have 
been completed to erect a tent around the 
reactor dome of Building 281. The Nova 
Storage Tent will provide a low-cost (less 
than $10/ft2), acceptable quality supple- 
mentary parts storage area for the Nova 
project. Our experience with constructing the 
Shiva laser underscored the need for Fig. 1-15. Interior 

adequate storage that can provide both layout of Building 298, 
FTDF. 

Floor Plan 

Fusion target development facility 

Fig. 1-16. Building site and 
exterior finish of Fusion 
Experiments Analysis Facility. 

1-19 
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protection from the elements and improved 
physical control of the laser hardware. When 
completed, the tent will provide approxi- 
mately 10 000 ft2 of storage space, with the 
dome interior of Building 28 1 supplying 
another 5000 ft2. 

Laser Facilities/Hazards Control (Building 
T-2825). A new 5760-ft2 portable building 
was obtained to provide office space for the 
Laser Facilities and Hazards Control teams 
and personnel waiting for clearances. The 
new offices were occupied in October 1980. 

Laser Isotope Separation 

Mars (Boilding 175). The construction of 
the Mars building, which began in 
September 1979, was completed in 1980. 
Bencfirial orxupailLy ur the structure was 
received during April and activation of the 
facility was concluded in time for a 
December 12 dedication. The 4400-ft2 
building, which was designed to house the 
Mars electron-beam experiment, was built as 
a General Plant Project for thc Laser Isotope 
Separation program at a cost of $475 000. 

Building 178. Scheduled for construction 
bidding at the beginning of 1981, Building 
178, a new support facility providing general 
laboratory space will be located immediately 
south of Building 175. Space will be 

Fig. 1-17. Preliminary allocated as reqiired to support the LIS 
design of Advanced program. This 8000-ft2 building will cost an 
lsotope Separation estimated $630 000 and will be cofunded 
Facility. 

from GP funds by Defense and Nuclear 
Energy Programs. 

Laser Electro-Optical Facility (LEO). 
Planned as a General Plant project, the 7000- 
ft2 Laser Isotope Separation Laser Electro- 
Optical facility (called LEO) will house the 
Neptune laser system. Neptune is a 
continuation of the copper vapor laser 
development currently underway in LIS. 
Final site selection has been made and Title 
I1 design was begun in 1980. With total 
estimate costs for the facility at $1.0 million, 
LEO is expected to be completed by late 
FY 1981. 

Advanced Isotope Separation Facility. T l ~ e  
planned new Advanced Isotope Sepnratioli 
Facility (AISF) will provide laboratories and 
offices to meet the expanded needs and 
mhje.rtives of thi  Laser Isotope Separation 
Program. The AISF will include 75 000 ft2 of 
laboratories and 49 000 ft2 of offices to 
house 175 people. Construction will begin in 
early FY 1982 and will be completed near the 
end of FY 1983, at a total cost of $25 million. 
The firms of Ried and Tarics Associates, and 
Syska and Hennessy are under DOE 
contract to provide the architectural and 
mechanical-electrical engineering. Figure 
1 - 17 is a preliminary design that represents 
the presently conceived configuration of the 
building. 

The AISF will be located east of the Nova 
complex, with the office building sharing an 
open grcen space with the Nova office 
building. The office building is a two-story 
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structure with a closed-circulation floor 
plan. The laboratory building will be located 
northeast of the office building and will 
house a wide variety of laser and separator 
component and system-development 
activities. The building will be modular, 
open, and capable of housing several major 
experiments in sequence or in parallel. 

Additional facilities issues to be addressed 
include the following: 

Construction of the proposed Novette 
facility. 
Nova Phase I. 
Refurbishment study of the Building 381 
office building. 
Continued seismic safety work throughout 
the program. 

Long-Range Facilities Goals 

The next few years will witness a major part 
of the Program's expansion and develop- 
ment. With the completion of the Nova 
project, FTDF, AISF, LEO, and Building 
178, the program will be able to concentrate 
on long-range programmatic efforts. The 
overall objective of facilities planning 
remains the transition from temporary or 
obsolete facilities to permanent laboratories 
and office buildings that meet the opera- 
tional needs of the program. Past experience 
with Building 381, the Laser Fusion Office 
Building, and Building 391 has proven that it 
is possible to create interesting, functional, 
and architecturally exceptional facilities that 
are both economical and practical. 
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Solid State Laser 
Systems and Technology 
Introduction 
The Solid State Laser Program is an element of the Fusion Lasers Program (see 
"Summary of Major Activities" in Section 1) that has the objective of 
developing, constructing, and operating the Nd:glass laser facilities for inertial 
confinement fusion (ICF) research at LLNL. In pursuit of this objective, the 
Solid State Laser Program has been organized into five separate elements: 
a Nova. 
a Operations-ShivaIArgus. 
a Novette. 
a Solid State R&D. 
a Basic Research. 
These elements reflect the major ongoing projects and the research directions of 
the Solid State Laser Program. 

Nova is designed at the 200- to 300-kJ energy level to achieve target ignition. 
Figure 2- 1 is an artist's rendering showing how the Nova Facility will look when 
completed. The Nova project is presently authorized for Phase I construction, 
which includes the buildings and the first 10 beams of the laser system. For 
the completion of the Nova project, we have planned to expand the system to 20 
beams, with harmonic-conversion optics added to all 20. This configuration can 
provide experimental capability at frcquencies of lw, 2w, and 3w in 1985 at the 
150- to 300-kJ energy level. 

During 1980, the Operations Group converted one 8-cm-diameter beam 
of the Argus laser to perform target-irradiation experiments at the second (2w) 
and third (3w) harmonics. We achieved external conversion efficiencies of 75% 
to 2w and 55% to 3w. We expect >70% conversion efficiency for the 3w 

Fig. 2-1 
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harmonic as well by using antireflection coatings with high damage thresholds. 
This work, together with the technology development of harmonic crystal 
arrays described below, provides the basis for harmonic conversion of the 74- 
cm-diameter beams of the Novette (see below) and Nova lasers. Using the 2w 
and 30 Argus beams, the Operations Group conducted a series of target 
experiments that strongly support the theoretical predictions of higher target- 
absorption percentage (-90% at 30) and a significantly lower hot-electron 
production rate. 

We operated Shiva throughout the year on a two-shift basis and obtained a 
great deal of scaling information pertinent to our classified target designs. Most 
importantly, we conducted many well-diagnosed compression experiments 
showing deuterium-tritium (D-T) fuel compression to > 100 times its normal 
liquid density. 

We have designed a laser system, called Novette, that uses two beams of the 
Nova design and 74-cm-diameter harmonic-conversion crystals to provide up to  
20 kJ of 1 w radiation and up to 14 kJ of 20 radiation on a target in a 3-ns pulse. 
A team that includes the staff of the Nova project and the Operations Group, 
is preparing to construct this laser in the Argus high-bay building. Novette can 
be ready for target experimentation in the fall of 1952. 

The Solid State Research Group supports the Nova project by researching 
prototypes of the plasma shlltter and the 46-cm-diamcter amplifier, investi- 
gating new 1 .O-pm coatings, and conducting research in other areas, such as that 
being done in conjunction with the University of Texas at Austin on the 
compensated pulsed alternator. A great deal of effort has been expended on 
harmonic-conversion technology, including potassiun~ dihydrogen phosphate 
(KDP) crystal growth, multiwavelength coatings, and theoretical analyses. 

Our basic research program, supported by the Office of Basic Energy Science, 
DOE, does research in areas of long-term interest to the project areas. Special 
successes in 1980 were achieved in the theoretical modeling of spectral lines in 
multicomponent glasses and in the measurement of absolute quantum 
efficiencies in Nd-doped materials using photoacoustics. Other areas of activity 
include  he measurement of linear and nonlinear properties of optical materials 
at 1.06 pm and at the second, third, and fourth harmonics. 
Author: J. F. Holzrichter 

Operating Systems 

Introduction 

The Operations Group has the responsibility 
for maintaining, operating, and upgrading 
the Argus and Shiva laser systems. During 
1980, this responsibility encompassed a wide 
spectrum of technical challenges, some of 
them literally earthshaking. 

On January 24, 1980, an earthquake of 
magnitude 5.5 occurred within 20 km of the 
Laboratory site. Fortunately, only minor 
damage occurred to laser system compo- 
nents. Mounting bolts on the Shiva space 
frame were damaged, there was some 

flooding in capacitor banks due to broken 
pipes, and the Argus laser was incapacitated 
by falling ceiling tile and component shifting. 
Operations Group personnel, assisted by 
staff members and technicians from the 
Nova design team, set to work to repair the 
earthquake dilmagc as so011 as i t  was safe to 
do so. By February 20, both Argus and Shiva 
were restored to operation. Intensive and 
dedicated effort by I.LNL and Bendix Field 
Engineering personnel, who together make 
up the Operations Group of the Fusion 
I.asers Program, resulted in the timely repair 
of both systems. 

Throughout the remainder of 1980, our 
technical challenges involved extensive high- 
density target experiments on Shiva, the 
fielding and operation of many new target 



diagnostics, and a campaign on the Argus 
system to explore wavelength dependence of 
target performance and conversion 
efficiency. We operated the Shiva laser 
system at maximum powers of up to 20 TW, 
at maximum energies of 10 kJ, and at pulse 
widths of 100 ps to 35 ns. The reliability 
of the Shiva system as a target shooter 
allowed us to perform several series of 
experiments with widely differing 
requirements. 

During 1980, we operated the Argus laser 
as a multiwavelength irradiation facility. 
During the first half of the year, we 
performed 2w (0.53 prri) target experiments 
and harmonic-conversion studies. In 
September, we converted Argus to 3w (0.35 
pm) and used it to successfiilly complete 
experiments comparing 2w and 3w target 
performance. In addition, we performed 
scveral experimental series addressing 
questions of harmonic conversion that are 
vital to the design of the Nova and Novette 
laser systems. 

In September, the Operations Group was 
asked to perform preliminary designs for a 
new laser system, Novette, to replace the 
Argus facility. A significant portion of the 
Operations Group staff was involved in this 
effort, which is reported in a series of articles 
later in this section. 

Authors: W. E. Martin and J. T. Hunt 

Shiva Operations 

Operations Summary. During 1980, we 
c o ~ ~ l i l ~ i ~ c d  to use the Shiva lnoor fiystom for 
fusion experiments. We conducted several 
experimental series, including NPIRE, 
SHIVA FLY, PINLITE, ENTERPRISE, 
HEET, APOLLO, and a radiation chemistry 
series. and we also performed extensive tests 
and system shots to support the experimental 
series. Many of the experiments performed 
this year required development of new 
capabilities and system upgrades; these are 
covered in the following articles. Figure 2-2 
shows the distribution during 1980 of the 18 1 
target shots and the 44 shots for system 
characterization and system development. 
Target s l~ots  are those in which bcams arc 
aligned tn a target in the target chamber and 
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target diagnostic data are collected. Laser- 
system shots are those in which one or  more 
arms of the laser are fired for beam 
characterization or propagation studies. 
Table 2-1 summarizes the target shots 
performed this year and the laser param- 
eters used. 

In late January of 1980, system operation 
was interrupted for a month by an earth- 
quake. However, we quickly repaired the 
earthquake damage and reactivated the laser 
system; the first post-earthquake target shot 
was taken on February 20, and system 
performance was normal. 

Most cxpcriments in 1980 were conducted 
at pulse lengths between 100 ps and 1.0 ns. 
Typical maxinlum-output power and cncrgy 
values were 20 TW and 10 kJ, respectively. 
This has become the more or less standard 
mode of operation, and the system per- 
formance is routinely very good. Figure 
2-3 includes some typical performance data, 
as well as data obtained as a result of 
upgrading the system and expanding its 
performance. Note, for example, the high- 
energy points at 600 ps and the data at pulse 
widths beyond 1 ns. 

System Performance. During March, we 
resumed target irradiation experiments, at 
600-ps pulse duration, to study the effects of 
target-size scaling on the density achieved by 
x-ray driven targets. In this experiment 

Fig. 2-2. Histogram 
showing the number of 
Shiva shots performed 
each month in 1980. 
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series, we successfully irradiated 34 targets constant output energy, elimination of the 
with energies between 6 and 9 kJ. In March, preamplifier dye cell only increases system 
we also added additional low-energy x-ray ASE by about 15%. 
diagnostics and performed 15 more target- In June, we started a series of experiments 
density experiments. In addition, to test the to characterize our x-ray backlighter system. 
use of bromine as a neutron-activated seed We completed 22 target shots at 100 ps and 
gas for measuring the fuel density of four shots at 600 ps. 
imploded targets, we irradiated two ball During July, 27 full-system shots were 
targets filled with D-T and bromine. conducted with Shiva in support of x-ray 

We investigated system parasitics and backlighting characterization experiments, 
measured system amplified spontaneous density measurements with x-ray driven 
emission (ASE). No parasitics were detected targets, and pinhole transmission 
from the lower 10 arms (with a sensitivity of measurements to ascertain system focus 
about 1 W), but ASE was measured to be properties. These experiments were 
107 pJ  per arm; this included 35 pJ per arm performed with 600-ps (FWHM) Gaussian 
of flashlamp light from the delta amplifiers. pulses, with energies on the target from 

Table 2-1. 1980 Shiva Furthermore, we determined that, for 1 to 8 kJ. 
shot summary. 
4 ,, 

I I '  1 

Pulse width Enerev Power 
Month Experiment Beams CFWIIM) ( k ~ ~ "  Crw) , 

hnuaty Pulse-width dependence 1-20 
(tailin@;) 

]February ~arthiuake recovery 
March Size dependence 1-20 

I I I tdt idn  chemistry 1-20 

)~1,111 111 11 
(brormne tracer) 

A&l CgDRN 1-20 

May 112 CAIRN 1-10 
High-energy tests 17 

Juae X-ray backlighter 1 1-20 
~baMenzahn 

WY x-ray -dghter 11-20 
characterization 

August Density measurements 1-20 
Hqw$on of state 1-10 

deP&&ber1 Radiation chemistry 1-20 
(hmmnne f.r) 
mm 11-20 

October ENTERPRISE 1-20 
November P N I T E  11 -20 
December NPIRE 1-20 

Fig. 2-3. Energy per 
Shiva arm vs pulse width 
for various experiments 
performed during 1980. 

The pinhole transmission measurements 
were preceded by system calibration shots 
and target-chamber transmission 
measurements. To achieve a suitable 
transmission, defined as observing 97% of 
the incident energy exiting the opposing lens, 
we found it necessnry tn  rcplncr t h r  tnrgct- 
chamber dobris shiclds that protect thc 
cllarltber optics. We then irradiated a 500-pm 
pinhole target; 90% of the incident energy 
passcd through the pillhule. 

111 Sepiel~~bel., we cunducted 20 system 
shots on Sh~vn. We complctcd thc IIEET 
target series and a radiochemistry series 
 sing targets  containing bromine; these 
experiments were performed nt 600 and 
?(K1 ps8 r ~ s p ~ r t i ~ r ~ l y .  We then modified the 
lengthc of the uppcr arms in preparation for 
the upcomir'ig x-ray backhghter serles. I'hu 
series, callcd ENTERPRISE, required us to 
reconfigure the system so that we could 
irradiate the target for 600 ps while 
si~~~ullaneously irradiating a backlighting 

- 8 
8 

8 
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target for 2.8 ns. We accomplished this by 
delaying by an increasing amount each of the 
1 U  beams used on lht: backlighting target. 
Figure 2-4 shows the resulting time profile of 
the backlighter pulse; this plot was generated 
using the pulse width measured by the input 
streak camera and the energies measured by 
the output calorimeters. For future 
backlighter experiments, we will use 
synchronized pulses from both a long-pulse 
and a short-pulse oscillator. The target will 
be irradiated with the bottom 10 arms, using 
an adjustable pulse width from 100 ps to 
1.0 ns. The backlighter will be irradiated 
with the top 10 arms, using a second 
oscillator to provide a pulse width adjustable 
from 4 to 35 ns. This capability is being 
developed for operation in 1981, and we 
expect to achieve 400 to 500 J per arm 
at 5 ns. 

One series of experimenls, called 
PINLITE, has already required operation 
with 35-ns pulses (these data are included in 
Fig. 2-3). We performed calculations 
indicating that gain saturation would not be 
a problem, but there remained an 
uncertainty about pinhole closure. We 
started converting the system for operation 
at 35 ns at the end of October. This activity, 
which we completed near the middle of 
November, required integration of an 
additional long-pulse single-axial-mode 
oscillator and a switchout based on our 
standard oscillator system (see "Optical 
Pulse Generation" later in this section). The 
new oscillator required us to restage the 
front end, adding several new components. 
The output pulse of the oscillator is 
approximately 70 ns in duratinn; the 
switchout was adjusted to transmil a 4- to 
35 ns slice from the ccnter of this pulse. l o  
provide proper drive to the front end of the 
Shiva bea111-splitter syotom, nre integrated 
and tested a YAG preamplifier, a Faraday 
rntator. and a fast Pockels cell. 

Aller taking system characterizalion shots 
at 35 ns, we determined that pinhole closure 

could be avoided and no damage would 
occur if the system was fired at 500 J per arm 
with only the a-rod/S-rod spatial-filter 
pinhole in the beam. The only difficulty we 
encountered was that reflections from a-rod 
faces were strong enough to put noticeable 
fringes UII about half the beams (near field); 
however, these fringes were not severe 
enough to affect quality of the focused beam. 

System Upgrades and Improvements. 
Several new diagnostics were developed or 
brought on line during 1980. We developed a 
new low-energy detection system, Dante N, 
and added an optical pyrometer to  the target 
chamber. We also installed a high- 
magnification (22X) x-ray microscope for 
use in the x-ray backlighting experiments. 
New Raman spectrometer diagnostics were 
integrated into the target chamber, and new 
laser diagnostics were installed, including a 
near-field photo diagnostic that has proved 
to be very useful. Using a streak camera 
coupled to  a CCD camera, which provides a 
digitized pulse signal, we now acquire a 
record of the ouput laser pulse shape. 
Software improvements that were made 
during 1980 include control of the nitrogen 
cooling, rod cooling monitors, and digitized 
beam photos. During June, we improved the 
stability of the new operating code (RSX- 
1 lm-3.2) in the PDP computers. 

The optical relay telescope that is now 
used between the preamplifier table and the 
arms of Shiva is depicted schematically in 
Fig. 2-5. It uses four lenses mounted on an 
evacuated tube; the lens pairs form two 
telephoto lenses with effective focal lengths fI 

Fig. 2-4. Output purse 
from Shiva upper arms 
used to irradiate the 
n-l.ry haehliehtcr. 

Fig. 2-5. Schematic of 
the Shiva penthouse 
optical relay. 
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and fo. The relay distance of this combina- 
tion is given by 

During May and June, to determine the 
requirements for achieving system operation 
at the 15-kJ level, we upgraded and tested 
one arm (No. 17) of Shiva to achieve 750 J of 
output energy. Preceding these tests, we 
replaced all damaged components in the arm 
and thoroughly cleaned the optics. 
Calculations indicated we needed more 
front-end drive than was currently possible 
without damaging the penthouse optics. We 
accomplished this by replacing the 
penthouse image relay, making the beam 
smaller, and increasing the input aperture 
transmission. Several test shots ware taken; 
the data from these shots are included in Fig. 
2 3 uh uppronil~~iilely 6W ps. 

The diagnostics for the high-energy shot 
consisted of calorimetry and near-field 
photography. We took near-field photos 
during full-power shots to determine beam 
quality and, at low power, to check for 
damage. Figure 2-6 shows a near-field photo 
taken at approximately 700 J.  Figure 2-7 is a 
plot of relative intensity along a diameter 
scan of the photo. Little or no damage 
occurred dur~ng these tests. These beam 
diagnostics show no excessive beam breakup 
and indicate that the intensity modulation is 
only 1.6 to 1, at the worst. The highest 
average flux occurred a t  the input to the 6-y 
spatial filter, where the flux level reached 
about 6 ~ / c m > .  We have, therefore, shown 
that operation of Shiva at 15 kJ with pulses 
as long a s  1.0 ns is both possible and 
practical. 

Author: C. D. Swift 

where Zo is the object distance and M is the 
magnification. This relay provides a much 
longer relay distance than is possible with a 
comparably sized two-lens relay. In addition, 

Fig. 2-6. Near-field it can be used over a wide range of 
photograph of Shiva magnifications by merely adjusting d l ,  dl, 
beam No. 17 at output and L. 

Major Contributers: D. R. Speck, R. K. 
Baltzer, R. L. Bolt, J. D. Wintemute, W. A. 
Junes, T. L. Weiland, and the Shiva 
Operations staff 

Argus Operations 

Operations Summary. During 1980, we 
concentraled our efforts to answer questions 
associated with frequency conversion of laser 
light and with target performance at short 
wavelengths. Our primary goal was to assew 
the practicality and desirability of equipping 
Nova with a short-wavelength capability. As 
part of our program designed to reach that 

Fig. 2-7. Relative 
intensity plot along a 
diameter of the near-fi rld 
photo shown in Fig. 2-6. 



goal, we continued the baseline series of 
second-harmonic (0.53-pm) target- 
irlteraction cxperiments discussed in last 
year's annual report. These experiments 
were interrupted by the January 24th 
earthquake, but were resumed within a 
month. After completing the baseline shots, 
we followed with a complementary series of 
target shots at the third harmonic, 0.35 pm. 
In both of these experimental series, we used 
single-sided illumination, employing only the 
south arm of Argus. 

Meanwhile, we dedicated the north arm of 
Argus to studies of the frequency-conversion 
process and beam propagation at shorl 
wavelengths. Our measurements of doubling 
and tripling efficiencies provided data on 
whicl~ to basc the design of the harmonic- 
conversion equipment for Nova. The 
experience we gained from the third- 
harmonic teslb led to an improved alignment 
procedure for the south-arm third-harmonic 
target experiments. Also, we found an 
intensity-dependent loss mechanism in the 
index-matching fluids normally used with 
RDP crystals. In further studies, we 
identified both the loss mechanism 
(transverse Raman scattering) and a specific 
new index-matching fluid that does not 
exhibit this loss. 
- We also used the Argus north arm to study 

.:&e bulk-damage threshold of phosphate 
laser glass. Finally, at the end of the year, we 

t fierformed a series of experiments to test a 
tandem-crystal frequency-conversion 
~ c h e m e ~ , ~  that holds the promise of broaden- 
ing the range of laser output intensities for 
which efficient doubling occurs. This 
technique may also allow rapid conversion 
to a third-harmonic conliguration with no 
extra crystal hardware. 

In fielding all of these experiments, we 
opcrated Argus for eight months as a 0.53- 
pm target shooter during the day and as an 
infrared laser for frequency-conversion tests 
at night. After we converted the south arm to 
0.35 pm, our target-shooter experimental 
schedule required dnllhle-shift operation. A 
third shift performed the remaining north- 
arm experimental work, operating on 
weekcnds for the last three months of 
the year. 

System Improvements. In line with the 
primary character of Argus as a target 
shuolel, w e  i~lcorporatcd no major charlees 
into the Argus system in 1980. We did, 
however, improve its operation by ad'ding a 
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new high-repetition-rate YAG preamplifier 
and modifying the preamplifier-stage layout. 
The inclusion of a new YAG preamplifier 
in the system has increased the permissible 
rate at which we can generate amplified 
oscillator pulses to one pulse per second. Our 
previous YAG preamplifier distorted the 
beam badly when it was operated faster than 
one pulse in 10 seconds. The faster pulse rate 
has greatly facilitated the alignment of 
various optical paths used for triggering 
diagnostic equipment, both in the laser and 
the target bay. At the same time, we 
simplified the optical-path layout on the 
centcr table, which reduced the number of 
optical components in the beam and 
improved the quality of the laser-beam 
profile. 

Personnel safety considerations led us to 
add beam shields on the center table; these 
shields were designed to allow only 
purposeful access to the laser beam path. In 
the target bay, the optical components on the 
diagnostic tables are already protected by 
enclosures that perform this safety function, 
while also reducing air turbulerlce and dust 
deposition. 

We modified the vacuum plumbing on the 
target chamber to include roughing lines to 
each of the diagnostic packages. This 
allowed us to operate with less risk of 
damage to diaphragms and targets from 
sudden pressure fluctuations. We also added 
straps to the disk amplifiers to prevent 
excessive rriotion during an earthquake; this 
corrects a problem noted after the 
earthquake in January of 1980. 

Late in the year, we installed on the north 
arm a commercially available Q-switched 
YAG laser with harmonic-conversion 
options. This laser will be used for crystal 
alignment in the fourth-harmonic (0.27-pm) 
conversion-efficiency experiments scheduled 
for early 198 1. The laser is also being 
evaluated as a target-alignment aid for 
Novette, where its selectable peak output 
(7 W at 1.06 pm, 2.25 W at 0.53 pm, 1.25 W 
at 0.35 pm, and 0.5 W at 0.27 pm) appears to 
meet our alignment requirements, as 
presently envisioned. 

Finally, in preparation for the complete 
disassembly o l  Argus to make way for 
Novette in September 1981, we removed the 
neutron time-of-flight tube from the east end 
of the La~.geL bdy. Tliis improved the traffic 
flow in the area around the transmitted- 
beam diagnostic table. 
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Target Experiments at 0.53 pm. We 
finished the final "green" target experiments 
(so called because of the color of the laser 
light) in August. The experimental layout 
and alignment techniques are those reported 
last year.' We did, however, use two different 
90-cm clear-aperture doubling crystals in 
completing these target shots: an 11.9-mm 
Type I1 KDP crystal with windows and 
index-matching liquid, and a "bare" 9.9-mm 
Type I1 KDP crystal. The crystal change was 
required because of damage to the index- 
matched crystal. We installed the second 
crystal without an index-matching housing 
because of an intensity-dependent loss 
mechanism in the index-matching fluid that 
we discovered during the north-arm 
conversion experiments. (See "Second- 
Harmonic Conversion Efficiency" and 
"Index-Matching Fluids for Large 
Aperturcs" latei, in this section.) 

In the course of the 0.53-pm experiments, 

Fig. 2-8. Orientation of we damaged a number of dielectric coatings. 
doubler and mixer From the rather limited data set, we estimate 
crystals for 0.35-/*m damage thresholds of 3.2 ~ / c m *  for high- 
experiments. 

q;\ Input 

1 polarization 

Vertical 

reflection mirror coatings and 1.6 ~ / c m ~  for 
dichroic beam-dump coatings, both with 
700-ps pulses. We were, therefore, limited to 
energies on the target of 30 J or less and to a 
peak intensity at the target surface of less 
than 3 X 10'5 w/cm2. 

We performed a total of 164 green target 
shots in 1980, each using some or all of the 
south-arm disk amplifiers. In addition, we 
used 1798 rod-amplifier shots to align the 
frequency-doubling crystal and to adjust the 
target-illumination optics. We also fired the 

I 
amplifiers 399 times to set up, calibrate, 
align, and time various laser and target , i 
diagnostic equipment. 

Target-Experiment Optics at 0.35 pm. In 
September, we removed all equipment 
associated with the 0.53-pm laser beam and 
installed optics for a 0.35-pm beam. We 
modified the optical layout considerably 
from the 0.53-pm beam path because of the 
more stringent alignment requirements for 
the tripling configuration and because of an 
increased respect for the fragility of presently 
available 0.35-pm coatings. We fired the first 
system shot generating 0.35-pm energy on 
September 25, and we fired the first target 
shot the next day. 

The primary modifications we made to the 
0.53-pm layout were the elimination of all 
coated reflectors after the KDP crystals and 
the addition of a Q-switched, mode-locked 
oscillator for crystal and target alignment 
purposes. We moved the 3.OX beam- 
reducing telescope to the output of the final 
spatial filter and added a third main-beam 
turning mirror to provide space for the new 
frequency-conversion crystals. The 1.06-pm 
laser alignment and diagnostic equipment, 
located behind the first of the three turning 
mirrors, was essentially unaffected by this 
change. 

The doubler crystal was 1 1.9 mm thick, 
and the mixer was 9.9 mm thick; both were 
KDP crystals cut in a Type I1 orientation. As 
indicated in Fig. 2-8, the output 0.35-pm 
light was polarized 14" counterclockwise 
from the horizontal and parallel to the 
extraordinary axis of the mixer crystal. This 
polarization was selected to match our 
earlier 1 .Oh-pm and 0.53-pm target- 
irradiation experiments. With this crystal 
configuration, the doubler ordinary axis 
must be parallel to the mixer extraordi- 
nary axis. 

For the incoming 1.06-pm light, a polar- 
ization angle of 45" with respect to the 
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doubler-crystal ordinary axis ~naxi~llizes 
0.53-pm p r o d ~ c t i o n . ~  At the experimental 
intensities (2.5 GW/cm2), however, this 
angle would supply the mixer with more 
0.53-pm light required for maximum 
conversion to 0.35 pm. We used a half-wave 
plate placed before the crystal tn adjust the 
intensity ratio to the desired level, rotating 
the plane of polarization to an angle of 35" 
with respect to the crystal ordinary axis. This 
angle was selected to produce a 1.4: 1 ratio of 
0.53- to 1.06-pm beam energy, as required 
for maximum 0.35-pm production. 

All optical components installed following 
the mixer crystal were fused-quartz 
(Suprasil) components, chosen for their low- 
loss UV transmission. The first element was 
a trichoic beam dump. The coating on this 
component was intended to be highly 
reflective at 1.06 and 0.53 pm, while being 
highly transmissive at 0.35 pm, to remove the 
residual 1.06- and 0.53-pm components from 
the laser beam. The quartz beam splitter, 
used for both the incident-beam diagnostic 
assembly (IBD) and the reflected-beam 
diagnostic assembly (RBD), was uncoated. 

- - . - 8 ,  - - -  
- - 
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- The target hay beam diagnostics included 

I A 1.06-pm IBD with a calorimeter, a near- 
, - -  field camera, a far-field multiple-image 

I 
' 7 -  

8 8 
camera, an alignment TV, and a streak 

- 
camera. 

I A 0.35-pm IBD with a calorimeter, an 
8 :  equivalent-plane multiple-image camera, 

I an alignment TV, and streak-camera 
fiducial optics. 
A 0.35-pm RBD with a caTorimeter, an 
equivalent-plane multiple-image camera, 
an alignment TV, and a streak camera. 
A 0.35-pm TBD with a target-plane 

multiple-image camera, an alignment TV 
with backlighting optics, and an energy- 
transport streak camera. 

a A mix-ratio monitor with separate 
calorimetry for 1.06- and 0.53-pm beams. 
A crystal-alignment package with a high- 
gain photomultiplier sensitive to 0.35-pm 
energy and a mode-locked oscillator for 
generating 0.35-pm energy. 

A schematic showing the diagnostics and 
beam-path layout is given in Fig. 2-9. 

We often positioned the fl2.2 target- 
illumination lens away from best focus to 

Fig. 2-9. Schematic of 
diagnostics and beam- 
path layout for 0.35-pm 
exoeriments. 

-f i  

----------- ---- r 1 w incident beam diagnostics 

I Reference 

I- 
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3 a incident beam diagnostics 

I 00% 
mirror 

---- 

crosswire 

L 3 a reflected beam diagnostics 

_ _ - - - _ - _ _ _ _ _ - - - - -  
Far-field 3 a transmitted beam diagnostics 
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obtain the required intensity on the target 
surface. We adjusted the 0.35-pm RBD and 
IBD multiple-image cameras to record a 
plane equivalent to the target plane. Such 
adjustment was not required of the TBD 
camera, which was always focused at the 
desired point of laser-target interaction 
through a second f12.2 lens. 

We began the system alignment leading to 
each target shot by centering the target in the 
orthogonal fields of view of the target- 
alignment optics, which determine the 
location of the target within the chamber. 
Next, we adjusted the target-alignment 
oscillator to provide a 4-cm-diam 0.35-pm 
beam. Together with a diffusing wheel 
locatcd bcfore the target chamber, we used 
this btal l~ tu ba~kligl~l  Llle lalget fur viewing 
on the TBD TV. The north targel-chamber 
lens was adjusted to focus and center this 
image of the targct. We then aligned the 
main beam line using the 1.06-pm cw 
alignment laser, and we adjusted the small- 
aperture 1.06-pm pulsed beam from the 
target-alignment oscillator to be collinear 
with the main beam line. The beam intensity 
(>0.3 M W / C ~ ~ )  from the target-alignment 
oscillator generated sufficient 0.53- and 0.35- 
pm energy in the main frequency-conversion 
crystals for alignment purposes. The 0.35-pm 
beam was detectable with an intensified 
viewer or UV-sensitive photomultiplier. A 
removable mirror directed this beam into a 
high-gain pho~umultiplier through UG-I I 
filtcrs, su Ll~al ullly 0.35-p111 ligl~l was 
detected. The angle of incidence for eaeh of 
the KDP crystals was then adjusted for 
maximum signal. 

r We directly determined the spot size in the 
target plane by recording a preamplifier shot 
on the TBD multiple-image camera together 
with a time exposure of the backlighted 
targct. Adjustments in spot s i ~ e  a r ~ d  localion 
were made by moving the south lens. The 
incident-beam equivalent-plane camera 
could then be set by adjusting Ihc: O 35-lrm 
IBD telescope lens to a point previously 
calculated to be appropriate for the offset of 
the ~011th lens from focus. The RBD 
multiple-image camera was focused by using 
the uncollimated 0.35-jrm hnam transmitted 
from the TBD side of thc targct chamber 
to backlight the target. A final TBD spot-size 
picture was then recorded. 

Target diagnostics fielded for various 
experiments have included 

8 A Dante spcctromctcr, to measure x-ray 
yield in 10 bands from 200 to 700 eV. 

8 A filter fluorescer (FFLEX) and a 4-chan- 
nel x-ray diode array, to measure x-ray A 

yield in several bands from 5 to 70 keV. 

8 A 7-channel x-ray diode array, to measure 
x-ray yield in 7 bands from 4 to 29 keV. 

8 An x-ray streak camera, to time-resolve 
the low-energy x-ray yield in the range 
from 200 to 700 eV. 

8 Pin diodes, to measure (through 
interference filters) near-UV to infrared 
scattered light. 

8 A zone plate camera, to image the target 
with 2- to 20-keV x rays. 

8 A n  x-ray microscope, to image the target 
with 400-eV to 3-keV x rays. 

8 A box calorimeter, to enclose the target 
and mcasure scattered 0.35-fin1 energy 

8 An energy-transport streak camera, to 
viewe the target from the TBD and 
measure shock transit time to the back of 
the target. 

8 A reflected-energy streak camera, to 
compare the arrival time and temporal 
shape of the 0.35-pm reflected beam to the 
0.35-pm incident-beam pulse. 

Target Experiments at 0.35 pm. During the 
year, we performed 115 target shots at 0.35 
pm. In addition to full-system target shots, 
we used 1 0 7  preamplifier shots for 
alignment and ,218 shots for general laser 
testing and troubleshooting. There was a 
noticeable and continuous reduction in 
overall conversion efficiency due to exposure 
of the crystal surfaces' to humidity. 

The previously described experiments 
produced damage to the trichoic coatings on 
four different beam dumps; thresholds for 
significant visible damage were quite 
variable. The first dump was removed 
because it reflected only 80% of the 0.53-pm 
light. It exhibited some damage after a 0.33 
pm shot at a fluence level of 1.1 J/cm2 
(1.5 Gw/cm2). The residual fluence on this 
shot was 0.2 J/cm2 at 0.53 pm and 0.4 J/cm2 
at 1.06 pm. The dump was used for 50 shots, 
each with total fluences above 0.2 J/cm2. 

The replacenle~lt dump survived 7 shots 
before being extensively damaged. The larg- 
est fluence generated during these shots was 
0.8 J/cm2 (1.1 Gw/cm2) for 0.35 pm; 0.1 .I/ 
cm2 for 0.53 pm; and 0.2 ~ / c m ~  for 1.06 pm. 



The third dump displayed light damage 
after 22 shots at 0.35-pm with fluences up to 
0.9 J/cm2 (1.4 G W / C ~ ~ ) .  Extensive heavy 
damage was caused by a single shot with 
fluences of 1.0 ~ / c m ~  (1.4 G W / C ~ ~ )  at 
0.35 pm, 0.3 ~ / c m ~  at 0.53 pm, and 0.3 ~ / c m ~  
at 1.06 pm. 

The fourth dump, still in use at the end of 
1980, exhibited extensive light damage after 
10 shots, each with a total fluence less than 
1.3 J/cm2. 

On the average, the beam dumps were 
replaced after only 29 shots. In each case, the 
damage appeared on the trichroic coating. 
The 0.35-pm antireflection (AR) coating on 
the second surfaces was unaffected, as were 
the AR coatings on the target-chamber 
lenses and windows. (Several debris shields, 
which are also AR coated, have suffered 
damage to the coating facing the targets.) 
The problem with coated beam dumps led us 
to develop new filter glasses to provide the 
desired wavelength discrimination (see 
"Laser Glass" in this section). 

North-Arm Physics Experiments. In March 
1980, we activated the north arm of Argus as 
a test bed and used an 8-cm-diam beam for 
conversion-efficiency measurements on 
several KDP samples. Doubling and tripling 
efficiency tests were completed in July, and 
we then spent several weeks investigating the 
effect of the conversion process on beam 
quality. In addition, we checked the effect of 
a 2 X 2 crystal array on beam near-field and 
far-field profiles. After the crystal-array 
tests, the KDP crystals were moved to 
provide space for a series of high-energy 
1.06-prn shots that were used to derermine 
the damage threshold of several types of 
phosphate laser glass being considered for 
use in Nova. In another series of shots, we 
investigated the magnitude of intensity- 
dependent scattering processes in various 
candidate index-matching fluids. 

In high-power conversion tests at 0.53 pm, 
we have observed an offset of the optimum 
angle of incidence from that determined by 
the lens-and-crosswire technique4 used 
originally to align the KDP crystals. We 
performed a series of experiments in which 
we discovered an asymmetry in the shape of 
the fringes recorded by the lens-and- 
crosswire technique. This asymmetry 
explained the difference in alignment 
between that technique and the present 
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alignment technique (see "Argus Frequency- 
Conversion Experiments" in this section). 

Finally, we used the preamplifier stage of 
the north arm to provide energy for a series 
of 4-cm-aperture shots to test a tandem- 
crystal concept of frequency conversion; this 
concept may prove highly cost effective in 
the Nova laser. We will finish our studies on 
harmonic conversion in 1981 by measuring 
the quadrupling (fourth-harmonic) 
efficiency. 

We modified the north arm of the Argus 
laser for measurements of harmonic- 
conversion efficiency, using a 3.OX telescope 
to reduce the beam diameter to 8 cm. Figure 
2-10 shows how the various components 
were assembled on the north diagnostic 
table. Results of these experiments are 
discussed in "Argus Frequency-Conversion 
Experiments" in this section. The essential 
components include doubling and mixing 
crystals and the six calorimeters that 
measure doubler-input 1.06-pm energy, 
doubler-output 1.06- and 0.53-pm energies, 
and mixer-output 1.06-, 0.53-, and 0.35-pm 
energies. 

Harmonic conversion efficiencies are 
quoted in terms of efficiencies "external" or 
"internal" to the nonlinear crystals. It is . 
important to understand the difference. 
External harmonic conversion efficiency is 
defined in the case of doubling as the ratio of 
the converted (0.53-pm) output energy to the 
input fundamental (1.06-pm) energy. For 
frequency tripling, the external conversion 
efficiency is defined as the ratio of the output 
(0.35-pm) energy to the input (1.06-pm) 
energy. Internal convetsiorl efficiencies are 
higher than external conversion efficiencies 
because of the Fresnel reflection losses 
suffered at the uncoated crystal interfaces. In 
our experiments, these losses amount to 8.5% 
for 0.53-pm energy and 28% for 0.35-pm 
energy (including the uncoated diagnostic 
beam splitter). Consequently, we can achieve 
a significant improvement in harmonic 
conversion efficiency, especially for tripling 
or quadrupling, by eliminating the Fresnel 
losses of the KDP crystals. 

We have been able to achieve external 
conversion efficiencies of 77% to 0.53 pm 
and 55% to 0.35 pm using 1.06-pm pump 
intensities of 2.5 C3w/cm2 and above. These 
values correspond to internal conversion 
efficiencies of 83% at 0.53 pm and 69% at 
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0.35 pm. Maximum focusable energies in the curve. We recorded the sin2x/x2 fringes for a 
bare-crystal configuration were 119 J at 0.53 series of shots with energies between 0.2 and 
pm and 43 J at 0.35 pm. In later south-arm 350 J and then compared the fringe location 
shots, we were able to produce as much to the reference crosswire shadow. The 
as 54 J of 0.35-pm light. images of the 0.53-pm sin2x/x2 pattern in 

-We investigated the discrepancy between Fig. 2-1 1 result from exposing a 10-mm-thick 
the aligned angle of incidence determined by KDP crystal to diverging 1.06-pm laser light 
the negative lens technique and the aligned at (a) 4 m ~ / c m ~  and (b) 7 ~ / c m ~ ;  note the 
angle of incidence required for maximum variation of pattern spacing with fluence. We 

found that the angular separation of the Fig. 2-10. Schematic of conversion efficiency and determined by 
components for tuning the doubler crystal angle and minima decreased with increasing intensity, 
frequency-c0nversi0n measuring the resulting conversion efficiency as expected, but that there was no shift of 

these minima with respect to the crosswire. 
Final turning mirror Densitometer traces corrected for the 

1 w calorimeter: film D/log E response curve, however, 
5 in. LC-1 0 

Beam reducit~y lens 
generally showed that the maxima were 

Beam collimating lens 

crosswire alignment procedure, which 
required centering the crosswire betwccn thc 
dark fringes, was inherently flawed. 

Further tests with a small collimated, 
~ a ~ f - w a v e  plate high-repetition-rate probe beam exhibited no 

,, 1 w beam dump asymmetry when the crystal was angle tuned. 
In addition, the 0.35-pm target-experiment 
crystals, aligned with a photomultiplier and 

KDB doubler crystal 
Beam reducing lens a nearly collimated beam, have demon- 

strated conversion efficiencies equivalent to 
1 w calorimeter: 
2 in. Scientech the maximum obtained with a similar crystal 

Alignment crosswire configuration on the north arm. Thus, we 
have concluded that the diverging-lens 

4 

Beam splitter: uncoated 
BK-7 with 10-min wedge properties of the crystals. 

During the course of our harmonic- 
conversion experiments on the Argus north 

RG-1000 mter arm, we monitored the homogeneities of the 
near-field beams at 1.06, 0.53, and 0.35 pm 

Beam splitter: uncoated by taking hard-film photographs at planes 
BK-7 with 30-min wedge lying near the doubling and mixing KDP 

KDP mixer crvstal crystals. Although the north arm is image 
relayed, the use of the 3X Galilean Ldescupe 
to reduce the incident 1.06-pm beam 

Alignment crosswire diameter from 28 to 9.5 cm moves the final 
relay plane from the target chamber to a 

2 w film plane - - - - location near the mixer crystal. As a result, 
2 w calorimeter: 
5 in. LC-10 the beam profiles at the three frequencies 

were not strictly comparable, although the 
distances between film planes wcrc not so 
large as to invalidate the comparisons. The 

UG-I 1 
filter optical homogeneities of the 0.53- and 0.35- 

pm beams were higher than the homogeneity 
3 w calorimeter: 

5 in. LC-10 of the parent 1.06-pm beam because the 
conversion efficiencies were obtained using 
the present KDP crystal thicknesses at a flux 

2-12 
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I I 
photographs of the 
0.53-pm fringe pattern, 
showing the variation of 
pattern-spacing with 
fluence. 

(a) Fluence = 4 mJ/cm 2 (b) Fluence = 7 J/cm 2 

near 3 G W / C ~ ~ ,  where the conversion 
efficiencies peak. Beam hot spots were, 
therefore, less efficiently converted, and the 
beam was smoother. The results of these 
near-field measurements indicate that the 
0.53- and 0.35-pm beams varied in intensity 
only by f 20% across 80% of the beam 
aperture. 

As a consequence of the detailed beam 
analyses carried out in support of the near- 
field intensity distributions of the Argus 
beams at 1.06,0.53, and 0.35 pm, we derived 
a new value. for the Argus north-arm 
effective beam area. This parameter is 
important for determining the average beam 
fluence at the output of the laser chain. 

Author: J.  S. Hildum 

Major Contributors: G. T. Hermes, G .  J. 
Linford, and B. C. Johnson 

Engineering Summary and Upgrades 

One major effort during 1980 was reestah- 
lishing laser-system integrity after the 
January earthquake. Recovery efforts of this 
type show both the good and bad aspects of 
our overall system-design strategy. 

Early in 1980, we began detailed planning 
for upgrading Argus to a 28-cm frequency- 
loubled configuration. Program require- 
nents and target-performance considera- 

tions caused us to abandon this approach, 

however, and we proceeded directly with a 
plan to opcrate a pair of full Nova arlus i11 

the Argus bay (the design of the resulting 
laser, Novette, is discussed in "Novette 
Design Considerations" in this section). One 
practical effect of this decision is that Argus 
will be shutdown in the fall of 1981 and 
Shiva shutdown in early 1982. Therefore, in 
September 1980, the decision was made to 
stop upgrade modifications to Shiva and 
Argus and devote this manpower to the 
Novette design. Therefore, all long-term 
operating funded engineering activities, with 
the exception of Novette prototypes, and the 
Shiva x-ray backlighting modifications, were 
terminated in September 1980. 

Between March (the end of the earthquake 
recovery) and September, additions and 
modifications to enhance our target- 
irradiation and laser capabilities were 
continued in the following order of priorities 
(highest priority listed first): 
a Reduce identifiable hazards. 
a Support new target experiments. 
a Improve reliability; 
a Improve turnaround. 

Reduce manpower requirements. 
We fielded several new target diagnostics 

(see "Shiva Operations Summary" in this 
section), and we made a major modification 
to the system to eliminate a serious source of 
noise in our recording instruments (primarily 
in the R79 12 oscilloscopes) caused by target 
x-ray cmission. We also accomplished the 
major system goal of bringing target data 
into the control room. 



For several years, target diagnostic data 
were collected locally in the target chamber 
area and brought manually to the control 
room for reduction. This was a time- 
consuming process that made it extremely 
difficult to obtain shot-readiness feedback 
from the instruments. We have now 
completed the software and installed the 
necessary links to  enable direct data transfer 
to the control room. We have also initiated 
generation of software to enable us to detect 
instrument status prior to a shot. This one 
change reduced the target data-reduction 
time by 20 min. A detailed disc~lssion of 
these changes appears in Section 5. 

We made several modifications to our 
electronics systems this year. Within the 
power conditioning area, we enhanced 
system auturnatic-co~~llol features and 
expanded the high-bandwidth digital-control 
bus into the target space frame. The latter 
modification enables us to obtain high- 
resolution streak pictures from newly 
developed CCD cameras in near real time; 
before this upgrade, such pictures took us 
weeks to obtain. We use this system for x-ray 
streaks from target diagnostics and for 
optical streaks from laser diagnostics. 
During the year, we also developed our 
system-integration capabilities within the 
control system. We devoted our primary 
control-system efforts to developing an 
interlocked target-shot sequence that ensures 
that thc opcratur is aware of all system 
elements that are not active and enabled 
prior to a target shot. These developments 
are discussed in detail below. 

Our modifications of the mechanical 
systems were aimed at improving capacitor- 
bank safety, providing x-ray backlighting 
capability, improving beam relaying, 
improving laser-diagnostics capability at the 
beta Pockels cell, and reducing system 
operating costs for nitrogen gas. In addition, 
using Shiva, we supported the development 
of the Nova plasma shutter. All of these 
items are also discussed in detail below. 

Author: P. R. Rupert 

Earthquake Recovcry. The January 24, 1980, 
earthquake struck 16 kilometres north of 
the Laboratory with a peak magnitude of 
5.5 on the Richter scale. There were no 
personnel injuries and only minor 
component damage within the Shiva and 

Argus lasers. Building damage was also 
minor, but all of the Shiva target-space 
frame seismic anchor bolts sheared due to 
movement of the space frame. The laser- 
frame anchor bolts remained intact. Before 
resuming unlimited access to the Shiva target 
and laser bays, we resecured both space 
frames and realigned the Shiva target space 
frame. With the help of Rigging 
International, Inc., and Bigge Rigging, we 
completed these tasks by February 5. We 
then realigned the laser chains, cleaned up 
the remaining damage, and demonstrated 
full Shiva performance by firing a target shot 
on February 20. We repaired minor 
component damage on the Argus laser and 
high bay and restored the system to 
operation on February 19, less than a month 
after the earthquake. 

This outstanding achievement is 
attributable to the soundness of the laser 
system design and to the intensive effort and 
dedication of all participating personnel. The 
following discussion provides more detail on 
our recovery activities and the lessons we 
learned in reactivating the laser systems. 

After the earthquake, we made a plan and 
schedule for reactivating Shiva. We used this 
plan, which was revised several times as new 
information became available, to monitor 
progrcss and allocate resources during the 
reactivation phase. The final version of the 
plan is shown in Fig. 2- 12 (pp. 2-16 and 
2-17). This management tool greatly aided in 
focusing our resources on the appropriate 
areas. 

The components attached to the Shiva 
frame stayed in alignment with respect to 
each other, but the target frame moved with 
respect to the laser frame. Before we 
performed any surveying or recovery work, 
the frames were first made safe so that 
people could wurk in the alea. Tllib ~equired 
the fabrication nt' ncw sc~smic anchors that 
could fit outside of the damaged anchors. 
We secured the laser-bay space frame by 
February 2 and the target-bay spacc frame 
by February 4, and we designed the 
permanent rcplaccmcnt anchors for the laser 
space frame to allow safe subsequent 
realignment. 

After we secured the frames, surveyors 
determined the location of both frames with 
respect to benchmarks outside Building 391 
(which had not moved): their survey showed 
that the laser frame was within 1 / 16 in. of its 
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previous position. The frame's primary 
seismic anchor was intact, hut the bolts 
holding the frame bearings, which resist 
turning about the seismic anchor, were 
sheared in the quake. The bearings 
themselves, which are rollers between plates, 
were not damaged. 

The target frame had moved 0.4 in. west 
and had rotated counterclockwise 
approximately 0.75 in., as measured at the 
f/14 spatial-filter entrance. All 20 of the 
target frame's concrete-buried, 0.75-in.-diam 
anchor bolts failed. Some of the radial 
bearing bolts also failed, and some of the 
roller bearings were damaged. The rollers are 
held in place by endless fiber belts, some of 
which had rotted; this allowed the rollers to 
fall out of place when the frame moved, 
and some of the bearings were crushed. With 
the help of Rigging International, we jacked 
up the 230 000-kg frame about 6 mm and 
removed, inspected, repaired, and reinstalled 
all bearings. We then lowered the frame onto 
these bearings, moved it to its realigned 
position and securely fastened it. Through- 
oul Lhis maneuver, the frame was under 
complete restraint in case of another 
earthquake. Both frames were in alignment 
to within original tolerances on February 
5-only 12 days after the earthquake. 

The laser space frame is designed as an 
optical bench, which means it is very stiff 
and fixed at a single point; from this point, 
the frame is allowed to expand in all 
directions. To prevent distortions of the 
structure due to thermal gradients, all other 
support points are on rollers. The fixed point 
is a seismic anchor with the primary 
functions of 
a Making the system safe against personnel 

injury. 
a Containing system damage, so that the 

facility is repairable under reasonable cost 
and schedule limitations. 

a Resisting an earthquake acceleration in 
any direction equal to 25% of the 
acceleration of gravity. 

This was our design standard, which used a 
reasonable safety factor to cover material 
and installation shortcomings. The new 
anchoring system is designed to withstand an 
acceleration of 0.5 g. 

For optical stability, all laser components 
were mounted to the frame with very still' 
supports. All bolted interfaces between these 
component supports and the frame were 

- EARTHQUAKE 
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designed with bolts proportionally stronger 
than the floor bolts. None of these failed. If 
we had had the frames tied too rigidly to the 
floor, there is a chance that the large 
earthquake forces would have been 
transmitted through the frame, with 
subsequent structural damage and (possibly) 
falling components. 

The anchor bolts that failed were tested in 
the LLNL testing laboratory and were found 
to have an ultimate tensile strength of 
93 300 psi and an ultimate shear strength of 
53 300 psi. The frame design performed as 
intended, and we have determined that the 
combined shear and torsion loads applied to 
the target frame bolts were in excess of 
0.25 g. In retrospect, then, this system 
performed very well; the space frame design 
team, headed by C .  A. Hurley, is to be 
congratulated. 

There was minor damage to catwalks, and 
one end of the optical-trigger beam tube 
fell from its mounting; however, the 
earthquake caused no significant damage 
to any of the target-chamber or data- 
acquisition systems. Nevertheless, as part 
of the recovery effort, all of our R7912 
instruments were cycled through our 
Tektronix maintenance trailer, which pro- 
vided a hcad start on rccovcry. No 
instrument damage was found. We also 
checked the alignment of all of the 
experiments that have long lines of sight; we 
found no problems that could be traced to 
the earthquake, except with the neutron 
time-of-flight diagnostic. These checks 
provided an opportunity to correct 
alignment problems that had existed prior to 
the earthquakc. Bccausc actual carthquake 
damage was minimal, we also spent time 
adding new diagnostics, reconfiguring 
several experiments, and performing other 
target-chamber maintenance items. 

Our computer system was undamaged and 
came back on line wi th~u t  incident. The only 
problem was several broken disks, which fell 
due to inappropriate storage. 

We found somewhat greater problems in 
the power-conditioning area. There was 
water damage due to broken low- 
conductivity water lines and fire sprinkler 
lines, and movement of the capacitor bank 
broke some insulating sheets under the 
capac~lnrs. Ilrying the hank and replacing 
the insulating sheets required a corlcerilraled 
effort by a large number of technicians. 

t - structure i 

and make 
emergency 

> 
K 

27 T- re%?-lX )ay access interlocks leaks ignitron 

5 7 I DI LCW Z -Fix 
L 

Bring up 

CW and 
"AS work ) 

Fabr~cate - insrali 
target- - 

1 

2 

3 

)Ck 01 

~rvey f- 
alignment OL -8 L r w u x  - FC C W a I I g n r ~ ~ ~ ~  
NTOF, 8X 6 l ;- ment to - - .  

R'epalr rod 

rod shot 

I- 

7 I anrl 3X croos haws svncnranl 
7se;n" x-ray msro- -"-.-.. 

-scope. FFLEX,- -*- system 
A' '1 SlFISC,and X Repa~r and PU 

8 realign experl- acqurre beams Align repasr 

ments to I BDS 
and PFC 

n 
Repatr front power - -  -dI 

xperlment 

laser ,----- Correct 
alianme~ 

condirion~ng 
through beta Validate. re- 
amplifiers mir, and dry 
.end disk amplifier 

bank cireulrs - and interfaces 1 
12 

Gelti! I 

13 h d  Wtws 
s p e c m m b  
WWlW. A c q u ~ r e  

REDS Take 
14 X W  

- extlnctlon - X 
penthouse 

Repaw photos 

15 REDS 

Check 

16 
vacuum Val~date 
system other large Flnal al~gnment and chalnmnents repnlr beam llnes 

17 ' 

18 
Tlmp 
beams 

19 u Fig. 2-12. Schedule for 
reactivating Shiva after 
the January 24, 1980, 
~arthq~~ake .  

' I 

20 1 1 I 
Perform standald test-5hbl requonoc I 



Operating Systems 

The speed of the work was limited by the 
amount of specialized capacitor-handling 
equipment that we have available; this 
equipment is adequate for normal 
operations, but was not intended to support 
such an intensive large-scale effort. As a 
result, the power conditioning repair was one 
of the pacing tasks in reactivating the 
facility. One of the design lessons we learned 
from this incident is to specify impact 
strength on our sheet insulating materials in 
the future. 

After assessment of earthquake-induced 
damage to the Argus laser system, we 
found that 
a Twenty-three of 56 optical tables were 

shifted off their grouted bases. 
a There was substantial damage to the 

ceili ng-mounted air-diatributian and 
diffuser units, and there were water leaks 
in wall-mounted piping. 

a Seven disk amplifiers had dropped off 
their mounting rollers. 

a A majority of the magnetically mounted 
optical components had moved. Many of 
these had fallen to the optical-table 
surfaces and some, including the master 
oscillator. and 4-cm rod amplifiers, had 
fallen 60 cm to the concrete floor. 

a Two Faraday-rotator insulators were 
broken. 
We were concerned first about the 

integrity of the ceiling, as tiles and fixtures 
continued to fall to the floor for some time 
following the earthquake. We removed loose 
tiles and fixtures and secured the remaining 
components before starting any recovery 
effort. After certifying the building safe for 
occupation, we restored electrical power and 
vacuum service and stopped the water leaks. 
We relocated and regrouled all shifled 
optical tables to within 6 mm of their 
original positions. 

We inslalletl reslriir~ir~g clalr~lis cr11 all disk 
amplifiers to prevent any movement off the 
roller supports, and we installed larger bases 
on magnetically mounted components to 
prevent the tip-over response observed 
during the earthquake. The few optical 
componcnts that had broken were replaced 
from existing spares, so no time was lost 
obtaining new components. We found that 
the oscillator had only minor damage; we 
were able to restore it to preearthquake 
performance within one week. We then 
realigned the entire laser chain and fired the 

first system shot on February 19-only 26 
days after the earthquake. 

We noted an instability of thc cw 
alignment beam during system realignment. 
We traced this problem to two sources: 
several optical tables had cracked grout, 
although they had not shifted position, and 
the extensive damage to the air-diffuser 
system had created very uneven flow 
patterns in the target bay. We regrouted the 
unstable tables and installed beam tubes to 
eliminate air turbulence near the laser beam. 
The diffuser system could not be repaired 
immediately, but use of the beam tubes 
allowed alignment to proceed on schedule. 

We rriade soll~e nlodifications to the 
facility to improve safety and dccrcasc the 
damage potential of any future earthquakes. 
These changes included restraining large 
components and cabinets in the bays and 
adjacent areas and developing specifications 
for maximum allowable loadings on 
magnetic supports. 

There was no major damage to the pulse- 
power system on Argus. The damage that 
did occur was confined to capacitor racks 
that had moved a few inches from their 
initial locations and to cables that had fallen 
out of their trays. Although the visible 
damage was slight, we performed a thorough 
cleanup and examination of the pulse-power 
system. Our major concern was the 
possibility lhal Lhe pulse-puwe~ illsulatioa 
system was breached, which could result in a 
serious shock accident or cause major 
damage to the control system. To ensure that 
the pulse-power system was safe we 
performed high-potential tests to a level of 
20 kV dc on all pulse-power cable shields. 
The laser system was operational within a 
few days after successful cornplction of thc 
high-potential test. 

Events during and immediately after the 
earthquake pointcd out a numbcr of 
improvements that could be made both in 
the facility and in our emergency procedures. 

We uncovered a need for immediately 
activated emergency lights to provide 
illumination during the period before the 
emergency generators come on line. As a 
result, we have installed battery-powered 
emergency lights in selected portions of the 
building, and we now forcefully emphasize 
the requirement for maintaining emergency 
exits unblocked. An escape ladder between 
the basement level of the target bay and 



the main floor in Shiva was inadequate for 
its intended use; we have installed a 
permanent, safer ladder. 

To facilitate immediate electrical power 
shutdown, we have updated our building 
power drawings and the labeling of our 
power sources, and we have placed power- 
panel locator plans throughout the building. 
We have taken similar actions for city water, 
low-conductivity water, sprinkler systems, 
and natural gas; the main shutoff points for 
these systems have been identified in our 
Disaster Plan (see helow), Personnel who 
would be likely to be called on to shut off 
these systems have been shown their 
location, and disaster drills are being 
conducted. 

Substantial water damage from broken 
sprinklers resulted from sprinkler valves that 
were chained open. We are leaving these 
valves chained open, to prevent inadvertent 
shutdown, but we have procured bolt cutters 
and developed a procedure for prompt 
shutdown if necessary. We have instituted a 
psoced~~re hy which standby personnel can 
turn the system back on if required. 

We have developed a Disaster Plan to deal 
with incidents in which emergency services 
cannot respond immediately and normal 
communications are lost. This will enable us 
to evacuate the building, deal with injuries 
and other problems, account for personnel, 
and secure the building. These procedures 
are not intended to replace normal 
emergency services, but to facilitate their 
effectiveness during a Laboratory-wide 
emergency. We are also continuing to 
upgrade our readiness with drills and 
modifications to take maximum advantage 
of the lessons learned during the earthquake 
recovery. 

Authors: J. W. Herris, A. J. Levy, P. R. 
Rupert, C. A. Hurley, R. R. Baltzer, B. T. 
Merritt, and J. D. Williams 

Major Contributors: J. T. Hunt, B. R. Speck, 
C. D. Swift, C. E. Thompson, and the LLNL 
solid-state technicians 

Target Diagnostics. The rcsponsibilitics of 
the Target Diagnostics Group span the 
operation and maintenance of the electronics 
data-acqnisition system and the target- 
chamber diagnostic systems. '4 description 
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of these systems may be found in previous 
annual  report^.^-^ 

By 1980, target diagnostics on Shiva had 
been developed into a mature subsystem. 
Our major systcm upgrade during the year 
consisted of new data-acquisition software 
that allowed us to operate from the control 
room using the PDP 1 1/34 computer. Table 
2-2 summarizes the status of the data- 
acquisition system for target-diagnostic 
instruments as of the end of 1980 and 
compares it to the status at the end of 1979. 

Because of the minimal effect of the 
earthquake on target diagnostics, we had 
time to correct a number of diagnostic 
alignments and related problems during the 
recovery period. Meanwhile, we continued 
work on the implementation of new 
diagnostics, and Nova construction crews 
cut two openings into the east wall of the 
target room to provide access for equipment 
and personnel. 

Our activities in 1980 spanned more than a 
dozen target-shot series. On several series, 
we diagnosed targets to determine density 
and performance, and we also gathered 
information on Nova-style targets. A third 
group of experiments involved diagnostic 
development, such as x-ray backlighting and 
new density-measuring techniques. 

Tablc 2-3 summarizes thc full complcmcnt 
of Shiva target diagnostics that could be 
fielded for experinlents as of the end of 1980. 
Implementation of the latest diagnostics 
increased our capability to measure 
x-radiation and spectrally shifted laser light 
from the target plasma. Complete diagnostic 
descriptions and results are presented in 
Sections 5, 6, and 7 of this report. 

While operating existing diagnostics and 
implementing new diagnostics throughout 
the year, we also made a significant 
improvement in our electronic data- 
acquisition system and in other target 
systems. 

Total number on line 

nent type 1979 1980 

hornsan CSF oscilloscopes 

Table 2-2. Summary of 
data-acquisition system 
for target-diagnostics 
iostruments. 



New system software allowed us for the 
first time to operate the target acquisition, 
control, and instrumentation (TACAI) 
system from the control room using our PDP 
1 1134--a concept envisioned for this 
subsystem early in the Shiva design.8 Th8 
original master-slave architecture of the 
system has been retained, with the PDP 
11/34 now fulfilling the role of master. The 
PDP 11 134 is linked to the LSI- 11 slave 
via two fiber-optic serial lines. During the 
year, we met our objectives in this project, 
which were to 

Reduce the manpower required in the 
support and operation of the original 
TACAI system. 
Improve operational reliability. 
Integrate this subsystem into the overall 
laser control system. 
We wrote the software for the master in 

Fortran IV Plus, under RSX-1 lM, using a 
multiprogramming approach to facilitate 
system maintenance and expansion. The 
master program currently consists of nine 
tasks, each of which performs a distinct 
function (Fig. 2-13). Task-to-task 
communication and synchronization is 
performed via a shared region, and RSX-11- 
t y p  messages are sent to and received from a 
central task that arbitrates between 
operational requests and handles the master- 
slave command and data transfers. This - 
architecture makes it relatively easy both to 
add tasks and to link the operation of 
TACAI to the operation of other PDP 1 1/34 
subsystems via DECNET. Currently, linkage 
is limited to the initiation, by power 
conditioning, of preshot system setup and 
verification of system readiness. 

This diagnostics control system is 
significantly faster than our previous method 
and may be operated from either the control 
room or the target room. All data transfer 
directly to the PDP 11 /34, eliminating the 
use of floppy disks either as a system device 
or as a data transfer media. We have 
implemented an identical system on Argus. 

We also rewrote the indirect command 
files used to control quick-look data 
processing and file management; this 
minimizes operator confusion and the 
possibility of lost data after a shot. 
Parameter files define the type of processing 
and the file manipulation to be performed as 
a function of shot type and laser facility. On 
Shiva, shot data are automatically 
transferred to the PDP 1 1/70, using the 



deleted from the PDP 11/34. 
To use the new software for processing 

shot data acquired by means of the LSI-11 
TACAI version, we wrote a program to 
perform the required transfer and type 1 Spatially resolved, 

conversion of shot data from floppy disks to 
a PDP 11/34 file. All of the new software 
may also be run on the PDP 11/70, thus 
providing a backup capability that 
previously did not exist. 

We are currently adding preshot and 
background diagnostics to TACAI to 
improve operational reliability. These 
diagnostics will be part of the preshot 
initialization sequence and will be aimed at 
detecting hardware-state errors, out-of- 
tolerance conditions, and other operational 
problems that could result in the loss of shot 
data. The background diagnostics will detect 
problems that are still in the incipient stage 
and not likely to cause loss of data, such 
as degenerating fiber-optic links. 

Other target-diagnostic upgrades that we 

:an eight-rack diagnostic station outside the 
.target bay to implement the Dante S and 
M systems. This move eliminated target- 
generated noise from target data. Sub- 
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unnoticed baseline noise showed that it was 
being generated within the XRD-31 
detectors. 

For the first time, we incorporated CCD 
technology on Shiva in a direct digital 
readout of the sub-keV x-ray streak camera. 
Because of the large amount of data 
associated with this two-dimensional array, 
we interfaced this diagnostic into the power- 
conditioning system to take advantage of its 
higher digital bandwidth and ease of 
implementation. 

To produce fiducial timing pulses for the 
x-ray delay and Raman timing diagnostics 
and for plasma shutter tests, we added three 
additional optical detectors to the diag- 
rlostics system. By comparing a fiducial pulse 
to the instrument trigger pulse, we 
determincd our short-tcrm triggcr-systcm 
jitter to be less than 200 ps. 

We recalibrated the energy balance 
module (EBM) calorimeter system, and then 
made a visual inspection of the system. This 
check, prompted by erratic behavior of the 
EBMs during the summer, revealed a 
substantial gold coating on the optical 
windows, which required careful off-line 
cleaning. 

To provide pumping capability for the 
22X x-ray microscope diagnostic, we 
expanded the auxiliary vacuum system by 
extending the 4-in.-diam manifold 
approxi~nalely 20 ft. Wt: added air a r~d  N2 
lines for valve actuation and diagnostic 
backfilling, and we replaced the existing 
vacuum ball valve on the target inserter with 
a sliding-valve assembly. The new valve 
cured periodic sealing pl.oblems and is much 
easier to operate. 

We removed our leak-detection 
spectrometer from its location on the targct 
chamber and incorporated it into a bypass 
arrange,ment around the west 
turbomolecular-pump high-vacuum gate 
valve. This arrangement gives us the ability 
to obtain maximum instrument sensitivity 
and also provides a convenient technique for 
finding large vacuum leaks (up to several 
hundred mTorr) in the chamber. 

The addition of new catwalks on the east 
side of the target frame enhanced our 
operational capability, both by providing a 
second means of access to the target inserter 
and by improving cross-chamber access 
(nonexistent at the target-chamber level due 
to diagnostic blockage). The addition of a 

--- - . ., - ,-~ 4. 

small catwalk section at the target-chamber 
level opened the way for installation of the 
Dante H diagnostic, which will block access 
to the target inserter from the original stairs. 
We also added an emergency exit ladder 
from the basement to the mezzanine level. 

Upgrades to the Argus target diagnostic 
system include 

Reactivating foreline cold traps and 
installing new hardware controls. 
Adding separate roughing lines to several 
diagnostics. 
Removal of all or part of two neutron- 
activation diagnostics. 
Modifying the N2 fill lines. 
During the earthquake recovery period, 

we improved the CAMAC serial highway by 
adding new fiber cables and transmitter- 
rcccivcr modulcs, thus replacing a previously 
unmaintainable system of varying fiber 
cables and optical elements. 

Authors: C. E. Thompson and D. J .  Kroepfl 
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Optical Pulse Generation. Until September 
1980, we continued to operate Shiva with the 
original oscillator. We then installed both a 
new actively mode-locked and Q-switched 
(AMQ) oscillator and a single-axial-mode 
Q-switched oscillator with expanded 
capabilities. The decision to install a new 
AMQ short-pulse oscillator on Shiva dates 
back several years. We found that the 
clcctronics on thc original oscillator did not 
interface to the computer very and we 
also experienced some electrical noise 
problems.1° The new control electronics 
have been described in previous annual 

During 1980, these controls were 
completed and debugged. We reported on 
the development of the new oscillator 
hardware, for Argus. in 1979. '~  By deciding 
to use this hardware on Shiva also, we were 
able to make a quick switch to the new 
oscillator and minimize downtime. 

The pulse width of the new AMQ 
oscillator can be adjusted from 100 ps to 
1 ns, with the energy in a single pulse ranging 
from 200 to 300 pJ. However, the 
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requirements on Shiva have gone towards pulses are stacked one behind the other on 
pulses in the range of 3 to 5 ns for some the oscillator table, spaced by about 40 ns. 
experiments; for other experiments, pulses as Both pulses are then injected into each arm 
long as 35 ns are needed. For this longer of the system, and the two Pockels cells in 
pulse range, we developed a single-axial- each arm are timed to select the appropriate 
mode, long-pulse oscillator and decided to pulse in each arm. 
install it, with a pulse slicer, on Shiva. The The decisions to install the long-pulse 
characteristics of the long-pulse oscillator oscillator on Shiva, to synchronize it with the 
are described in "Oscillator Development" AMQ oscillator, and to use a single beam 
in this section. line for backlighting experiments 

X-ray backlighting experiments on Shiva constrained the design layout of the new 
will require the synchronization of the AMQ front end of Shiva. The design was further 
and long-pulse oscillators, so that one influenced by the ground rules for making 
oscillator can be used for target irradiation changes on an operating system: we seek to 
and the other for x-ray backlighting. We also minimize changes to the basic system and, 
decided to use a single beam line to thereby, minimize downtime as much as 
propagate both pulses from the oscillator possible. The system layout with the two new IGg. 2-14. Schematic of 

table into the system. In this scheme, the oscillators is shown in Fig. 2-14. the new oscillator system 
installed at Shiva. 
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Figure 2-15 shows a photograph of the line and the target-diagnostics trigger beam 
new oscillators on Shiva. The new line were the same. This means that we can 
arrangement differs in several ways from select the diagnostics trigger from either 
that of the old oscillator system.13 The oscillator without any further timing 
oscillators are pointing in the opposite corrections at the target area. We use a 
direction relative to the earlier layout; this second removable kinematic mount (Fig. 
change in direction was influenced partly by 2-14) to select either or both oscillators for 
the desire to have both the oscillators on the the system. With the mirror removed, the 
table and partly by the location of the short-pulse oscillator goes into the system; 
instrument racks at the right-hand side of with the mirror installed, the long-pulse 
the table. We also had to match the beams oscillator is selected. 
from both oscillators into both the existing The output energy from the pulse slicer, 
beam line for the system and the target- which follows the long-pulse oscillator in the 
diagnostics trigger beamline. To do this, we beam path, is in the range from 20 to 40 
have a 1-m lens following the long-pulse pJ/ns. In the range from 2 to 5 ns, the energy 
oscillator; this lens is positioned to make the from this oscillator is considerably less than 
effective beam size of the long-pulse the AMQ oscillator. Thus the long-pulse 
oscillator the same as that of the short-pulse oscillator beam line requires an additional 
oscillator. Both oscillators ale Lhen rrialched YAG preamplifier, with gain of about 10, 
into the system with a 5-m lens, as shown in as shown in Fig. 2-14. This led to the 
Fig. 2-14. requirement for additional isolation between 

Figure 2-14 also shows how we can select the YAG preamplifier and the alpha 
the beam from either oscillator to trigger the amplifiers in the front end. An additional 
target diagnostics by using a removable Faraday isolator was also installed on the 
kinematic mount. The beams from both preamplifier table, as shown. 
oscillators are the same in the diagnostic- We had initially installed a dye cell on the 
trigger beam line. The length of the beam preamplifier table, following the alpha 
path from the long-pulse oscillator into the amplifiers, for ASE suppression. The dye cell 
system was also adjusted, so that the relative worked well with short pulses (from 100 ps 
timing of the pulses in the main beam to 1 ns), but, with longer pulses, the pulse 

Fig. 2-15. The new 
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energies required to saturate the dye would 
be high enough to damagc the dye cell. 
Therefore, we installed a fast Pockels cell at 
this location for isolation and ASE 
suppression. The development of the driver 
for this Pockels cell was described in the 1979 
Annual ~ e p o r t , ~ ~  and the description is 
continued in "Fast Pulse Development" in 
this section. The alpha Pockels cell for this 
setup is characterized in "Oscillator 
Development" in this section. The planar- 
triode driver and alpha Pockels-cell system 
has an optical rise time of about 2 ns, a jitter 
of less than 400 ps, and a transmission 
of 80%. 

The new electronic controls for a single 
oscillator have been dcscribed in previous 
annual reports.9~11 We used two sets of these 
controls for the installation of two new 
oscillators, and we made minor modifi- 
cations to the controls to adapt them to the 
two synchronized oscillators. Figure 2- 16 
shows a schematic of the controls. An 
important improvement is that the high- 
frequency units of each oscillator's control 

have seven adjustable delay channels. The 
high-speed signals from the master oscillator 
are sent to various parts of the system on 
fiber-optic cables, as described in the 1979 
Annual Report.15 We can, therefore, send 
high-speed signals to locations in the laser 
bay and target area without electrical-noise 
interference. 

Our installation strategy was aimed at 
minimizing downtime and other 
interferences with Shiva operations. We 
installed the new AMQ on the oscillator 
table in Shiva, next to the old oscillator; 
installed all the electronic controls and 
power conditioning for the new oscillator; 
debugged this system and interfaced it with 
the Shiva computer controls; fired the new 
oscillator with the old oscillator during 
front-end and system shots; and solved the 
electrical interference problems. We then 
temporarily injected the new oscillator into 
the system and did propagation shots 
through the front end, checked automatic 
alignment (OAS), timed the Pockels cells in 
the individual beams, and did propagation 

Fig. 2-16. Electronic 
controls for the two 
synchronized oscillators. 
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shots through each arm to determine 
beam quality and energy. All of this was 
done with minimal interference to the shot 
schedule of the old oscillator. When we were 
reasonably sure that there were no major 
problems with the new oscillator, we 
removed the old oscillator completely, 
brought the new oscillator on-line in its final 
position, and interfaced it completely with 
the system in less than a week. We then 
installed the long-pulse oscillator, the YAG 
amplifier, the Faraday isolator, and the 
alpha Pockels cell to complete the 
installation shown in Fig. 2-14. 

System Integration of New Oscillators. 
There are three main interfaces ot' the new 
oscillators with the Shiva system: 

The optical interface, which is discussed 
~ L U V L .  
The computer, or slow-timing interface, 
which is built into the control. 
The fast-timing interface, where the main 
improvements have been made. 

A characteristic of the AMQ oscillator is 
that the timing of the optical pulse is known 
more than 1 ps in advance, with an accuracy 
of better than 1 ns. This allows us to set up 
accurate adjustable-delay generators at the 
oscillator to trigger devices that need 

Fig. 2-17. Allocation of 
accurate and fast timing signals relative to 

the seven adiuslable the pulse. 
dclrv channels in the In the old oscillator system, we used the 
master high-frequency fast-timing properties of the oscillator to 
unit. 
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Long-pulse oscillator 
Channel 6 pulse slicer - Channel 7 

10 Lorlypulse oscillator Q-switch - 

trigger only the pulse switchout system and 
the ASE Pockels cells.1° With the new 
system, we expanded this to further include 
the front-end ASE Pockels cell, the prepulse 
detector system, the front-end streak camera, 
the pulse slicer for the long-pulse oscillator, 
and the transient digitizers used with the 
oscillator and Pockels cell diagnostics. In 
Fig. 2-17, we show how we arranged the 
delay channels to trigger these devices. The 
circled numbers indicate the fiber-optic 
outputs at the back of the high-frequency 
unit. Note that channel 1 is used to drive all 
the other channels; this allows us to move all 
the other delay channels togcther relative to 
the oscillaror pulses. 

The control electroriics wele designcd such 
that each delay channel can be enabled 
s~parfitely. Tal-rle 2-4 shows the repetition 
rate for each delay channel for four modes of 
operation under control-room computer 
control: local mode, I-pps mode, 10-pps 
mode, and the shot countdown mode. The 
I-pps mode was used for automatic 
alignment and pulse-width measurements 
with the streak camera. Note that we never 
trigger the ASE Pockels cells in the arms and 
the streak camera faster than 1 pps and that 
we trigger the display transient digitizers at 
10 pps all the time, even during the shot 
countdown sequence. We made the 
appropriate software changes to set up these 
various modes of operation. 

Oscillator and Frovt-~nd Diagnostics. 
During 1980, we also improved our 
diagnostics on the oscillators and front end 
(see Fig. 2-14 for the location of all the 
d~agnost~cs). We continued to display the 
prelase signal of the oscillator on a dedicated 
oscilloscope, as described for the first AMQ 
oscillator in the 1976 Annual ~ e ~ 0 r t . I ~  Wc 
also improved the switchout systems by 
iniplemcnting a display that had been used 
successfully on A r g ~ ~ u  Tor some time. Wc 
take the rejected pulse train, from the first 
polarizer aTte1 the first rockcls cell in the 
switchout system, and combine it with the 
single pulse that is transmitted through the 
switchout with some delay The. display for 
this switchout system is shown in Fig. 
2- 18(a). From this display, we can see where 
the pulse is switched out of the pulse train, 
how much of the pulse is switched out, and 
how much is transmitted through the 
switchout. On Shiva, we have further 
improved this switchout diagnostic by using 
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fiber-optic cables to take both the rejected 
train and a fraction of the switched-out train 
to a fast ITT F4000 planar diode. We 
adjusted the length of the fiber-optic cables 
Lu give the applSopriatc dclay to tlic switchcd- 
out pulse, and we obtained the display 
shown in Fig. 2-1 8(a). With fiber-optic 
cables, we can also place the diode in a low- 
noise environment to get very clean displays. 

We have found that fast-rise-time, high- 
voltage drive to the Pockels cells generates 
significant electrical noise and that we could 
not position a fast diode next to the 
switchout and obtain the clean displays 
shown in Pig. 2- 18. Pigurcs 2- 18(b) and 
2- 18(c) show displays for the pulse-slicing 
system using 5- and 35-ns pulses, respec- 
tively, from the long-pulse oscillator. From 
these displays, we can see that the first stage 
of the pulse slicer is not opening completely, 
since the sliced-out section of the pulse 
does not completely go down to the baseline. 
We use these displays to monitor planar- 
triode performance and pulse-slicer align 
ment. The displays for both oscillators are 
combined and sent to the control room, 
where they are displayed as shown in Fig. 
2-1 8(d). In this case. both oscillators are 

synchronized in preparation for x-ray 
backlighting experiments. 

Oscillator Synchronization. To  synchro- 
nize the AMQ and long-pulse oscillator, we 
first must srrangc to havc both lasers reach 
peak energy in their Q-switched pulses at the 
same time. We then slice a pulse from the 
long pulse synchronously with the short 
pulse from the AMQ oscillator. 

In "Oscillator Development" in this Table 2-4. Modes of 
section, we describe how we generate the ~peration of the 
electrical signals to open the Q-switches on adjustable delay 

channels. 

Trigger-enabled repetition rate @PSI 

Computer mode 
Local 

System Channel mode 1-pps 10-pps Shot c 1  

System delay 
Digitizers (display) 
ASE Poekeb cells 
Short-pulse OSC switchout 
Prepulse 
Digitizer (archive) 
a Pockels cell 
Streak camera 
Long-pulse OSC 
pulse slicer 
Target area 
(plasma shutkr) 

0 10 

1 Shot 

4 10 1 10 Shot 

5 1 1 1 Shot 

6 10 1 10 Shot 

7 10 1 10 Shot 

Fig, 2 18, Oscillator 
diagnostics displays for 
il~r s i ~ ~ ~ l r p u l s c  switchout 
system and the pulse 

I slicer. 
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both oscillators. We use a delay generator in 
each high-frequency chassis to adjust the 
timing of the Q-switching of both oscillators. 
Generally, we find that the buildup time in 
the long-pulse oscillator is much faster (since 
it has a much shorter optical cavity) than 
in the AMQ oscillator, so we have to delay 
the Q-switch signal to the long pulse 
oscillator more. Since we use acoustic-optic 
Q-switches in both these oscillators, there is 
a convenient mechanical delay for the 
Q-switching of these oscillators. The velocity 
of the acoustic signal, as is travels from the 
trdnsduie~' OII Lllc Lup uf Ll~e Q-bwilclr 
substrate towards the laser beam, is 5.95 X 
1 o5 cm/s. We have placed the Q-switch on a 
translation stage, as described for the Argus 
oscillator in the 1979 Annual ~ e ~ 0 r t . l ~  
I heretore, we can adjust the Q-swltchlng 
time by moving the Q-switch up or down in 
the cavity relative to the laser beam. '1 he 
acoustic-signal velocity of 5.95 X lo5 cm/s 
means a delay of 4.3 ns per 0.001 inch of 
motion, and we can easily adjust the 
Q-switch dclay in 1-ns incrcments with a 
simple translation stage. We routinely used 
this feature to adjust the Q-switch timing of 
the long-pulse oscillator relative to the short- 
pulse oscillator. 

We use one of the adjustable delays from 
the master high-frequency chassis to trigger 
the pulse-slicer, which then cuts a pulse from 
the output of the long-pulse oscillator. 
This allows us to adjust the timing of the 
sliced-out pulse in 1-ns increments, relative 
to the short pulse from the AMQ oscillator. 
The jitter of the long pulse, which is entirely 
determined by the jitter in the adjustable 
delay channel and the fiber transmitter/ 
receiver, is about f 50 psfor  a good delay 
channel, but can deteriorate to about 
f 200 ps. 

For the experiments planned on Shiva, a 
lorrg pulse of about 3 ns is used to drive the 
backlighting target, and a streak camera 
is used to resolve the target dynamics that 
are initiated by a 100-ps to 1-ns pulse. For 
these purposes, the performance of the 
present synchronized oscillators is accept- 
able. For future systems, however, we will 
have to lmprove the synchronization. We 
will explore several methods, most of them 
based on using the short pulse from the 
AMQ oscillator to directly trigger the pulse 
slicer. 

In practice, it is quite easy to adjust the 
relative timing of the two oscillators. The 
delay to the pulse slicer is adjusted until we 
obtain the correct relative timing between 
the pulses. We then adjust the Q-switch in 
the long-pulse oscillator until the pulse is 
sliced out of the center of the long pulse, as 
shown in Figs. 2- 18(b) and 2- 18(c). To obtain 
the desired relative timing of the pulses at the 
target area, we measure the timing at the 
target position and then determine the 
correct relative timing on the oscillator table. 
Once this is done, we can calibrate the 
~elalivt: Lill~ir~g a l  Lhe poiril where the 
oscillators are combined. We then repeatedly 
obtain the correct timing at the target. 

The new oscillator installation on Shiva is 
a major step forward in the development of 
the oscillator technology for large systems, 
and we will gain valuable experience for 
improving the front-end designs of Nova and 
Novette. 

Author: D. J. Kuizenga 

Major Contributors: L. W. Berkbigler, D. C. 
Downs, R. W. Carey, J. A. Oicles, D. R. 
Speck, B. C. Johnson, D. E. Waldbeser, and 
R. B. Wilcox 

Electronic Systems. In 1980, we directed 
electronic system developments on Shiva 
mainly toward improving system safety and 
performance and toward providing support 
for new laser and diagnostic hardware. 

In the constant effort to improve safety on 
Shiva, we have modified the large grounding 
hooks used to short out capacitors in the 
capacitor bank. These hooks were connected 
to building ground at points not readily 
visible to the personnel uslng the hooks. We 
found this to be unsatisfactory, so we 
connected the cables at visible points to a 
special copper ground bus that has been 
welded to the building ground. This 
modification provides increased personnel 
safety in a potentially dangerous area. 

This year we also implemented a new 
safety feature to prevent capacitor-bank 
dump-switch failures from remaining 
undetected. Such an undetected failure is a 
potential fire and electrical hazard. We 



modified the dump-switch system so that, if 
the switch fails to operate in the system 
charge cycle, the shot sequence is aborted, 
and an error message identifying the power 
supply associated with the failure is 
displayed to the operator. Detection itself is 
accomplished by monitoring the charge rate 
of all the charging power supplies. 

As discussed in "Shiva Operations 
Summary" in this section, we have extended 
the power-conditioning A-system and 
B-system buses into the target-bay space 
frame. '1 h ~ s  extension required the addition 
of another 60-kV optical isolator and a 50-V 
bus terminator. Initially, there was some 
concern that extending the bus up the target- 
bay space frame would introduce noise into 
sensitive target-diagnostics experiments. 
Experimentation and scvcral months of 
operation have shown that this is not the 
case, however, as the diagnostic instruments 
continue to function properly. 

The timing sequences generated by power 
conditioning have undergone some changes 
due t o  the installation of new laser oscillator 
electronics to support the new sychronized 
long-pulse and AMQ oscillators. (These 
oscillators and their timing sequences are 
discussed in the previous article.) It is now 
possible, for instance, to run the oscillator 
remotely at a 10-pps trigger rate during shot 
sequences. We did this to improve the 
stability and uniformity of the laser 
oscillator from shot to shot. Along with the 
new trigger rate, the new electronics give us 
the capability of storing (latching) the 
confie~~ration of the ascillator at shot time. 
Two new timing bequences have also bccn 
defined and implemented for doing setup 
and troubleshooting of the laser oscillator 
system. 

To improve the reliability of the power- 
conditioning system, we have acquired a 
Systron/Dnnncr 3700 logic-board tester. We 
use this tester primarily for test and repair of 
computer input and output cards. It has 
reduced our card repair time for a typical 
input card from 30 to 10 min. We have also 
implemented an on-line test facility for 
PILC/WADS card sets1 in the power- 
conditioning work area. This allows 
technicians to test cards for the PILC/ 
WADS system on the power-conditioning 
bus without having to climb into the bpace 
frame. 
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To minimize system downtime, we are 
now maintaining a small supply of 
conditioned ignitron switches. We have 
designed and built a rack that has cool water 
flowing through the ignitron coolant jacket 
and heat lamps pointed at the top of the 
ignitron. This keeps all of the mercury 
condensed in a pool at the bottom of the 
ignitron and allows it to be used in the 
system immediately after installation. 

The spark gaps of the Pockels-cell driverI8 
became erratic during September and 
October.. We solved the problcm when we 
found that the method of reassembling 
the gaps is critical for ensuring proper 
seating of the top electrode. We subsequently 
revised our maintenance procedures and 
found that the spark gaps operated reliably 
throughout the rest of the year. We further 
increased the reliability of the spark gaps by 
installing two new high-voltage power 
supplies in late 1980, and we also 
implemented a new interlock system to 
interlock these power supplies with the 
equipment-rack doors. New adjustment 
worm-gear brackets were also fabricated 
from brass to replace the original plastic 
ones; this step resolved a problem we had 
with gear brackets breaking in the course of 
spark-gap calibration. 

We also corrected another persistent 
problem in 1980. The ignitron trigger leads 
were originally designed to be held in place 
by the spring tension of the connectors. As 
the connectors aged, however, the trigger 
leads began to fall off, resulting in a set of 
amplifiers not firing. We prevented this from 
occurring again by adding specially made 
brackets that physically hold the trigger 
leads in place. 

The computer systems on Shiva have had 
several additions and changes over the past 
year. Some changes in system configuration 
were made to accommodate both the new 
release of the DECNET communication 
network (from Digital Equipment 
Corporation) and the updated RSX-I I M 
operating system. Various features of these 
software packages have helped us improve 
the operation of user programs and have 
facilitated our system integration effort 
(discussed below). We made some hardware 
changes in the PDP 1 1/70 to make i t  capable 
of backing up any of the PDP 11/34 systems 
in the event of a failure of these system 
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processors. This eliminates a potential 
single-point failure that could stop operation 
of the full system. During the year, we also 
reworked the error-handling programs on 
the power-conditioning PDP 11/34 to make 
more efficient use of system resources. We 
have purchased two new magnetic storage 
disks for the control system. One is used for 
the power-conditioning computer to meet 
the additional data-storage requirements of 

Fig. 2-19. Laser- the new CCD streak cameras. The other is a 
diagnostics error display. 

Fig. 2-20. Color- 
enhanced display of 
digitized beam image. 

large mass-storage disk that is slated for use 
with the inventory control system being 
designed for the PDP 1 1/70. 

We are designing this inventory control 
system to maintain all mechanical, electrical, 
and optical parts inventories for the entire 
Laser Program. To facilitate this 
development effort, we purchased a 
relational data-base management system 
(ORACLE) from Relational Software, Inc., 
and installed it on the PDP 11/70. We have 
also purchased a forms-management system 
(FMS-11) from Digital Lquipment 
Corporntio1-i for co1l~~Li11g ~ I I J  L I ~ I I ~ I I I ~ ~ ~ ~ I I ~  
data in an orderly fashion. 

111 Ll~t: area of system integration, we have 
wrltten a library of' Fortran-callable routines 
with appropriate errnr prooeosing for 
DECNET. This library provides a coherent 
programming interface to the network for 
intersystem communication. For example, 
power-conditioning and laser-diagnostics 
systems now routinely collaborate on 
preshot setup. If setup errors occur, the shot 
sequence is haltcd, and an error display is 
~ I I P I I P ~  St31 ~ I I C  upelalwr, indicating the 
offending hardware status. Figure 2-19 
shows an error display indicating that all 
bcam-diagnostic front-end processtws 
(FEPs) are not in data acquisition modc. 
Each FEP is 11s110rr.1.l by a culored letter 
within the blue space frame outlinc. 'l'hcse 
additions were largely possiblc through the 
use of the RSX- 1 1 M operating systcm, 
which we upgraded in late 1979. 

By the end of the year, we had designed 
and partially implemenled automatic shot- 
setup capabilities for power conditioning to 
prevent inadvertent operator error and to 
save time. We can now set up the entire 
control spectrum of the power-conditioning 
system automatically. In the automatic 
mode, all of the hardware-selection panels 
are r l isahl~d,  and the system is driven totally 
from Lhe programmable switch panel. The 
hardware panels do, however, reflect the 
current status of the system. 

We have written a program that records 
beam images taken from the Quantex Video 
Digitizer and displays a color-enhanced 
image of the beam; this aids in evaluating 
beam quality. Figure 2-20 shows a color- 
enhanced image at an output aperture of 
20 cm. A further software improvement 
concerns the operation of the beam-line wall 
shutters and system crosshairs. The travel 
time of the wall shutters is approximately 



40 s. In the past, the shutters could only be 
opened one at a time; in 1980, we redesigned 
the s~ftware that drives the wall shutters to 
provide asynchronous operation. We 
inskilled water.-flow and level switches in all 
of Shiva's 48 rod amplifiers, and we added 
automatic monitoring of the rod-water flow 
and levels. The time-intensive task of 
inspecting each individual rod on the space 
frame can now be done by looking at the 
display in thc control room (Fig. 2-21). 

We have added ladder-alig11~1e111 clussllai~ 
cnntrnl tn the power-conditioning system.lg 
The power-supply interlock routine 
discussed above checks the status of these 
crosshairs at the beginning of every shot 
sequence. If they are out of configuration, 
the operator receives an error display. 

The Shiva capacitor banks have been 
carefully designed to guard against 
catastrophic failure. Nevertheless, in 1980, 
wc rccognized n failure mode that can result 
in a damaged amplifier. Two large disk 

.amplifiers suffered massive internal damage 
.as a result of this failure mode, which is 
?precipitated by an arc, external or internal, 
:from the bushing of a capacitor to its case. 
-This is shown as a short across Cbcl in Fig. 
2-22. The rcsult of this failurc is the same ns 

-triggering the ignitron: current starts to flow 
:.in the lamp circuits, and the flashlamps 
;become ionized. The current rise in these 
.i.circuits is limited by the inductors, but the 
'total current, i,, from circuits 2 through n, 
soon exceeds the value of fuse F l ,  breaking 
its element. At this point, since the ignitron is 
not turned on, i, becomes zero. While 
current is flowing in circuits 2 through n, the 
voltage across the inductors opposes the 

r voltage on the capacitors, limiting the 

t, current. When the current through these 

F.  inductors is interrupted, the voltage across 
them changes sign and rises to approxi- 
mately 32 kV, at which point the protective 
spark gaps across the inductors ionize. At 

[I some point after the voltage across the 
inductors has reversed and is climbing to 

C 32 kV, this voltage plus the voltage still on 

6 the capacitors is sufficient to ionize the 
11. ignitron switch by exceeding its breakdown 

i I. 
voltage. At this point, the following 
conditions exist: 

! The lamps arc ionizcd in the amplilier with 
thc circuit fault. 

K Tile p~utectivc spark gaps across the 

L, inductors are ionized. 
I The ignitron is ionized. 
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The result is that the energy left in capacitors 
2 through n is discharged in the flashlamps 
of a single amplifier at a high rate because 
the inductors, which limit current (and 
therefore energy rate), are cffcctivcly short- 
circuited by the arcs across their spark gaps. 
Many of the fuses in circuits 2 through n also 
blow, but not until it is too late. Major Fig. 2-21. Display of 

damage to the flashlamps occurs either at the 
level rod-amplifier and flow coolant status. 

:, and Cb C2 are bushing-to-case 
32-kV spark ga 

Iaclrance. C.  IS the main capacitance. 

I 32-kV spark gap 
7 D  - 

lgnitrons 

Fig. 2-22. Capacitor- - +# 

bank and flashlamp -' -- - 
circuit. 

- I .  

- - 
- - 8  _ I ;--.-; - .&-I 
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time of the fault or the next time the 
amplifier is fired. We have launched an effort 
to solve this problem and to prevent it in 
future systems. 

Authors: R. W. Carey, D. J. Christie, and 
P. R. Rupert 

Major Contributor: E. H. Padilla 

Laser Diagnustics. During Lhe past year, we 
made a number of upgrades in our Shiva 
laser diagnostics to improve our data 
collection, analysis, and reliability. Included 
among these upgrades was the imple- 
mentation of a readout and analysis system 
for the input streak camera. This streak 
camera, equipped with a linear array made 
by Reticon Corporation, has previously been 
read out on an oscilloscope.20 We have 
added a digitization interface so that the 
signal from each element of the 1024 X 1 
array is serially read out at a 7-MHz clock 
rate. This voltage-vs-time signal, which is 

Fig. 2-23. Schematic of proportional to the intensity-vs-time of the 
output streak-camera laser pulse, is sampled, digitized, and stored 
data-acquisition system. 

amplify Computer 
Diode sample control 
arrav interface 

Y Streak camera C 

Analog-signal 
and digital- 

control cables 

I 'ront-end processot ----- - 
Control room 2nd level processor 

Graphics 
display processing 

- - 

in the memory of our control interface, 
residing in an LSI-11 FEP. A schematic of 
this system is shown in Fig. 2-23. We send 
the data from this FEP to the laser- 
diagnostics PDP 11/34, where a plot of the 
temporal pulse shape is produced and the 
(FWHM) pulse length is determined. We 
generate a graphics display (Fig. 2-24) at the 
laser-diagnostic operator console and, upon 
operator request, produce a hard copy. 

We have also developed an output streak- 
camera computer readout and analysis 
capability. We equipped the camera with a 
CCD-array readout system (see "CCD 
Applications in ICF  diagnostic^," in 
Section 5), and we retrieve the data from the 
local memory of the CCD camera via its 
connection to the power-conditioning bus 
system. The interface to the camera memory 
is via an LSI-11 bus that is converted to 
CMOS level in a TTL-to-CMOS converter. 
The converted signal is interfaced to the 
power-conditioning bus through a power- 
conditioning bus-interface unit (BIU), which 
takes the CMOS signals to the 50-V level of 
the power-conditioning bus.21 The control 
and data path is illustrated in Fig. 2-25. 

The operator controls the streak-camera 
memory from the power-conditioning 
control console. From this console, we can 
display the contents of the CCD camera 
memory in real time by selecting its video 
output mode under computer control. We 
use this feature in initial timing and 
alignment of the camera by capturing and 
displaying a low-power pulse on a TV 
rrioriilor near the streak camera. We can also 
write into the camera memory with the 
computer system. This allows us to read a 
linc from the memory, construct a tracc of 
intensity vs time, and then write the line back 
into the memory and display it on the TV 
monitor. This procedure facilitates 
alignment and establishes the correct 
intensity level to obtain a good signal-to- 
noise ratio within the saturation limits of the 
CCD. 

During a system shot, we read the data via 
the power-conditioning bus and transfer it to 
the third-level PDP 11/70 machine, where 
it is stored on the system disk. The entire 
data file from the CCD array is then 
processed to yield the time-vs-intensity trace 
and FWHM. The color-enhanced data file 
from the CCD, and a reduced plot as it is 
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pack, thereby losing the incident-beam Authors: R. G .  Ozarski and J.  B. Richards 
diagnostics. 

Before we terminated our software efforts Major Contributors: D. A. Cloyne, D. M. 
on laser diagnostics this year, we completed Benzel, R. W. Carey, J.  R. Hamilton, and 
a software effort to write and centrally locate R. E. Hugenberger 
all laser-diagnostics software documenta- 
tion. As part of this effort, we made some 
additions to the system and gave several 
seminars to familiarize other users and the Mechanical Maintenance and Upgrades. The 
technicians with the overall software Operations Group planned to implement 
architecture. several mechanical upgrades and 

We completed implementation of a improvements on the Argus and Shiva 
backup for the laser-diagnostics second-level laser systems during 1980. The January 
processur; we can r~uw back up this PDP earthquake, and a late-summer decision to 
11/34, in the event of its failure, with the top- phase Shivn out of operation in 1951, causcd 
level PDP 1 1/70 (see the previous article). us to rework these plans. We have continued 
This is accomplished by executing an indirect work on those modifications of Argus 

- - command file that does the necessary and Shiva that are necessary for supporting 
software redirection and instructs the the frequency-conversion work and the x-ray 
operator to make specific hardware patch- backlighting experiments. 
panel changes. 'l'hese patches reroute the The improvements and upgrades to the 
serial fiber-optic links of the FEPs from the Shiva and Argus laser systems ranged from 
PDP 11/34 to the PDP 11/70. optical relays and alignment devices to 

$g. 2-26. Sample 
graphics display of raw 
and reduced streak- 
camera data. 
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routine maintenance improvements in the 92 cm. This fine-adjustment feature permits 
power-conditioning equipment. The latter us to precisely time each of the four sets of 
work included refurbishing the capacitor mirror assemblies, relative to one another, 
grounding-hook cables and replacing 50 without disturbing the laser timing optics. 
pnetlmatic cylinders (of the 564 cylinders in The Lranslation-stage absembly can be 
the system). In addition, a total of 1400 ft of mounted on any arm to provide a delay 
air lines was replaced with a new non- range of from 25 to 60 ns. Once the assembly 
degradable line, and a torque check was run is in position on the space frame, the overall 
on all fasteners. stage excursion provides up to a 6-11s timing 

We designed and fabricated an x-ray change. The 5-cm fine-positioning adjust- 
backlighting optical-relay system to provide ment will then allow up to 300 ps of fine 
time-delayed pulses for studying implosion tuning. 
dynamics. Some of this hardware was Crosshairs for mirror alignmcnt are 
installed in 1980, and system tests are manually installed (and removed) in front of 
scheduled for early 1981. X-ray backlighting the mirrors. Figure 2-28 (below lell) shows Fig. 2-27. Schematic 
requires incorporating a time delay of from the splitter-bench turning mirrors, and Fig. diagram of a typical 

25 to 60 ns in the upper 10 arms relative 2-29 shows the translation stage. delay used for the x-ray 

to the lower 10 arms. We accomplished this backlighting system. 

by inserting sets of turning mirrors in the Beam from Laser spacef rame 

laser beams, thus allowing the length of the TWO-axis gimbal 

beam path to be changed. mounted turning 
mirrors (4 places) 

Figure 2-27 (next column) is a schematic Splitter 
A 

of a typical delay path. The translation stage, bench 
assy 

with its mirror pair, is mounted on the space A 

frame (east of the splitter turning mirrors) 
on precision ball bushings and round ways. 
An adjustable clamp and a micrometer 
provide fine positioning, over a 5-cm range, 
at any location within the total excursion of 

Translation stag 

25 ns 

. r , .  

Laser chains to target 

- 
I - -  

- - ,  - 

4 Fig. 2-28. Closeup view of the 
splitter-bench turning mirrors 
in the delay path, showing 
two removable crosshairs. 
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relay (see "Shiva Operations" in this section) 
in the "up-leg" between the preamplifier and 
the first turning mirror. We used a pair of 
lenses, mounted in identical cells, at  both the 
input and output ends of a 340-cm-long 

We also installed a beam-profile camera 
(Fig. 2-30) a t  the bottom of each splitter 
assembly. The photographs taken by this 

Fig. 2-29. Closeup view instrument are used to  evaluate the quality of 
of the translation stage, the beam and to verify its centering on the 
showing the third apodized apertures. 
removable crosshair (top TO improve system performance, we 
left) and the two-axis designed and installed a four-lens optical 
turning mirrors. 

Fig. 2-3 1. Closeup view 
of the upper assembly of 
the optical relay., 

-- 

Fig. 2-30. Closeup view 
of the beam-profile 
camera assembly. 
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vacuum tube to provide an optimum 
alignment for relaying the 21-mm-diam 
preamplifier beam to the arm inputs. The 
system magnification of 1.2 produces an 
output beam 95 mm in diameter. Flux 
loading was reduced, and the relaying 
distance was approximately double that of 
the original two-lens system. We used 
existing optics and spatial-filter hardware 
and suspended the relays from the laser 
space frame by specially designed kinematic 
mounts. These consist of a pair of gimbals on 
the relay vacullm tube that, in turn, are 
registered on a two-axis translation stage. 
Figure 2-31 shows the upper end of the 
optical relay and the hardware for attaching 
it to the space frame. 

We installed beta Pockels-cell beam- 
splitters on all 20 Shiva arms. Our previous 
method of diagnosing beam energy at 
midchain positions was done with a polarizer 
assembly, In which the beam-splitting ratios 
fluctuated with humidity changes. The new 
splilter assembly in each arm is comprised of 
two beam splitters mounted at Brewster's 
angle; this assembly provides a stable signal 
for beam-energy measurements and a 
modulation-free near-field photograph.22 

We improved the alignment stability of 
each arm of Shiva by reducing the beam 
diameter entering the 5-cm-diam beta rod 
amplifier. The apodizing aperture at the 
front end of each chain was changed from 
9.5 to 8.5 mm. This decreased the beam 
diameter from 5 to 4.5 cm at the input to the 
5-cm rod. This reduction at the front end 
required expansion of the beam at the 
midchain point. We accompl~shed this by 
modifying the spatial filter between beta 
disks with an extension and an output lens 
with a longer focal length. 

We relocated the beta rod amplifier, beta 
Pockels cell, polarizer, and beam-splitter 
assembly (Fig. 2-32) on the chain to make 
room for the installation of a new calorim- 
ctcr. Wc albo rnodified the Shiva rlilrogen 
flow system, reducing the annual usage of 
nitrogen by 30%; this has resulted in a 
significant saving (approximately $75 000) in 
operating costs. Each beam line in Shiva is 
flushed with nitrogen gas obtained from a 
large liquid-nitrogen tank and boiler located 
outside the building. This nitrogen is used 
to cool the active laser componcnts aftcr 
firing and to reduce the percentage of oxygen 
in thc amplifier flashlamp asselrlblies during 
lamp firings. (When the concentration of 
oxygen in the system is less than 5%, 
photoionization cannot occur.) Initially, 
Shiva had two nitrogen flow rates: a standby 
total-system flow of 200 cfm, and a postshot 
cooling flow of 2000 cfm. To conserve 
nitrogen, we changed the continuous-flow 
standby rate to 40 cfm. However, a t  this flow 
rate, the concentration of oxygen in the laser 
components approachcs 5%. Therefore, to 
reduce this level, we let nitrogen flow 
through the system at the old rate of 200 cfm 
for 10 min before a shot. 

The modified nitrogen flow system 
comprises a high-flow valve (2000 cfm), a 
medium-flow valve (200 cfm), and a low- 
flow valve (40 cfm). We chose to install a 
remotely controlled valve in series with the 
original low-flow valve, as this was the most 
cost-effective modification to the valving and 
control system. The three nitrogen flow 
valves can be actuated either from the local 
control panel or from the control room via a 
computer interface to the power- 
conditioning system. The valves are 
monitored through microswitches on the 

Fig. 2-32. View af ( I  tn 
r) a beta red amplifier; 
Pockels cell; polarizer ; 
beam splitter, with its 
near-fiefd camera and 
photodiode; and the 
newly created space for 
the add-on calorimeter. 
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valve cams. The computer interface provides 
us with system-configuration control; it also 
minimizes nitrogen usage by automatically 
timing the high flow rate and turning it 
off after a selected time. During a shot 
sequence, the valve actuations are also 
automatically controlled. 
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Table 2-5. Firings of 
Shiva Component Maintenance Summary. 

Shivs laser major The routine operation of high-energy laser 
components from systems causes damage to some optical 
January 1978 to October components, and continuing inspection and 

Table 2-6. Summary of A 
'rework of Shiva optics. Table 2-7. Failure modes for 

Shiva optical components. b 

- - - - - - - 

replacement of glass surfaces is a part of 
operating the system. Maintaining high- 
quality, low-modulation laser beams 
requires that we replace optical components 
when damage to their surfaces or to the bulk 
glass reaches a predetermined size or density. 

While it is too early to write a complete 
history of the life of Shiva laser components, 
we have determined that approximately 
80% of the component failures we have 
experienced can be eliminated on future 
systems. Proper component design, clean 
operation, coatings performing to their 
design specifications, and the elimination 
of spurious reflections and foci are all 
important. Our experience indicates that 
component lifetime can be extended almost 
indefinitely by conservative system opera- 
Lio11. While such conscrvativc operntion is 
not always compatible with the requirements 
of meaningful target experiments, we strike a 
balance between the desire for higher energy 
for experiments and the costs of replaciag 
components. 

For the purpose of failure analysis, laser 
components can be divided into three 
categories: 

The Shlva dlsk amplifiers are most 
sefls111ve L U  L U I I L ~ I I I ~ I I ~ I I L S .  The disk3 arc 
irradiated by 1.06-pm laser light and 
about LU ~ / c m ~  of wideband flashlamp 
light, both of which contribute Lo tile 
melting and vap~rizaticrn of particnlates 
2nd lo s ~ ~ h s e q ~ ~ e n t  glass darnagc. Thc 
flashlamp pump light is capable of 
evaporating small contaminant particles in 
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the amplifier, causing the laser disks to One criterion is subjective. We periodically 
becomc pittcd.23 take and review near-field photographs, 
The coated optical elements, such as such as the one shown in Fig. 2-33. This 
lenses, splitters, polarizers, and mirrors, photograph is taken at a point just before the 
are prone to optical damage and to beam enters the target chamber. The hard 
contamination from dust, fingerprints, structure on the beam is due to damage sites; 
and other foreign matter. the approximate location of the damage can 
The rod amplifiers fail from laser damage, be judged by noting the focus of a site 
water-coolant seal leaks, and flashlamp and inserting and removing spatial-filter 
explosions. pinholes. The photographs are analyzed 
Table 2-5 shows the number of times we subjectively, and components are cleaned or 

fired the major components of the Shiva replaced on the basis of this analysis. The 
laser from January 1978 to October of 1980, other criterion is related to laser per- 
lable 2-6 summarizes the rework of Shiva formance; when the combined damage and 
optics, Table 2-7 summarizes the component contaminate level creates obscuration 
failure modes for each category, and Table greater than 1% per arm, or 0.05% per 
2-8 summarizes thc rcwork of Shiva laser surface, we replace the offending optic(s). 
components. The average lifetime of components has 

Two criteria are used to determine when to exceeded our prediction. The leak in the rod- 
clean or replace dirly or damaged optics. amplifier water (listed in Table 2-5) is 

Table 2-8. Summary 
rework of Shiva lase1 
components. 
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the only exception. We have tested several 
new seal designs, but adequate statistics 
are not yet available. We have verified 
that laser-system components, properly 
designed and operated, can provide output 
of 6 G W / C ~ ~  with acceptable failure rates. 

Fig. 2-33. Shivs beam Some important factors in insuring this are 
neararfield photograph The mechanical assemblies surrounding 
used to subjectively the glass must be designed for clean, 
assess optical- simple assembly. 
component damage. - 

All components exposed to flashlamp or 
laser light must not degrade under that 
radiation. 
Assemblies must be made and operated 
under clean-room (class 100) conditions. 
Beam modulations must be kept below the 
damage threshold for the coatings and 
bulk glass, and ghost reflections must be 
considered and blocked when necessary. 

Authors: H. G. Patton and S. K.  Guntrum 
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Novette 

Introduction 

Novette is a two-beam, two-wavelength 
target-irradiation facility whose projected 
performance at both 1.05 and 0.53 pm 
exceeds the 20-beam Shiva system. Table 2-9 
lists Novette's technical baseline and 
projected performance. The system is readily 
upgradable to 0.35-pm target-irradiation 
capability by adding a second KDP crystal 
array to each of its two arms and changing 
the optical elements between the second 
crystal and the target. Multiple-wavelength 
operation and the large aperture of Novette 
will require an advanced target-tocuslng 
system; several options are under 
consideration, including an f/ 1.5 axicon 
system. 

The concept of the Novette facility arose 
tn satisfy several Laser Program priorities: 

First was the need to perform short- 
wavelength target experiments at power 
densities romparable to those of Shiva to 
obtain essential data on tarcat perfor- 
mance vs wavelength scaling. 
Second was the desire to assist the Nova 
design effort by small-scale system testing 
and by prululypi~lg lrew Nova hardware. 
Third was the necessity for freeing funds 
fnr work on other problems. The 
operating costs of a 10- to 20-kJ Novette 
facility will be substantially less Ltia~i those 
of the Shiva facility. 

The proposed facility will meet these needs 
while effectively using Laser Program 
resources and experience. 

Author: J. T. Hunt 
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Novette Design 
Considerations 

mirrors in one arm and three mirrors in the 
other. 

The actual Nova chains will require a 
single fold at the output of the spatial filter 

Staging. The Novette laser system consists of that expands the beam diameter from 208 to 
two phosphate-glass laser chains of the type 3 15 mm. The length of the high bay in 
that will eventually be fielded on Nova (Fig. Building 381 requires that the Novette chain 
2-34). This chain consists of a driver section, have an additional fold at the output of the 
which terminates at a 208-mm amplifier 91.7- to 150-mm spatial filter. Both chains 
aperture, followed by clear-aperture output- will be driven by a common oscillator/ 
amplifier stages 315 and 460 mm in preamplifier section as in Shiva. Present 
diameter. Although the driver section plans are to terminate the oscillator/ 
contains primarily Shiva hardware, the preamplifier with 50-mm-diam rods to 
amplifiers will be retrofitted with phosphate provide a nominal output energy of 10 J. The 
glass. The high energy needed to drive the master oscillators and the preamplifier stages 
larger Nova amplifiers requires that we add will be housed in a side lab of the high bay in 
two 208-mm box amplifiers to the Shiva Building 381; the beam will be transported 
driver chain. The 315-mm-aperture and 460- into the main laser bay from this side lab 
mm-aperture output amplifiers are of box with a spatial-filter relay element. 
geometry also, each co~ltairiing two disks; The Novette chains will be spatially 
there will be four amplifiers (eight disks) in filtered and fully relayed. The object plane of 
the 315-mm stage, and three amplifiers (six thc relay will bt: a hard aperture placed at 
disks) in the 460-mm stage. Space is provided the entrance to each chain, with successive 
such that, should a future upgrade be image planes occurring near the input lens of 
desirable, one additional amplifier at each each spatial-filter/relay element and beyond 
diameter can be added. Following the last the first turning mirror in the target bay. 
amplifier stage, the beam will be expanded to Table 2- 10 summarizes the spatial- 
740 mm in diameter. Directing the output filterlrelay parameters for the Novette 
beam through the potassium dihydrogen baseline chain. The pinhole diameters are 
phosphate (KDP) doubling crystals to chosen so that the beam intensity on the 
Novette's target-focusing optics requires two pinhole edges does not exceed 1011 w/cm2 Fig. 2-34. Schematic of 

Novette optical system. 

r Pockels cell 

Amplifiers 

Spatial filters 

v/ Faraday isolators 

0 Mirrors 
t13.5 doublet 
focusing lens 

KDP doubling array 

I -/dm beam dump -1 
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Table 2-10. Novette 
optical-chain spatial- 
filter/relay parameters. 

Table 2-1 1. Properties of 
phosphate amplifier glass. 

for a nominal performance energy of 10 TW 
per chain with a I-ns pulse. Pulses shorter 
than 1 ns can create larger intensities, but 
will propagate through the pinhole before 
closure. For longer pulses, the chain B values 
decrease, thereby reducing the pinhole 
loading. The calculation of pinhole sizes 
depends upon the noise model used; in our 
calculation, we used a model that agrees well 
with the noise spectra observed for the Argus 
and Shiva lasers. 

Glass Properties. The choice of phosphate 
glass for Nova was predicated upon the 
following considerations: 

Low nonlinear index of refraction. 
High gain. 
Saturation fluence parameters competitive 
with silicate glasses. 

a Proven perforlnalice in lascr systems. 
Reasonable cost. 
Tablc 2-1 1 lists some important physical 

properties of this glass, along with properties 
of the ED-2 silicate glass used extensively in 
previous systems. Shown are lasing 
wavelength, A; cross section for stimulated 
emission, up; fluorescence lifetime, 7; line 
width, AA; linear index of refraction, no; 
nonlinear index of refraction, n2; and 
saturation fluence, E,. The saturation fluence 
shown in Table 2-1 1 corresponds to a value 
for which the output flucnce from the test 
sample was 5 ~ / c m ~ .  

Recent experiments have shown that the 
saturation flucnce is dependent upon the 

fluence level. Figure.2-35 illustrates this 
for LHG-8 glass. The saturation values 
shown in Table 2-1 1 are a valid comparison, 
since all test samples were pumped to 
approximately the same small-signal and net 
gains. We, account for the variation of E, 
with fluence in our system performance 
calculations. From our data, we conclude 
that the saturation properties of phosphate 
giasses are superior to the ED-2 type of 
silicate glasses over the range of fluences of 
interest for Nova. 

The specifications for the bulk properties 
of production phosphate glass are 

Attenuation G0.0015 cm-I. 
Homogeneity = f 1 X 10-6. 
Damage fluenct: >35 J/cm2. 

The quoted damage fluence is relative to the 
beam in air; actual fluence in a tilted disk is 
reduced by the index of refraction. 

Amplifier Design. The new, more efficient 
box-amplifier design, described in last year's 
annual report,25 has been adopted for use. 
Table 2-12 shows some important design 
characteristics of the 3 15- and 460-mm 
amplifiers. 

Frequency Conversion. The 0.53-pm target- 
irradiating beam will be generated at a 
position between the last turning mirror and 
the target focusing optics by passing the 
74-cm-diam beam through an array of KDP 
frequency-doubling crystals (Table 2- 13). 
I he Fresnel refleellu~l lubses ~ I V I I I  tllc 
crystals will be minimized by placing them 
between two windows with antireflection 
(AR) coatings, which are index-matched to 
the KDP crystal material with a fluid. T.he 
indiv stals of the array will be 
preci to the appropriate phase- 
matc le by computer-controlled 

4 diamond-turning techniques. This accuratc r _ = p  l 

I*: 
finishing of the crystals, together with their 

~ I I & V  initial precision alignment in the array, will 
1%-2; , obviate the need for individual segment 
=- - . -- 

%E&d 
adjustments. After assembly, the array will 
perform as a single monolithic crystal. The 
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crystal thickness has been chosen to optimize 
2w energy-conversion efficiency over the 
anticipated operating range of the system. 

Fluence Limitations at 1.05 pm. Perfor- 
mance of Novette, as with our- other glass- 
laser systems, is limited by the t h~ea t  of 
beam-induced damage to optical 
components. In present systems, the greatest 
threat has been to AR coatings on the input 
lenses of spatial filters and on the target- 
focusing optics. To achieve higher 
performance with Novette, and eventually 
with Nova, we will increase the damage 
resistance of the spatial-filter input lenses by 
using uncoated optics. 

To assess the threat of surface damage and 
to develop guidelines for Novette chain 
design, we adopted the following rules, 
generated by the Nova design team from 
available damage data: 

Bulk glass damage and damage to high- 
reflection (HR) coatings are presenlly not 
limiting performance. 
For I-ns pulses, uncoated surfaces damage 

. at a median fluence of 16 J/cm2, with 70% 
of the surfaces tested damaging between 14 
and 19 J/r;ni2. At other pulse lengths (0. I 
to 3 ns), uncoated surface damage appears 
to follow a fi dependence. 
AR surfaces damage at 1 ns a t  a median 
fluence of 5 ~/crn*,  with 80% of the 

5 surfaces tested damaging between 4 and 
; 7 J/cm2. In addition, their damage 

threshold appears to increase slightly 
between 1 and 3 ns and appears to scale as 
J l fo r  pulses shorter than 1 ns. 
There is a reasonable expectation that 
damage thresholds will incr 
expectation is based upon ess 
with graded-index AR sur 
superpolished AR coatings, a"hd' laser 
polishing of uncoated surfaces. 

With these guidelines, the Nova design team 
established three fluence groups (A, B, and 
C) for which to target the Nova 1.06-pm 
design. The A group is the median fluence 
values obtainable today, the B group 
represents the highest values obtainable from 
today's production coatings, and the C 
values represent an estimate of what may be 
possible in the future if certain advanced 

C 

1 I I I I 1 
6 - - 

0 
3 5 -  - 
w 1 

- 
I-ns data , .- 

w 0 9-ns data 
E 
2 3 -  O n  = 1.053 pnl 

1'8 hu/ol .053 = 4.7 ~ / c r n ~  

Output fluence (.I/cm2 1 

approaches can be brought to production. 
Our greatest short-term hope is fix graded- T ~ ~ I P  7-1 3 Specifications -. fur the Novette trequency- 
index c u ~ ~ ~ p o n e n l s  suitable for damage-free doubling crystal array. 
laser operation. at the B fluence levels. C 
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Table 2-14. Laser- 
damage thresholds of 
production optical 
components tnt 1 4 s  

pulses. 

Table 2-15. Fluence 
levels at 0.53 pm for 
Novette design. 

Fluence Limitations at 0.53 pm. The 74- 
cm-aperture optical train required to 
generate and transport the 0.53-pm beam 
to the target-focusing optics is shown in Fig. 
2-34. Although the threat of damage to these 
optical elements is not inordinately high, it is 
still a matter of concern. Recent I-ns 
measurements, for example, indicate that the 
0.53- and 1.05-pm damage thresholds are 
comparable (Table 2-14). The assigned A 
and B fluence levels at 0.53 pm are given in 
Table 2-15. 

Swiface type 

Thin film, HR 6 to 10 2 to 6 
Beam dump 
[separate wake1bnm~) 
Bare polished glass 14 to 18 18 

Gradient index 1 0 ~ 0 1 4  11Lw13 

AR coated && roateid Uncoated --- 
I ns 3 n& 1 ns 3 ns I ns 3 ns 

Fig. 2-37. Schematic of 
single-reflection f/ 1.5 
clamshell. 

Novette Target-Irradiation Geometry. The 
primary missio f Novette is to perform 
0.53-pm target-ir ation experiments for 
direct compariso % ;th those conducted at 
1.06 pm on ~hiva.-ultimately this will 
require a 74-cm focusing system with an 
f/No. of 1.5 or less. Unfortunately, 
conventional lenses of this speed limit laser 
performance due to intensification of flux on 
the exit surface of the lens. An advanced all- 
reflecting system cannot be fabricated in 
time for the proposed October 1982 target 
shot, however. For present purposes, we 
have chosen the Nova f13.5 doublet focusing 
system. A decision regarding use of an all- 
r ~ f l ~ r t i n g  system will be made later. 

An all-reflecting focusing system, such as 
the axicon shown in Fig. 2-36, is viewed as 
tho bost candidate for the ad~rnnr~rl  syqtem 
In this figure, the cross section of the inner 
cone is a 45" isosceles triangle, and the 
cross section of the outer cone is a parabola 
given by z = f y 2 / 2 ~ ,  where R = 2864.2. 
This type of all-reflecting system has the 
benefit of being free of chromatic aberration 
and avoid#, tke absorption and nonlinear 
propagatioqeffects inherent in transmitting 
optics. Another advantage of the axicon is 
the reduction in the damage threat that 
comes from a educed beam fluence and the 
higher damage thresholds of reflective 
coatings. Since present specifications require 
a focal accuracy of 20 prad, and not the 0.4- 
prad tolera~ce of a 0.53-pm diffraction- 
limited system, fabrication will be difficult; 
nevertheless, it is within the present state of 
the art. 

ows an f/ 1.5 clamshell 
hat is less desirable, but this 
fl1.5 specification by using 

a combination of spherical clamshell mirrors 
and an f13.5 doublet lens (or corrector 
plate). The axial glass thickness is 150 mm, 
the intensification on the vacuum window 
is less than 5%, and the clamshell mirrors are 
moderately sensitive to tilt (0.2 mrad FOV). 
In this scheme, protection of thc mirror from 
target debris is a serious operating problem; 
also, a different refractive element would 
probably be required for each wavelength. 
This option is under consideration, however, 
because, compared to the axicon, it has a 
greatly reduced cost and less technical risk. 

In summary, the baselir~e design uses 
Nova f13.5 doublet lenses for initial 
activation. If practical, an all-reflecting 
system will be installed later; if not, the 
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backup f/ 1.5 clamshell arrangement could obtain the required drive for the 460-mm 
be used to provide the required fast target heads. In this regime, the exit lenses of the 
focusing. final two spatial filters and the target- 
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focusing optics all experience about the same 
damage threat. 

The large number of components subject 
to damage risk at B fluences for long pulse 
durations prompted us to investigate a more 
conservative chain staging. Table 2- 17 
compares the code calculations for a laser 
chain run at 3 ns with a fourth 460-mm 
amplifier added to the baseline. The per- 

Novette Laser Performance formance with the additional amplifier is 
slightly degraded at 1 ns (down from 9.4 to 

We have estimated the performance of the 8.75 TW per beam); long-pulse performance 
baseline Novette chain using the SNOBOL improves, however, and the damage threat is 
and MALAPROP computer codes. Table substantially reduced. 
2-16 summarizes the results of the We projected the frequency-doubled (0.53 
SNOBOL calculations for the A and B pm) performance from the performance at 
fluence values described in the previous 1.05 pm with the aid of two additional 
article. The calculations include the beam computer codes: ENERG-2w and X-GAP. 
energy, the mean energy density, and the The code ENERG-2w, which calculates 
interstage B values. Figure 2-38 summarizes energy-conversion efficiency, was used to 
the results of MALAPROP calculations that optimize the KUP doubling-crystal thickness 
estiinated the peak energy density at thc for the operating range of the system. These 
entrance and exit lenses of the spatial filters. optimization calculations assumed that the 
These calculations indicate that beams overall beam divergence and crystal 
entering the spatial filters will typically have alignment errors did not exceed 100 prad. 
a peak-to-average modulation of 2 to 1, Figure 2-39 shows the conversion efficiency 
which spatial filtering reduces to of the optimum KDP crystal thickness 
approximately 1.4 Lo 1. (18 n ~ n ~ )  for 0.75 < I. d 3.5 G W / C ~ ~ .  

For A fluences in the 3- to 5-11s regime, After establishing the conversion 
chain performance is limited by damage to efficiency, we estimated the energy incident 
AR-coated optics at either the exit lenses of on the target by reducing the 0.53-pm beam 
the large-aperture spatial filters or at the energy that exits the crystal by the amount 
focusing optics. Since both the peak and due to transmission losses from the beam 
mean fluences steadily increase with dump (0.95), the diagnostic beam splitter 
increasing beam diameter, all other optical (0.95), and the fncusing nptics (0.93). 
elements of the chain are well below their X-GAP and MALAPROP code calcu- 
damage threshold. At 1 ns, beam modu- lations predicted the additional beam 
lation (induced by self-focusing) in the final modulation caused by diffraction from the Fig. 2-38. 
stage of amplification shifts the damage crystal interstices and its subsequent growth heam-energy densities of 
threat to the uncoated entrance lens of the through the optical train from the crystal to the Novette baseline 

final spatial filter. At these conservative 
damage levels with A fluences, each beam 
can provide 8.0 TW during short-pulse 
(7 d 1 ns) operation and 10.5 kJ during ? 

longer-pulse (3 to 5 ns) operation. 
At B fluences, each beam can provide 

9.4 TW during short-pulse operation and 
13.5 kJ in the Inn8-p~ilse regime. With long 
p111ses (7 2 3 I I ~ )  at B flue~~beb. the chain is 
limited by gain saturation and cnergy storage I* 

as much as by damage threats. The 1 4  

amplification stages prior to the 460-mm 
stagc must bc driven into dsap saturation to 5 
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Initial saturation fluence = 3.8198 Vcm2 
1 ns 

A fluence 
- 

Comp Component Dm 
No. description (cm) 

- 

Thick No. and Refr Nonln S.S. 
(cm) anga index index gain 

PINHOLE 
1 S.F. output lens 3.75 
2 Wave plate 3.75 
3 ROD, 50 mm 3.75 
4 Pockels is01 3.75 

5 S.F. input lens 3.75 

PINHOLE 
S.F. output lens 
DISK, 94 mm 
Faraday is01 
DISK, 94 mm 

S.F. input lens 
PINHOLE 
S.P. output lens 
Faraday is01 
DISK, 150 mm 

16 S.F. input lens 15 
17 PINHOLE 
18 S.F. output lens 20.8 

19 Faraday is01 20.8 
20 DISK, 208 mm [I 20.8 

21 DISK, 208 mm 20.8 
22 DISK, 208 mm [I 20.8 
23 S.F. input lens 20.8 
24 PINHOLE 
25 S.F. output lens 31.5 

26 F&y is01 31.5 
27 DISK, 315 mm [I 31.5 
28 DISK, 315 mm [I 31.5 

29 DISK, 315 mm [I : 
30 DISK, 315 mm [I 31.3 

- - 

3 1 S.F. input lens 31.5 
32 PINHOLE 
33 S.F. output lens 

Slit apodizer 46 

35 DISK, 460 mm [ ] 46 

36 DISK, 4 8 0 m m [ ]  46 
37 DISK, 460 mm [ ] 46 
38 S.F. input lens 46 

PINHOLE 
S.F. output lens 

41 Focns optics 74 

aDash preceeding number denotes Brewster angle orientation. 
%elm B refers to B accumulated between pinholes. 
'&notes a B value of less than 0.01. 

Table 2-16. Caleulatioas of Novette 
baseline chain performance at 1, 3, 
nod 5 as for A and B fluenee levels. 
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1 ns 

B fluence 

3 ns 

A fluence 

3 ns 

B fluence 

5 ns 

A fluence 

5 ns 

B fluence 

Sat 
gain 

Sat Energy B-Int 
gain (J) added 

B-Int 
total 

Fluence 
(~lcrn~) 

Energy B-Int B-Int Fluence 
(J) added total (~ l crn~)  
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Novette -- 

4 ln~t~a l  saturation fluence = 3 8198 ~/cm' Additional 460-rnm amplifier 

. . - =. 

a"11 
1 S.F. output lens 3.75 0.5 1 1.507 1.24 

Wave plate 

ROD, 50 mm 

Pockets isol 

S.F. input lens 

PINHOLE 

S.F. output lens 

DISK, 94 mm 

Faraday is01 

DISK, 94 mm 

S.F. input lens 

PINHOLE 

S.F. output lens 

Faraday is01 

DISK. I50 mm 

S.F. input lens 

PlNHOl .E 
S.F output lens 

Faraday isol 
DISK, 208 mm [ ]  20.8 

21 DISK, 208 mm 20.8 2.5 -3 1.523 1.05 2.2 1 1.745 1 193 0.1318 0.9204 5.014 
-- 

22 DISK. 208 mm [ ] 20.8 
S.F. input lens 

PINHOLE 
S.F. output lens 

Faraday isol 

DISK. 315 mm [ ]  
DISK, 315 mm [ ]  
DISK, 315 mm [ ]  
DISK, 315 mm [ ]  
S.F. input lens 31.5 

PINHOLE 

S.F. output lens 

Slit awdizer 

DISK. 460 mm [ ]  46 
DISK, 460 mm [ ]  46 

DISK, 460 mm [ ]  46 

DISK, 460 mm [ ] 46 
S.F. input lens 46 

PlNHO1.E 

S.F. output lens 74 

42 Focus optics 74 16.3 
- -- 

1 1.507 1.24 0.9 0.9 , u@33=-- 0.5719 5.446 5.388 - * - 
aDash meceding number denotes Brewster angle orientation. ' ~e l t a  B refers to B accumulated between pinholes. 

Table 2-17. Compari- 
son of Novette Baseline Figure 2-40 is a summary of our cundilion. Each frequcn~y-doubled beam 
and additional amplifier performance calculations and shows, for the can provide between 5 and 7.5 TW for short 
performance a t  3 is. baseline chain, operating envelopes of energy 

deliverable tn a target vs pulse length. Curves 
are shown for both A and B fluences for 1.05 
and 0.53-pm beams. The shaded regions 
denote the 100-prad uncertainty in the 
frequency-doubled phase-matching 

pulses and 6 to 10 kJ for a pulse duration of 
1 to 3 ns,, For pulses of 3 to 5 ns, the 1.05-pm 
beam intensity at the crystal is less than 
optimum, reducing the 0.53-pm beam energy 
to 6 to 8 kJ. Finally, Fig. 2-41 summarizes 
the system performance with an additional 
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Sat 
gain 

0.99 

n.7 

9.448 

0.87 
0.99 

Energy 
(J) 

6.36 

6.296 
1.107 

41.04 

36.23 
35.87 
75.87 

B-Int 
added 

ob 
0 
U.5414 

0.3074 
0.016 

B-Int 
total 

ob 
ob 
nb 

0.5497 
0.8571 

0.8731 
0.8676 

Fluence 
~lcrn* 

0.8226 
n R I ~ ~ I J  

5.386 

5.386 
4.686 

0 
0 2 4 6 

Input ( 1  W )  power density ( G W I C ~ ' )  
I 

Fig. 2-39. Convers r Fig. Z 40. Summary of 
efficiency of optimum- Novette performance 
thickness KDP crystal. calculations.V 

'n~nnter n B valw of less than 0.01. 

460-mm amplifier. This staging produces 
highcr I .OS-pm beat11 irllensities at the crystal 
for pulse durations helween 3 and 5 ns. The 
improved frequency-doubling conversion 
cfficiel~cy ill  L11ib case would produce about 
1 kJ more per arm of 0.53-pm light for pulsc 
durations from 3 to 5 ns. 
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r l  4 
~ i l s e  length (As) I 

Fig. 2-41. Summary of 
Novette performance In summary, a baseline design for the two- 
calculations with an 
additional amplifier. 

arm Novette system has been developed to 
provide target irradiation at fundamental 
and second-harmonic wavelengths. The 
initial system performance is predicated on 
operating at A fluence levels, with the 
capability of providing output commen- 
surate with B fluences when appropriate 
large-aperture optics can be obtained. At 
A fluences and the fundamental wavelength, 
Novette can deliver to the target 10 to 15 TW 
of peak power for short pulses (1 11s) and 15 
to 20 kJ of energy for longer pulses (3 to 
5 ns). Second-harmonic power and energy 
on target are typically 80 to 85% of these 
levels. The maximum fluences associated 
with these performance projections are 
within A-fluence damage levels at the 
respective wavelengths, indicating that 
routine target irradiation at these powers 
and energies is pvssible with minimal 
damage risk to critical large-aperture optics. 

Authors: J .  T .  Hunt and D. R. Speck 
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Novette Master Oscillator Room 

For Novette, as for Nova, we will have a 
separate master oscillator room ( M O R ) ~ ~  
that will be housed in the rooms adjacent to 
the laser bay. The requirements for the 
Novctte MOR can be briefly summari7cd as 
follows: 

Target irradiation pulses ill t l ~ e  range from 
100 ps to 5 ns. 
X-ray backlighting pulses in the range 
from 20 ps to 5 ns. 
Ultraviolet probe pulses of -20 ps. 
Target-diagnostics trigger beams of 10 and 
100 pJ. 
High-repetition preamplifiers to generate 
enough energy for direct second-harmonic 
crystal alignment. 
A fully relayed beam from the oscillators 
to the input of each chain. 
A single beam line from the MOR to the 
high bay in Building 38 1,  using time 
multiplexing fnr target irradiation. x-ray 
backlighting, ar~d UV plubing 
experiments. 
Sufficient energy from the MOR to give 
the following energy levels through the 
laser-arm input aperture: 2.2 J at 5 ns; 
2.2 J at 3 ns; 0.35 J at 1 ns; and 0.04 J at 
100 ps. 
Oscillators fully diagnosed and beam- 
energy levels mcasured after exiting each 
amplifier in the MOR. 
Fully automatic alignment of the MOK. 
A layout of the Novette MOR that 

satisfies all these requirements (and more) is 
shown in Fig. 2-42. We use synchronized 
short-pulse (AMQ) and long-pulse (single- 
axial-mode Q-switched) oscillators to 
providc the pulses in the range from 100 ps 
to 5 ns. These are very similar to the new 
oscillators we installed on Shiva (described 
in "Optical Pulse Generation" in this 
section). For Novette, we will use Nd:YLF 
at 1.054 pm in the oscillators, both of which 
have been demonstrated with YLF; the YLF 
short-pulse oscillator is described in the 1978 
Annual ~ e p o r t , ~ '  and a YLF long-pulse 
oscillator is described in "Oscillator 
Development" in this section. 

To obtain the 20-ps pulses, we will use a 
regenerative pulse c o m p r e ~ s o r ~ ~ 3 ~ ~  that will 
compress pulses from 100 to 20 ps. 'l'hus, we 
need another short-pulse (AMQ) oscillator 
to drive the regenerator; this oscillator will 



be synchronized with the main AMQ we get about 70 mJ for 100-ps to 1-ns pulses 
oscillator. and up to 300 m.1 for 5-ns pulses. The 

We use a 0.25-in.-diam YLF amplifier development of these amplifiers is described 
after the long-pulse oscillator and then use in "Amplifier Development" in this section. 
four 10-mm-diam amplifiers (with gain = We have found that Nd:YLF is the ideal 
10). 'l'he 1Gmm diameter is a reasonable material to use for these amplifiers because it 
compromise, given the necessity for a high is almost athermal at 1.05 pm, making 
repetition rate and for energy sufficient for possible an amplifier with repetition rates in 
both aligning the SHG crystal and driving the range of 1 to 10 ps. As an alternative to 
the 50-mm amplifiers in the laser bay. With YLF, we are considering athermal glasses, 
this amplifier layout, and using a 7.2-mm- such as 4-98 and 4-100, which would 
diam beam with a square spatial profile, require a lower repetition rate. 

Novette 

We have laid out the MOR beam relaying the beam to the next spatial filter going 
and aperturing to get maximum output into the laser bay. This relaying scheme 
power with good beam quality through a optimizes the output energy in the 10-mm 
IGmm aperture. We amplify a Gaussian beam at the cost of amplified spontaneous 
beam through the third of the five amplifiers emissiori (ASE), which will be controlled by 
arid use a vcry tight spatial filter, with the tight pinhole in the M - 1 spatial filter 
magnification M = 1, to give a very clean and by the fast Pockels cells. The final 
Gaussian beam. We then use a hard aperture Pockels cell in the system is used to  rotate the 
to transmit only the center 15% of the polarization of the 20-ps pulse from the 
Gaussian beam. A pinhole in the next spatial regenerator. This pulse is then separated 
filter (with M = 5.2) minimizes diffraction from the main beam for UV probing with a 
rings in the following amplifiers and relays polarizer in the laser bay. 

Output beam Svmbols: 

Target diagnostic 
triggers 

t t  
w Spatial filters 90' rotator 

Motorized 
quarter-wave plate Ili Motorized aperture 

T 

quarter-wave plate @\ Motorized mirror mount 

Fig. 2-42. Schematic of 
the Nuvette master 
oscillator room. (Not to 
scale.) 
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Novette 

Oscillator diagnostics will be very similar To increase available space for the many 
to the diagnostics for the new Shiva components in the target area, we will 
oscillators; automatic alignment will be elevate the target chamber above the beam 
performed by the two sensors shown in lines, which will enter the chamber from the 
Fig-. 2-42. east and west. The master oscillator and its - a  - - -  
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utilities will reside in the laboratory space 
adjacent to the southwest side of the high 
bay. The control room and the target- 
diagnostics data-acquisition room will 
remain in the spaces now used for those 

Novette Facility 

Novette will occupy the high-bay laboratory 
and basement areas in Building 381 (areas 
now used for the Argus laser) along with 
some additional space in the adjacent 
laboratory area. The laser amplifier chains 
will reside in the west end of the high bay, 
and the output will be directed toward the 
target area in the east end of the high bay. 

purposes on Argus. The Novette central 
computer (VAX) will be installed in the 
present Argus operations room, while the 
Novette operations room will be located in 
the laboratory room between the control 
room and the master oscillator room-a 
central location with casy acccss to the high 
bay, control room, and oscillator room. A 
plan for the first floor of the Novette facility 
is shown in Fig. 2-43. 

Figure 2-44 shows the basement plan for 
Novette. The power-conditioning energy- 
storage banks and power supplies will 

Fig. 2-43. First-floor 
plan for the Novette Vacuum pumps 

target-irradiation facility Laser bay 
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occupy the west end of the basement, as they be 4.5 ft off the floor, supported on three 
presently do for Argus. Target-diagnostic space frames made of welded steel tubing 
sensors and laboratories will reside in the and attached to the 3-ft-thick concrete floor 
east end of the basement directly under and of the high bay. The additional fold in the 
to the east of the target chamber. Lines of Nova chains will occur at the end of the 
sight to  the target chamber will be provided center space frame element a1 Lht: output of 
through holes drilled in the concrete-slab the 95 mm/145 mm spatial filter. To shorten 
floor of the high bay. the outer legs of the Nova configuration, 

The 210-ft length of the Nova laser chains containing the large-diameter output 
requires an additional fold to fit them and amplifiers, the 315-mm-diam Faraday 
the target area into the 230-ft-long high rotators are relocated to the inside legs of the 
bay of Building 381 (Fig. 2-44). The beam outer space frames. Figure 2-46 illustrates 
will exit the MOR at a height of 8 ft and will the configuration of the laser chains and 
pass over the south section of the laser space space 11'anle sections in the laser scction of 
frame to the center space frame. There, the the high bay. 
beam will be amplified by 50-mm-diam rod These output-amplifier legs and Llie bcaln 
amplifiers, split, and directed through the paths for the laser diagnostics will still 
input aperture of each of the laser arms, as extend the entire length of the high bay. The 
shown in Fig. 2-45. The laser beamlines will frequency-conversion optics and target 

r Delay line ,- Splitter 

Pockels cell isolator Pointing, centering, 
and detectors 

Pockels cell -\ 

Center component I 

50-mm 1 50-mm 
50-mm 

Delay line 2 7 m m  (lower aperture] level) Cross hair 1 rod amp Wave plate Faraday isolator hair rod amp cross 

Sscillator beam 
(from MOR) 

o Down leg 

I Fig. 2-45. Schematic A 
plan of the initial rod- 
amplifier and beam- 
splitter assembly o f  

Fig. 2-46. Schematic 
plan of  the Nuvetle Iawr 
chnin. 



option beam 
dump 

I @ig. 2-47. Schematic A 
@an of the north target r era - in the east end of the 1 hilding 381 high bay. 

( 

I Fig. 2-48. Plot of a 24- 
bitur particulate count 1 jtgken in the tenter of the 

I laser ruom 5 ft above the 
floor. 

use the space in the center of 
the bay between the beam lines (Fig. 2-47). 
The laser-output spatial filters, the first 
turning mirrors, the beam-diagnostic 
mirrors, and the alignment/diagnostics 
packages will be at the same height as the 
laser chains (4.5 ft). To provide space for 
long target-diagnostic lines of sight and to 
preverll overcrowding of the target-area 
floor, the final turning mirrors and target 
chamber will be at a height of 12 ft. To 
simplify the wavelength conversion and the 
design of the thin-film coatings on the 
turning mirrors, the KDP crystals for 
frcqucncy conversion will be located between 
the final turning mirrors and the target 
chamber. 

Figure 2-47 illustrates the target-bay beam 
lines, showing both the crystal-array 
configuration used for frequency doubling 
and the required auxiliary optics. Adequate 

space is provided for adding a second crystal 
in each beam for frequency tripling. The 
target chamber and its auxiliary equipment 
will be taken from Shiva and modified to 
provide horizontal mounting and to 
accommodate the focusing optics for the two 
large-diameter Novette beams. The vacuum 
system for the chamber will be the basic 
Shiva system, with the forepumps located 
outside the high bay, as shown in Fig. 2-43. 
Catwalks will provide access to the upper- 
level beam-line components, the target 
chamber, and the target diagnostics mounted 
around the chamber waist. 

The planned installation of Novette in the 
Building 381 high bay caused us to 
reevaluate the dust and particulate level in 
that room. The high bay has an area of 
12 000 ft2 and is 28 ft high. Currently, air is 
delivered to a plenum above the false ceiling, 
diffused into the bay through holes in the 
ceiling pancls, and removed from the bay at 
floor level along the north and south walls. 
The circulated and makeup air is filtered 
with 95% filters, i.e., filters that remave 95% 
of partides 5 pm or larger. 

Prior to the January 1980 earthquake, the 
room operated between class 100 000 and 
class 10 000 clean condition. After the 
earthquake, the structural integrity of the 
ceiling was restored, but the air distribution 
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system was not. A particle count taken at the 
r end of 1980 is shown in Fig. 2-48. Con- 

taminant samples recently taken from the 
surfaces of the Argus laser components 
indicate that the contaminants are 
predominantly earth (clays), clothing fibers, 
and acoustic-tile particles (the walls and one- 
half of the ceiling are covered with 

I .  conventional sound-absorbing tiles). The 
floor is covered with a carpet selected for its 
low shedding property; no carpet fibers were 

I 

I present in the contaminant samples. 
1 
I We desire that the Novette laser operate in 

an environment significantly cleaner than 
class 10 000-approaching, if possible, class 

I 1000, which appears to be the practical limit 
for upgrading this room within reasonable 
cost constraints. To achieve this clean 
condition, we will use high-efficiency particle 
air (HEP,4) filters as the primary air filter, 
remove the ceiling acoustical tiles, improve 
entries into the bay, seal the wall tiles, 
and significantly clean up the bay surfaces. 
The HEPA filter modules will be located at 
strategic points along the laser; they will 
lower the contaminant level of the laser-bay 
air and provide localized class 1000 clean 
conditions at the critical laser components. 
This solution provides the clean environment 
necessary for the laser, easy working access 
to components, and low initial and 
operational costs. 
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Nova 

Nova 

Introduction 

The Nova project will provide the nexl 
logical increase in laser energy over the 
currently operating 10-kJ Shiva system and 
will be the primary laser inertial- 
confinement-fusion (ICF) experimental 
facility in the mid-1980s. The energy levels 
and proposed wavelength flexibility will 
allow us to improve our understanding of 
ICF physicb absorption mechanisms and 
implosion processes and to define target 
physics for advanced laser drivers under 
development, The primary programmatic 
objective is to demonstrate the ignition of 
thermonuclear burn as a step toward 
dcmclnstrating the feaaihility of TCF fiisinn. 

The full Nova laser will consist of 20 
beams capable of concentrating 200 to 
300 kJ of energy (in 3 ns) and 200 to 300 TW 
of power (in 100 ps) on experimental targets 
by the mid- 1980s. 

The first phase of the Nova project 
involves construction of a 5 500-m2 (59 000 
ft2) office building, a 10 700-m2 (1 15 000 ft2) 
laboratory building and installation of a 
10-beam Nd:glass laser system adjacent to 
the existing Shiva facility (see Fig. 2-49). 
Lluring Phase 11, an additional 10 Nova 
beams will be installed in the Shiva building. 
The full Nova complement of 20 beams will 
be brought to an integrated target chamber 
in two opposed clusters of 10 beams each. 
Other target configurations are possible if 
required. 

Fig. 2-49. Artist's 
concept of 10-beam 
Nova I laser system 
(right) installed adjacent 
tn the Shiva Iawr system 

(left). 
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Although Nova was authorized by 
Congress at $195M, we learned in January 
1980 that the Presidential Budget request for 
FY81 did not contain any funding for the 
Nova Project. Since our Phase I plan, 
authorized by DOE in FY80, was based on 
an appropriation of $43M, we were forced to 
prepare for significant changes in our 
procurement activities. We were hopeful that 
Congress would decide to continue to fund 
the Nova Project through FY8 1, but we were 
not sure of the revised funding level until 
midyear. Therefore, we developed a cost 
plan that would allow the project to survive 
without a FY81 appropriation and that 
would minimize the cost and schedule 
impact. 

This zero-budget plan entailed completing 
the design and construction of the two 
buildings as originally planned, completing 
the laser design at a slightly lower rate, 
completing all awarded laser contracts, and 
retaining project staff until FY82. This plan 
would enable us to use FY81 funds if they 
were authorized by Congress. Fortunately, 
by midyear the House Appropriations 
Committee had recommended that Nova 
receive $25M in FY81, and this, in fact, 
occurred. However, as a result of the funding 
uncertainty and the lower funding level, 
Phase I completion is now scheduled for the 
third quarter of FY83 at a cost of $140M. 

The past year was an intensive design and 
construction period for the conventional 
construction portion of the project. We 
awarded the remaining $17.5M in 
construction contracts for both the 
laboratory building and the office building. 
The laboratory building has progressed to a 
fully enclosed structure that is, at present, 
66% complete. The office building went from 
concrete footings to the steel and concrete 
frame structure shown in Fig. 2-50. 

By proceeding with completion of the 
buildings as rapidly as possible, we ensured 
that the conventional construction items 
(which are frequently subject to problems of 
weather, high inflation, labor disputes, etc.) 
would not delay completion of the project. 
We expect both buildings to be complete at 
the end of 1981. 

In spite of the funding uncertainty, 
considerable progress was made on the laser 
design and procurement of long-lead 
components. The baseline chain, described 

more fully in "Laser System Design and 
Performance" (see next article), was 
solidified and accepted for controlled-change 
documentation. We initiated procurement of 
all the optical components except for the 
laser glass, which was under intensive 
development by three vendors. The pre- 
production development of fluorophosphate 
laser glass was not successful within the 
required time frame. Therefore, we made.the 
decision to switch to a phosphate laser glass 
and have now initiated preproduction efforts 
with two suppliers. 

While phosphate glass possesses a higher 
nonlinear refractive index than fluoro- 
phosphate glass, it is significantly less 
expensive and has heen manufactured in the 
large sizes and to the high optical quality 
specifications required for Nova. These 
teatures make ~t the materlal of choice. 
Further discussion of glass manufactur- 
ability and figures of merit are contained in 
"Nova Optical Components" later in this 
section. 

Laser Engineering progress in 1980 further 
encompassed 
a Solidification of subsystem and compo- 

nent criteria through a formalized design 
review process (see "Project Management 
Systems"). 

a Establishment of engineering development 
and test facilities for central controls and 
for pulse-power-conditioning subsystems 
("Controls" and "Power Conditioning," 
respectively). 
Prototype Nova component/subsystem 
testing in each facility ("Power Condi- 
tioning" and "Controls," respectively). 
Finally, prototype test and evaluation 

continues, aimed at: 
Achievement of higher-fluence damage 
thresholds on production component 
surfaces (see "Damage Studies"). 

a Demonstration of a working, system- 
compalible plasma shutter for chain 
protection against target back reflections 
(see "Plasma Shutter"). 
Evaluation of YLF and a thermal glass 
(Kiger Q-100) for high-repetition-rate 
preamplifier and alignment applications 
on Nova (see "Oscillator Development"). 
The remaining laser subsystems are in 

various stages of final design and limited 
procurement activities, as described in 
subsequent portions of this section. 
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A total of $12.5M of laser contracts was 
awarded this year. We cul~~plelcd devclop- 
ment of our management system for cost and 
schedule (see "Project Management 
Systems"). 

The project scope is now under review by 
DOE to determine whether Phase I 1  will be 
completed concurrently with Phase I and 
whether 2w and 3w frequency conversion is 
to be added to the system for higher target 
performance. The cost and schedule for the 
full project with frequency-conversion 
enhancement depends on the timing of the 
DOE decision and by projected funding rates 
at that time. 

In addition to laser performance, the 
system crileria art: 

That the system fit comfortably and snugly 
within the planned laboratory building 
now under construction. Figure 2-5 1 
shows an artist's concept of the Nova laser 
systcm overlaid with the Shiva and Nova 
laboratory building. This requirement is 
met, as shown in subsequent portions of 
this section. 
That the primary target-irradiation 
geometry consist of two opposed, open- 
cone beam clusters, each converging on 
the target location. 

Figure 2- 184 (see "Target System" later in 
this scction) is an artist's concept of the 
Nova target chamber. The west beams are 
equally spaced in angle on the surface of a 
cone whose vertex is at the target. These 
beams are opposed by the east beams so that 
east and west beams radiate through a 
coordinate system centered at the target. The 
space frame allows the cone angle to be 
varied from 80 to 100°, if required, for 
various experimental target designs (such 
variation would entail significant "down" 
time of the laser system itself while 
components were being moved). 'The initial 
choice of cone angle is 100°, and this choice 
represents the Nova baseline configuration. 

Figurc 2- 183 (sce "Target System" later in 
this section) also shows some of the ancillary 
target-event diagnostic systems. This 
configuralion will allow for a full comple- 
ment of experimental and diagnostic 
instruments. The insert line drawing 
illustrates design criteria for the overlap of 
Nova beams at a representative target. In the 
(common) focal plane, the beam-overlap 
spot is not expected to exceed 150 pm in 
diameter, including allowances for 
alignment, positioning, and verification 
tolerances. This criterion applies for a 

Fig. 250. Aerial 
photagraplt of Nova 
construction site. 
showing status as of 
November 17, 1980. 

I 



baseline focal length of 2.25 m (f/3 target- 
focusing optics). Further target-system 
descriptions will be presented in "Target 
Systems." 

That the Nova laser system be designed 
with the flexibility required to incorporate 
future modifications as they become 
feasible and desirable. Two such modifi- 
cations are discussed next. 
In recent experiments on the Argus laser 

system, we have demonstrated that, by using 
the nonlinear optical properties of potassium 
dihydrogen phosphate (KDP) crystals, we 
can double or  triple the frequency of the 
basic 1.05-pm wavelength from high-power 
Nd:glass lasers with efficiencies exceeding 
70%. Since shorter wavelengths are much 
more favorable for ICF laser-target physics, 
we have prnpnrprl to irnplcmcnt this option 
in the Nova facility. (This enhancement of 
the Nova facility is presently under review by 
DOE and will be determined shortly.) If 
approved, we would be able to focus 
approximately 200 kJ of green (0.53 pm) or 
blue (0.35 pm) light onto laser fusion targets. 

The energy from Nova, particularly if it is 
a t  the shorter wavelengths, should be 
capable of producing the extremes of 
temperature and pressure required to ignite a 
small pellet of thermonuclear fuel. That is, it 
should create conditions such that the 
3.5-MeV alpha particles released by the 
D-T reaction in the central core of the 

compressed fuel are trapped in the com- 
pressed fuel and used to further heat the fuel. 

Also, space has been allocated within the 
Nova baseline chain layout (Fig. 2-54 of 
"Baseline Chain Layout") to add additional 
amplifiers in both the penultimate 31.5-cm 
amplifier stage and the final 46-cm amplifier 
stage. It is possible that advanced Nova 
targets will require higher energy pulses of 
longer duration than those presently 
contemplated. Additionally, future experi- 
ments on Nova call for temporally shaped 
pulses which, in turn, will also require 
amplifiers with reserves of both power and 
energy capability. In either situation, the 
additional amplifiers will be required. 

Space also exists in the laser bay for 
additional (but smaller) amplifier chains, as 
adjuncts for extended targct diagnootieo. 

Summary. The first phase of the Nova 
Project is well under way. The buildings are 
more than 50% complete, the laser is in the 
final detail-design phase, and many long- 
lead laser components have been ordered. 
Our laser calculations indicate the system 
will perform at the upper end of the 
predicted performance range. We are 
preparing to incorporate frequency doubling 
and tripling into the laser system. Subject to 
DOE approval, we will proceed with 
Phasc I1 and add frequency conversion. 

Authors: R. 0. Godwin and W. W. Simmons 

Fie, 2-31, Artistt$ 
concept of %beam Nova 
laser system overlaid 
with ShivaINova 

I 
laboratory building. 



Nova 

Nova Laser System 
Design and Performance 

Design Considerations. We have designed the 
Nova laser system with master-oscillator- 
power-amplifier (MOPA) architecture. As 
shown in Fig. 2-52, a laser pulse of 
controlled temporal shape is generated by 
the oscillator, preamplified, and split into 20 
beams (10 beams in Phase I). After 
traversing an adjustable optical-delay path 
(used to synchronize the arrival of the 
various beams a t  the target), the pulse enters 
the amplifier chain. This chain consists of (1) 
a rod amplifier and several disk amplifiers to 
increase the pulse power arid energy, (2) 
spatial filters to maintain the spatial 
smoothness of the beam profile while 
~ ~ p d l l d i l l g  ils Clial~~eiel, (3) Faraday and 
Pockels isolators to prevent the entire laser 
from breaking spontaneously into oscilla- 
tions that could drain its stored energy and 
damage the target prematurely, and (4) a 
plasma shutter, located at the focus of the 
last spatial filter to protect the laser chain 
from target back reflection. 

The beam is collimated between spatial 
filters in the laser chain. Thus, each of the 
components in a particular section has the 
same diameter. In the 4.0-cm-diam section, 
the amplifier is a single glass rod, and the 
isolator is an electro-optic (Pockels) cell 
crystal placed between crossed polarizers. 
This cell operates as a fast (10 ns) optical 

Spatial filters 

Amplifiers 

Isolation - -  
Space for added 
amplifiers 

gate, preventing interchain oscillations and, 
at the same time, reducing to tolerable levels 
unwanted amplified spontaneous emission 
(i.e., radiation due to passage of spontaneous 
decay photons through the chain, which 
can strike and damage the target before the 
laser pulse arrives). In all larger-diameter 
sections, the amplifiers consist of face- 
pumped disks set at Brewster's angle to the 
passing beam. In Table 2-18, we summarize 
the energy-storage and gain characteristics of 
the various Nova amplifiers when phosphate 
glass is employed. Polarization-rotating 
Faraday isolators assure interchain isolation. 
We will realize substantial savings by reusing 
most Shiva laser components up to 21 cm in 
diameter in Nova. 

We have optimally designed our spatial 
filters to provide entrance-lens-to-entrance- 
l e n ~  imagitlg. Thus, smooth beam Intensity 
(through the cross-sectional area) is 
projected along the chaitl, arid energy 
extraction by the laser pulse is maximized. Table 2-18. Parameters 

The beam has a fill factor of more than 70% phosphate disks 
amplifiers. 

74.0-cm diam x 
Output sensor 
package 

-0 
Target 

\ / Turning mirrors 

Fig. 2-52. Schematic 
diagram of ~sr jur  Nuvr 
optical components. 



(defined as the ratio of the beam energy to 
the energy in a flat beam of the same 
maximum intensity). Pinholes (located at the 
spatial-filter focal planes) are large enough 
to avoid self-closure (due to the ablation of 
material forming the pinhole edge) during 
the passage of the pulse. 

When the pulse exits from the final beam- 
expanding spatial filter, it has been amplified 
to an energy level of 10 to I5 kJ, and its 
diameter is 74 cm. Turning mirrors direct the 
beam to the target chamber, where focusing 
lenses concentrate it on the target. The first 
of the turning mirrors is partially trans- 
parent, allowing approximately 2% of the 

Table 2-19. Surface- pulse to enter the output-sensor package. 
damage thresholds for This unit senses and reports on the alignment 
AR-coated and status, energy and power, spatial quality, 
o~ltir%l surfaces.v 

Table 2-20. RelativeA 
material properties for 
phosphate, flunrn- 
phosphate, and silicate 
glasses. 

Fig. 2-53. Twenty-beam 
optimized Nova system 
output. as  a function of 
pulse duration, for 
phosphate and fluoro- 
phosphate glass 
amplifiers. 

and other characteristics of the beam. The 
plasma shutter, located at the focal position 
of the final spatial filter, protects the laser by 
preventing light reflected from the target 
from reaching the laser amplifiers. In the 
absence of this protection, such light would 
travel back down the chain (being amplified 
in the process) and might destroy some of the 
optical components. 

Damage-to-Optics Considerations. In each 
section, the beam is amplified to near the 
lens-damage threshold for maximum energy 
output at a specified pulse duration. This 
"isofluence" design maximizes the energy 
output per unit cost while keeping the chain, 
as a whole, below the component-damage 
limit. The fluence (energy per unit area) at 
which optical components suffer damage has 
been the subject of intense investigation and 
Improvement. On the basis of extensive 
measurements, wc havc cstablishcd 
n~~merir:ul ~iwmuge ~ l ~ r e ~ l ~ o l c l s  To1 vvlrryo- 
nenls repreher~lalivt: o f  cul ~ e l l l  s u ~  Lice- 
preparation technology (Table 2- 19). It is 
apparcnt that uncontcd surfaccs will tolerate 
l~lglrel f luc~~ces t11a11 will antircflcction- 
coated (AK-coated) sutfaces. Thus, s~tllial- 
filter i n p ~ ~ t  lenses. which are subject to Lhe 
hioh~crt f l i ~ p n r ~ ,  are 1 ~ f i  ~ ~ f l c n ~ t e d  in ihc: Nr)v~ 
design. However, to allow for the possibil~ty 
that gradcd-indcx tcchnology can achieve 
dall~agt: lll~eblluid~ comparablc with bare 
sllrfaces, we have specified use af phase- 
separated glass for the spatial-filter entrance 
lcns material. 

Glam P~irportics. Table 2 20 illustrates 
relative material properties of significance 
for phosphate, fluorophosphate, and silicate 
glasses. Phosphate-based glass featnres very 
high intrinsic gain due to its high cross 
section cr, as well as sufficient energy-slorage 
capacity (proportional to the saturation 
fluence E ) for the realization of Nova laser 
performancc goals. Further, it has proven to 
be manufacturable in large sizes to Nova 
specifications of optical quality and damage 
resislance. Fluorophosphate glass has a 
lower, more-desirable nonlinear refractive 
index (proportional to n2). For that reason, 
it is capable of performance somewhat 
superior to that of phosphate, Optimal 
chain design minimizes this performance 
advantage. Comparative perfnrmance of 
the baseline chain, using phosphate or 
fluorophosphate, amounts to a 5 to 10% 
advantage for fluorophosphate, as shown in 
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Fig. 2-53. Fluorophosphate has not proven 
to he manufacturable to Nova specifications 
in large pieces. We have, therefore, selected 
phosphate as the Nova laser amplifier 
material. 

Baseline-Chain Layout. The layout of one 
Nova baseline chain is shown in Fig. 2-54. In 
general architecture, it resembles the chain 
layout presented in the 1979 Laser Program 
Annual ~ e ~ o r t . ~ ~  The significant changes 
are twofold: all disk amplifiers now feature 
phosphate glass; in addition, the final 
thickness of the amplifier disk has been 
increased (Trom 38 to 43 mm). This change 
gives increased energy performance at longer 
pulse durations for a slight penalty (-5%) 
for pulses shorter than 1 ns. 

We have taken ghost foci into account in 
laying out the baseline chain (Fig. 2-54; also 
see "Nova Optical Components"), locating 
components near spatial-filter lenses to 
avoid the occurrence of such foci within any 
glass material. Also, the uncoated entrance 
lenses of the high-power filters are of 
meniscus design to help minimize the effect 
of these foci. 

comprehensive modeling code 
(MALAPROP) have resulted in the 
performance profiles shown in Fig. 2-57. 
These figures plot peak and mean beam 
fluence as a function of distance along the 
chain for several pulse durations spanning 
the range of interest to Nova design. 
Locations of the spatial-filter lenses are 
indicated by "bowties" at the top of the 
figure. On-target energy for the indicated 
pulse duration is inset. "B-fluence 
thresholds (Table 2-19) for coated and 
uncoated lenses are shown as dashed lines. 
Average beam fluences are represented by 
dots. In each case, the calculations were done 
at that performance level representing the 
onset sf  damage. 

At the shortest pulse durations, we 
observed a striking growth of the peak-to- 
average ratio throughout the beam-transport 
space between the final spatial filter and the 
target-focusing optics. This is a marlifesla- 
tion of self-focusing attributed to the 
nonlinear index of the glass in the laser chain 
and of the nitrogen in the 50-m air path 
through which the beam is passing. 

Baseline Performance (Figs. 2-55 to 2-57). As the pulse duration increases, beam Fig. 2-54. Optical 

Full-system simulations using our intensity decreases and this nonlinear effect schematic One Nova 
amplifier chain. 

Beam diameter ( r n m ) m  
Chain location (m) 5 1 2 3 57 
Net gainlsection 20 4.2 2.3 2.3 2.3 
Ehergy storedlsection (kJ) 50 194 21 144 100 216 200 200 288 200 
Spatial filter aperture ratio f l  72 93 10 21 8 20 
Nominal pinhole diameter (mm) \ 1.8 0.64 0.3 0.8 1 .O 
Angular aperture (prad) 873 745 308 253 240 

4 > 
To 
target l 

Beam diameter (mm) 
Chain locetion (m) 8 1 
NW ga/n/wctian 1.7s 1.78 l.W 1.78. 1.93 193 1.93 
Fw&y  smredf~hain (hJ1 S?!3 375 J79 600 800 600 . 
Spatiat filter apertura ratio f l  16.6 20 
Nominal pinhble dtamcrter (mm) 1.25 2.3 (slot) 
Anaufar aperture Iptalf) 240 250 

- - 

, R O ~  mrrlifler @ ~cmu~s CBII 

Spaeldl tllter a Disk arn~l i f is~ 
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dies away. In fact, the most-threatened 
component becomes the (uncoated) final 
spatial-filter entrance lens for a 1-ns pulse. 
At the longest (3 ns) pulse duration, the 

Fig. 2-55. Performance chain is running under "isofluence" 
limits Over the tempora' conditions. The beam extracts 50% of the 
design range of Nova 
(0.1 to 3 ns). stored energy in the final 46-cm amplifier. 

10 

7 
7 

5 0 , A" fluence , - 1 
0.1 0.3 1 3 10 

Laser pulse width (ns) 
I 
Fig. 2-56. Energy and 
power per Nova chain as Fig. 2-57. Performance 
function of pulse duration 
for "A" and "B" 
flaence limits. 

profdes of nne Nnva 
chain for four pulse 
durations. b 

When damage fluence levels become higher 
we can add additional amplifiers in the fina 
stages to  reach higher energy outputs. 

These baseline-chain performance 
estimates are summarized in Fig. 2-55, whicl 
illustrates the "safe" performance region fo 
one Nova chain. If the beam were perfect1 
smooth spatially, and if it filled 70% of 
tho nvaililblc amplifier alp- 1 1 1 1  c, I l l r ,  lascr 
could be operated at points indicalad alon] 
the upper curve. However, small componen 
imyerfert~ons introduce madulaiiull UII Ll~e 
beam. Thus the laser can only be operatec 
without beam damage to  components at 
or below the performance curve, which is 
determined by dividing the upper curve b~ 
the peak/average ratio. The range of 
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I 0.51 
0 I 

L 
0 OO 1 2 3 4  

Transverse distance (cm) 
(a) Diffraction from (b) Transmission function for slot apoditer 

I 
I. ~g.  138 .  Straight-edge 

performance expected between "A" and "B" Master Oscillator/Preamplifier. The master- diffraction ripple is 

fluence limits is shown in Fig. 2-56. oscillator room (MOR) for Nova will be a 'educed by apodizatiOn. 

Apodization. We have employed disks split complete independent laser subsystem 
along their minor axes in the 46-em capable of delivering pulse energies to the 
amplifiers to realize greater energy storage damage limit of its 5-cm output amplifiers. 
and gain from these units. Consequently, In addition to initial pulse formation, the 
when a split beam is propagated through a MOR will provide all the gain variation, 
spatial filter and over a 50-m distance to the temporal and spatial shaping, and prepulse 
target-focusing optics, the edges of the split discrimination for the entire Nova system. It 
evolve through diffraction to produce a will be located beneath the optical 
significant peak fluence at the target optics.30 switchyard and will be isolated electrically 
When the edge of the shadow is modified from the rest of the laser system. To 
through apodization, this ripple growth is minimize the threat of damage to its optics 
reduced to tolerable limits. The principle from airborne particles, it will be a Cla 
involved is shown in Fig. 2-58. Diffraction 10 000 clean room (less than 1 O4 particles kz 
from a hard-edged slot in the beam produces larger than 0.5 pm per cubic foot of air). The 
modulation and a high peak-average ratio control system for the MOR will be totally 
[Fig, 2-58(a)]. When the heam i s  passed separable from the main ~ontrol  room to 
through an absorbing element of trans- allow setup and maintenance to proceed 
mission characteristic [Fig. 2-58(b)], the independently from the rest of the laser. 
output beam [Fig. 2-58(c)] exhibits reduced The changes made last year in the MOR 
modulation, and the peak-average ratio at design increased its total gain and the 
the geometrical slot shadow is reduced to amount of high-shot-rate energy available 
a "safe" level. We have incorporated such an for alignment tasks. Also, we established a 
apodizing element into the baseline chain (as grounding strategy within the MOR to 
shown in Fig. 2-52), and prototype apodizing isolate the oscillator controls and fast-timing 
plates to prove the concept are on order. We generators from electrical transients at 
have further found that overall system shot time. 
performance is unaffected by replacement of Figure 2-59 shows our current MOR 
the (round) pinhole in the final spatial filter layout. The major changes made are the 
by a one-dimensional slit. These changes additional gain- 10, 1-cm clear aperture, 
have been incorporated in the baseline high-shot-rate preamplifier and an optional 
performance calculations summarized beam path on the north table that has the 
above. effect of bypassing the apodizer. These 

Author: W. W. Simmons changes increase the high-shot-rate pulse 
energy available at the MOR output from 
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Fig. 2-59. Layout of 
Nova master-oscillator 
room, with optional 
beam line to effectivelv 

0.30 to 30 mJ at 100-ps pulsewidths. With 
Nd:YLF preamplifiers, the corresponding 
shot rate could be as high as 10 Hz (see 
"Thermal Lensing in Nd:YLFW). The 
additional preamplifier also allows the MOR 
output fluence (without the bypass) to reach 
damage levels over the full range of pulse 
widths available. Should additional drive be 
required, we are providing space in the 
splitter array (see "Beam Splitter Array") for 
an additional 5-cm rod amplifier and 
isolator. 

The following aspects of last year's layout 
have been retained: 

Completely relayed beam lines from the 
output of either oscillator to the input of 
the splitter array. 
Two alignment systems for automatic 
alignment of either p ~ l s e d  oscillator or the 
cw alignment laser to the preamplifier 
beam line and of the preahplifidr beam 
line itself to the laser. 
Rotatable waveplates followed by 
polarizers for all gain adjustment, allow- 

bypass apodizer, and ing the amplifiers to be operated at a fixed 
additional high-shot-rate gain. 
amplifier. 

An alternate injection point for the 
alignment laser to provide a backup for 
the alignment lasers located in the laser 
bays. 
Room for the future addition of an 
oscillator, a regenerative compressor, and 
an identical preamplifier chain to provide 
a diagnostic-pulse capability. These 
components are shown dashed in 
Fig. 2-59. 
Location of as much gain as possible 
ahead of the apodizer to minimize ASE at 
the target. 
Expansion space on the central table for 
temporal pulse shaping. 
We designed the MOR grounding scheme 

shown in Fig. 2-60 lo tiiini~nize noise 
problems from the Pockels cell drivers and 
the rod amplifiers. The MOR contains a 
single point ground to which all grounds in 
the room converge. This ground point is 
connected to local building ground and the 
outside world through a ground-fault 
monitor similar to those presently used on 
Shiva. Any current flow in that monitored 
leg (other than that from capacitance to 

Regenerative compressor 

Short-pulse oscillator 

Long-pulse oscillator 

Amplifier 0 1 2 3 f t  
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isolation transformer shields) is indicative of Authors: J. E. Murray and J. A. Oicles 
undcsirablc clcctrical connection to the 
outside world. Major Contributor: D. J.  Kuizenga 

This scheme is made effective by the use of 
extensive fiber optics to electrically isolate 
control and monitor signals and by the 
employment of isolation transformers to 
separate ac mains grounds. To  ensure the Beam-Splitter Array. Our design for the 
star grounding system shown, we provided Nova beam-splitter array includes beam 
multiple isolation transformers to eliminate transport from the MOR to the chain inputs, 
a separate ground net made up of mains the optics necessary to divide the MOR 
ground wires. output 20 times, space for additional 

Further discussion of oscillator controls amplifiers after the first four splits, separate 
and fast timing is contained in "Oscillator cw alignment lasers for the east and west 
Control and Pulse-Distribution System." laser bays, and sufficient automatic 
Development of the planar triode Pockels alignment hardware to keep the entire array 
cell drivers to be used in the Nova MOR is aligned. Figure 2-61 shows the beam paths 
discussed in "Fast Pulse Development." from the MOR to each of the 20 chains. 

Fig. 2-60. Grounding 
scheme for Nova master- 
oscillator room. 
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A major change from Shiva is our use of 
adjustable splitters rather than fixed, 
partially reflecting optics. A rotatable X/2 
waveplate ahead of a thin-film polarizer 
allows the split ratio at the polarizer to be 
adjusted without sacrificing pulse energy. 
For example, all the high-shot-rate MOR 
output energy can be directed to a single 
chain to maximize the pulse energy available 
for alignment of its harmonic arrays. 
Additionally, the adjustable splitters allow 
gain variations of the individual chains to be 
accommodated without wasting drive 
energy. The reflection-transmission ratio at 
each splitter will be computer controlled so 
that updates of the settings for target shots 
can be made automatically, based on the 

Fig. 2 6 1 .  Layout of conditions and yields of any previous shot. 
Nova beam-splitter Author: J. E. Murray 
array, showing beamline 
from MOR through 
optical switchyard and Major Contributors: E. S .  Bliss and G. S .  
into east and west laser Bradley 
bays. Space frames and 
beam-transport compo- 
nents for 20 laser chains 
re not shown. 

h 

Nova Laser Chain-Components 

Each laser chain is a series of amplifier 
stages, with a maximum amplifier aperture 
of 46 cm. Spatial filters between the 
amplifier stages provide for filtering, 
relaying, and beam expanding. Faraday 
rotators, Pockels cells, and plasma shutters 
protect the optical surfaces from back 
reflections and subsequent damage. The 
following paragraphs describe the engineer- 
ing features of the components that make up 
each laser chain. 

Disk Amplifiers. Amplifier design was 
described in detail in Lhe 1979 Laser A1111ual 
Report.31 This design was based on research 
and development that led to the 34-cm 
prototype box aml~lifier and to the first 
engineering layout for the three sizes of box 
amplifiers. Since that report was written, we 
have completed the mechanical design for 
two sizes of box amplifiers, namely 20.8 and 
3 1.5 cm. We also have a complete design for 
a 5-cm rod amplifier. A prototype 46-cm 
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amplifier has been built and is being tested. 
Figure 2-62 is a photograph of this prototype 
hardware being assembled. 

We have used information from the 
prototype tests in the final design of the 
46-cm amplifier. Figure 2-63 shows a cut- 
away rendering of the assembly. 

This design incorporates the latest 
innovations in amplifier technology. We use 

a rectangular or box pumping arrangement 
in which the flashlamp light passes through 
the laser disks before striking other 
flashlamps; each large laser disk is split in 
half to reduce amplified spontaneous 
emission; arid the disks are spring-mounted 
in electroformed elliptical holders and held 
vertically in kinematic mounts. The pump 
cavity is designed for maximum reflectivity 

I Fig. 2-62. Prototype 46- 

I cm box amplifier being 
assmrbld. 

Fig. 2-63. Artist's 
drawing o f  46-cm b 
amplifier with large 
disks. 

ox 
split 
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Fig. 2-64. End view of 
20.S and 31.5-cm disk 
amplifiers. 

Fig. 2-65. Cross section 
of 5-cm rod amp1ifier.V 

of the pump light and is kept small for 
maximum pumping efficiency. 

To reduce costs, we have designed and 
built the prototype disk holders and 
reflectors using an electroforming process of 
nickel followed by silver-plating, which 

Insulator -/ Structure frame -f Main frame Nitrogen in 1 

Rod 

face "0" ring seals 

eliminates approximately 50% of the 
machining normally required. Since this was 
a learning process, we made several attempts 
before producing parts with acceptable 
quality. These parts are shown in Fig. 2-62. 
The crenulated lamp reflector is in the 
background; the flat reflector with a recessed 
hole is at the bottom; and the elliptical disk 
holders are captured by the top reflector. 
Quality control of the silver-plating is critical 
to successful operation of the pump cavity. 

We designed the 20.8- and 31.5-cm 
amplifiers with features similar to those of 
the 46-cm amplifier, except that the lamp 
orientation is longitudinal. A discussion of 
the advantages of transverse lamp geometry 
in the 46-cm amplifier is given in the 1979 
Laser Program Annual ~ e p o r t . ~ '  Figure 
2-64 shows an end view of the 20.8- and 
3 1.5-cm amplifiers. This box design allows us 
to build the world's largest disk amplifiers 
both simply and economically. 

Figure 2-65 is a cross section through the 
center of a new 5-cm rod-amplifier design. In 
this design, we addressed issues related to 
existing Shiva rod amplifiers-the main issue 
being dependable operational lifetime. The 
critical areas for redesign were O-ring seal 
failure, structural integrity, excessive size, 
and difficult mounting. 

The new O-ring seal design was accomp- 
lished by allowitlg enough room to properly 
configure the seal. In addition, we added 
ahsorbing cladding to the outside diameter 
of thc rod ends to absorb the parasitic modes 
of 1-pm light that reduce laser gain and to 
shield the O-rings. Detail of the seal design is 
shown in Fig. 2-66. As in the disk amplifiers, 
a stiff structural frame cradles, supports, and 
clamps the rods at the seal locations. This 
frame is supported and isolated from the 
main-housing frame by sturdy standoff 
insulators. A dielectric hood covers the 
entire assembly. We use dielectric retractable 
tubing to couplc the rod assembly to the 
main-frame end plates, which forms an 
enclosed beam path. All power leads and 
coolant lines are located at the frame end 
plates. Six lamps in series, mounted in half 
shells, swing from a bottom pivot to clear the 
rod assembly for replacemenl, inspection, 
and cleaning. 

Authors: C. A. Hurley, F. A. Frick, G. G. 
Lee, and M. G. Deinos 

Fig. 2-66. Dctnil of rod- 
amplifier O-ring seals. 



Spatial Filters. Seven spatial filters (vacuum 
tubes sealed at both ends with lenses), 
located between the amplifier stages in each 
laser chain, control beam propagation by 
filtering, relaying, and expanding the beam. 
S i~es  and general features of the spatial 
filters were discussed in the 1979 Laser 
Program Annual ~ e ~ o r t . ~ *  

Figure 2-67 shows the relative sizes of the 
four largest spatial filters; because of their 
length and weight, we will fix them to the 
space frame. All laser chain components are 
mounted on cradles that accommodate 
rolling the components away fro111 the space 
frame for crane access. Only the lens 
adjusters and the spatial filters will be moved 
in this manner, however they will not be 
cradle-mounted. Instead, they will be hung 

on the tube flange, and a portable cradle will 
be swung into place for removing each lens 
positioner. Center spools will also be 
removable. Attached to each spool is the 
vacuum system and the pinhole manipulator. 
This motor-driven manipulator can locate 
the pinhole in the x- and y-directions under 
vacuum-loaded conditions. Adjustment in 
the z-direction is used only on smaller spatial 
filters where the beam waist has a short axial 
length. The center section of the laser-and 
largest-spatial filter in each chain will 
accommodate the plasma shutter as the last 
isolation stage. 

Vacuum enclosures are rolled and welded 
stainless steel tubes, tapered to follow the 
beam contour and to minimize pump 
volume. They are welded in ten-foot 

Fig. 2-67. Parameter 
drawing array of the four 
larger spatial filters. 

Plasma shutter 

46 cm 74 cm 

t v 7 5 0 5 . 1 3  nOm.-i 298.83 max. 

23.25 nom. 

Nub: all dimensions in inches. 
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Cradle mtg. flanges Section A-A 



increments and have hard gasket seals at the 
center spool and "OW-ring seals at the lens 
positioners. Vacuum in these four filters will 
be maintained with 1000-litre/s cry0 pumps. 

Fig. 2-68. Engineering 
The remaining units will be pumped with ion 

drawing of adjustable vacuum-~um~ing systems. 
holder for typical spatial- The spatial-filter lenses will be brought on 
filter lens, showing jack the beam axis with lens adjusters capable of 
screws* bellows* and gear moving each lens in the x, y, and z direc- 
reducer. 

- I 

Fig. 2-69. Lens holder, 
showing x-y adjustment 
n~echanism. b 

f 1- X- direction 
Y- drive gear roller slides 

tions under full vacuum, and the vacuum 
integrity of the system will be maintained 
through the stainless steel bellows shown in 
Fig. 2-68. To increase production quantities 
and reduce unit costs, common parts and 
subassemblies will be used on all filter units. 

We have made calculations to determine 
stress and deflection of various parts of the 
spatial filter system. Forces are gravitational 
and vacuum loads. In addition to closed- 
form calculations, detailed finite-element 
computer analysis were made on critical 
components in the system. Sap IX analysis 
were performed on the lenses to determine 
stress and deflection, and to study the stress 
birefringeril effects on laser beam 
propagatinn 1 Rrge plates act as lens 
suppurls. These plales Lake Ll~c full racuuin 
load and transfer it to the main body 
through a system of roller bearings and 
slides. 

This roller-bearing slide system will be 
driven through gear reducers to translate the 
spatial-filter lenses in the x-y plane (see Figs. 
2-68 and 2-69). SAP IV analyses show the 
maximum deflection of the lens plate on the 
46-cm lens adjuster is 5.145 pm (0.00021 in.) 
along the roller slides and 73.9 pm (0.0029 
in ) hetween the slides (Fig. 2 -70) .~~  This 
plate is made of aluminum alloy. It measures 
40 X 40 X 3.5 in. thick and has a 34-in. hole 
through its center. It is the main structural 
support for the lens and must fold the lens 
system to reasonable deflections. 

The gear reducers on the 46- to 74-cm 
spatial filter will be driven with stepping 
motors to automatically position the input 
and output lenses. Jack screws (Fig. 2-68) 
will be used to manually drive all other 
lenses, together with the x-y slide system, in 
the z direction. 

Authors: C. A. Hurley, C. B. McFann, Jr., 
B. Gim, and .I. R. Rraucht 

Faraday Rotator Isolators. A Faraday 
rotator isolator is an electro-optic device 
used in the Nova laser system to protect 
beam optics from back reflections and 
oscillations between the amplifier stages. It 
consists of an FR-5 terbium-doped rotator 
disk, a solenoid coil that surrounds the 
rotator, and polarizer end plates (at each erid 
of the coil) twisted about the optic axis by a 
relative 4.5" (see Fig. 2-71). When the coil 



is activated, it induces a magnetic field 
through the disk, which causes the 
polarization of a beam passing through the 
disk to be rotated in proportion to the 
strength of the field. This rotation, in 
conjunction with the appropriate relative 
orientation of the polarizer plates, allows for 
a 45' rotation and unattenuated 
transmission of the beam in one direction 
and a 45" rotation and deflection of a back- 
reflected beam. The deflected back beam is 
absorbed with a glass plate. 

The Nova Phase I laser system requires 42 
Faraday rotators: two 5-cm aperture 
rotators and ten each of the 9.4-, 15-, 20.8-, 
and 3 1.5-cm clear-aperture rotators. We will 
take the 5- and 20.8-cm rotators directly 
from the Shiva laser system. The 9.4-cm 
clear-aperture rotators, which are also Shiva 
hardware, are being modified to allow for 
insertion of a passive 45" crystalline-quartz 
rotator that will be used for alignment 
purposes. The design parameters for the new 
15- and 3 1.5-cm clear-aperture isolation 
units are presented in Table 2-21. 

We designed the 15- and 3 1.5-cm Faraday 
rotators for Nova by scaling mechanical 
design parameters from the 20.8-cm Shiva 
Faraday rotator.34 Although this design has 
already been discussed in portions 
are again discussed to explain deviations. 

Coil mounting and cooling are the same as 
on the 20.8-cm rotator. Fringing fields 
extcrior to the magnet are kept to a 
minimum by surrounding the magnet with 
a cylindrically symmetric aluminum con- 
ducting shield whose length is approxi- 
mately twice its diameter. Because of its 
proximity to the magnetic field, however, 
this shield carries an energy penalty. To keep 
this penalty to a minimum and still have a 
workable design, we used shield-to-coil 
diameter ratios of approximately 2 for the 

15-cm rotator and 1.6 for the 31.5-cm 
rotator. 

All components near the coil are made of 
either plastic or glass to avoid distortion of 
the magnetic field. The polarizer plates Fig. 2-70. Computer- 
require a very accurately machined mount generated graphic of 

that is difficult to obtain with plastic; lens-holder plate with 
distortion. 

73.9 pm (0.0029 in.) -, 

Two-layer solenoid coil 7 ,- FR-5 rotator disk 

Dielectric polarize 

ielectric iarizc 
Fig. 2-71. Cross section 
of 31.5-cm Faraday 
rotator. 



therefore, to minimize field distortion, we 
mount them on aluminum supports at a 
distance from the coil where the field is less 
than 0.04 T. 

The 15-cm rotator is used to prevent 
Table 2-21. Nova design oscillation between the 9.4- and 15-cm 
parameters for two clear- amplifiers and does not require polarizer 
aperture Faraday plates on both sides of the coil. However, the 
rotators. 

rotator does require that there be no offset of 
the beam. We meet this requirement by using 
two polarizer plates on only one side of the 
coil (see Fig. 2-72). The centerline of the 
plate closest to the coil is mounted 60-cm 
from the coil to minimize magnetic-field 
interference. The 31.5-cm unit, in contrast, 
does require polarizers on each side of the 
coil. Because of its mounting location on the 

-- 

rTwo-layer solenoid coil r Dielectric polarizers 

Fig. 2-72. Cross section 
u l  15-CIII Faraday 
rotator. 



In the second analysis, we addressed the 
detailed thermal, response of a convectivdy 
ooolcd lnocr disk to establish thc rclativs. 
importance of internal conductiun vs curt- 
vection and radiant-energy exchange in 
producing optical distortions. Using a disk 
conduction model with an cxplicit analytical 
solution, we evaluated thermal responses 
for a range of representative amplifier 
conditions. The results obtained suggest 
thermally induced optical distortions result 
from nonuniform convection at the disk 
surface and not from internal heat con- 
duction within the disk. Further, we demon- 
strated that this effect may be amplified 
enough by radiant energy from the 
surrounding lamp cavity to preclude beam 
alignment. On the basis of these findings, we 
have adopted the indcpcndcnt introduction 
of nitrogen into the lamp cavities and the 
disk cavity for the design of the Nova disk 
amplifiers. 

In a third analysis, we addressed the 
thermal response of a chain of box amplifiers 
for a range of nitrogen flow rates in [he disk 
and lamp cavities. By design, all disk cavities 
in the chain must be cooled in series; 
however, we considered both parallel and 
series cooling of the lamp cavities in this 
analysis. Cooling periods were evaluated 
using coupled heat-transfer models for the 
lamp cavities and the disk cavity. Since series 
cooling of the lamp minimizes the cooling 
period for a given total nitrogen supply rate, 
the lamp cavities in a chain of Nova box 
amplifiers will be cooled in series and the 
nitrogen flow rate will be maintained at the 
limit set by noise and vibration considera- 
tions. 

Using the results of these analyses and the 
known cooling performance of the Shiva 
components in the chain, we calculated 
cooling periods for an entire Nova laser 
chain. With the nitrogen velocity in the lamp 
cavities set below a limiting value of 25 fps, 
the remaining nitrogen was apportioned to 
the disk cavities such that the same cooling 
pe~iod  applied Lo all laser disks. Figure 2-73 
presents the resulting correlation of cooling 
period with riilrogen supply rate. The 
Nova nitrogen supply system will be sized on 
the basis of this correlation and the 
anticipated test schedule. 

Author: H. Julien (Kaiser Eneineers Inr.) 

Novn 
a Fig. 273. Calculated 

cooling performance of 
single Novn laser chain 
slnmiep rwlillg ye1 iud vs 
nitrogen flow mtc. 

Beam Transport : Mirror 
Assemblies 

The output beams of the Nova laser have a 
clear aperture of 74 cm. A total of 69 turning 
mirrors is used in the Phase I ten-beam 
system from the first beam aperture to the 
target. Twenty of these mirrors have a clear 
aperture of 31.5 cm, and 49 have a clear 
aperture of 74 cm. Ten each of the 3 1.5- and 
74-cm-aperture mirrors are 98% reflecting 
(the transmitted 2% is used for beam 

-diagnostics). All of the 3 1.5-cm-aperture 
mirrors are the same size and weight; 
because of different angles of incidence, the 
74cm mirrors come in four sizes. Table 2-22 
lists the physical properties of these mirrors 
and their orientations on thc space frame. 

To  hold the mirrors we explored several 
conventional mirror-mount designs, in- 
cluding those used on the Shiva laser 
~~s t em.35  (Shiva mirror mounts are too small 
for Nova.) I he mount design chosen for all 
Nova mirrors consists of an x-y adjustable 
mounting plate to which a bezel (that 
holds the mirror) is attached through three 
supports (see Fig. 2-74). Four different sized 
mounts, one of which uses two different 
bezel sizes, are required to accommodate the 
five mirror sizes. 

The three supports that hold the bezel to 
the mounting plate are attached to the bezel 
at three points 120" from each other. These 
supports are connected via a conventional 
rod end (spherical joint) a t  thc bczcl and 
hinges at the other end. All moving mount 
components are preloaded to prevent un- 
wanted free movement of the mirror. (-)nc 
support is of fixed length, and the other two 



Table 2-22. Mirror sizes -... 
and orientation 

Item and 
location 

1 llf 
Angle angle 

of from No. 
Control incidence vertical, required. 
aperture Diam Thickness e m i d  for 

(an) (cm) (cm) Weieht emax Bmax . . . . 
D t kg fib) laser 

1 98% fold 31.5 60.4 7.0 50.3 All 0 10 
Amp. chain 111 45.0 

2 100% fold 31.5 60.4 7.0 50.3 All 0 
Amp. chain 111 45.0 

3 98% turn 74.0 94.0 
Switchyard 
4 100% tum 74.0 109.0 16.0 375 

the spare frame Alljii9tments are made 
through ball screws. 

We supplied clearance in the transmitting- 
mirror mounting plates to allow the beam to 
pass. For weight reduction, we also made 
large cutouts in the nontransmitting mirrors. 
A SAP I V ~ ~  finite-element stress analysis 
has been completed to determine plate 
thicknesses and cutout patterns that provide 
the least deflections under the worst loading 
conditions. 

Authors: C. A. Hurley and A. Martos 

Lincor booring for Linear actuator support for 
mounting plate x-y positioning mirror angular positioninn 

(eisht ploces) (two places) 

Fig. 2-74. Nova turning 
mirror mount. are adjustable to give the mirror angular 

adjustment about two mutually perpen- 
dicular axes. The adjustment is stepper- 
motor driven through a combination worm- 
gear and ball-screw linear actuator. A worm- 
gear reduction of 100 to 1 and a lead of 
0.25 In. on the ball screw provides overall 
resolution of 0.50 pradlstep through a total 
range in excess of 79 mrad. 

The mirror is supported in a high-strength 
steel bezel (as on the Shiva first turning 
mirrors)35 that has an open back to reduce 
weight and allow transmission of the beam 
on the transmitting mirrors. 

We achieved a mounting-plate x-y 
adjustment of f 4 cm by using two plates 
attached, through linear bearings, to  a 

Nova Optical Components 

Laser Glass. We made a major decision this 
year to switch the Nova laser glass from 
fluorophosphate to phosphate glass. This 
switch results in a 5 to 10% performance 
redllction over the full temporal range of the 
Nova design (see "Laser Syslerri Design ~ I I J  
Performance" for the Nova performance 
analysis). 

Before making the switch, we had to 
consider the relative technical and cost risks 
between fluorophosphate and phosphate 
laser glass. Although fluorophosphate glass 
had proved difficult to melt in striae-free, 
high-homogeneity quality, the glass 
companies working on the program (Hoya 
Corp., Schott Optical Glass, Inc., and 



Owens-Illinois, Inc.) had made outstanding 
progress in learning how to melt massive 
pieces of homogeneous fluorophosphate 
laser glass (up to 8 liters in volume). In 
addition, they had developed a high- 
pcrformancc ~r~orlolilhic edge cladding for 
the large disks. 

One significant technical problem 
remained intractable, however: the relatively 
low bulk-damage thresholds in the fluoro- 
phosphate disks, that seemed to be caused by 
microscopic platinum particles distributed 
throughout the glass.37 Although 
considerable progress had been made in 
reducing the damage-site density from 10 
~ m - ~  to approximately 10 cm-3, we still 
needed another factor of 100 improvement. 
Otherwise we would be faced with the high 
operational cost risk of having to replace 
laser glass frequently, While the glass 
companies remained optimistic about 
solving the problems, the rate of improve- 
ment in damage resistance slowed to such an 
extent that we believed further 
~mprovements would require a new technical 
approach. After asscssing thc risk and time 
factors associated with further development, 
we decided they were unacceptable when 
compared with the projected performance. 

The other driving consideration was cost. 
The glass companies and LLNL estimated 
that fluorophosphate glass would be very 
expensive (approximately twice the price 
o l  phosphate glass) because of melting 
difficulties (which indicated low production 
levels) and the cost of the raw materials 
(particularly high-purity AlF3). 

Although these problems and concern 
over the schedule were responsible for 
our decision to use phosphate laser glass 
In Nova, the fluorophosphate program, 
nevertheless, demonstrated that large 
high-qualily rrielts or this type of glass are 
possible.38 Fluorophosphate glass remains of 
long-range interest because of its low 
nonlinear index and potential use in the 
uItraviolet spectral region; consequently, 
Hoya and Schott are continuing develop- 
ment at a low level. Other segments of the 
US optics community have also benefitted 
from the program, finding this glass very 
useful in the color correction of high-acuity 
optical systems. Because of the program, 
Schott now makes fluorophosphate glass in 
the US at lower cost and in much larger sizes 
than previously available. 

Phosphate laser glass has a recent and 
limited history of use in lasers for fusion 
research (the Omega laser at Rochester, the 
14-cm laser at KMS Fusion. and Gekko XI1 
at Osaka University, Japan), but none of 
these lasers requires  he massive size or 
damage resistance needed for Nova. 
Therefore, we have carried out extensive 
characterization and damage tests at LLNL 
to assure the suitability of the glass. In 1980, 
the glass vendors began a prototype program 
to make the largest Nova phosphate laser 
disks. Phosphate disk sizes are presented in 
Tablc 2-23. 

Damage resistance is illustrated in Fig. 
2-75, where the damage-site density in 
phosphate and fluorophosphate glass is com- 
pared to the Nova requirements. Clearly, 
phosphate damage levels do not represent a 
significant risk. 

In addition to the high-quality optical 
requirements, we specify that the phosphate 
glass for Nova have seven other char- 
acteristics: 

1. Stimulated emission cross section of 
4 X 10-"0cm2. 

2. Refractive index of 1.52 f 0.005 at 
1053 nm. 

I Maximum size allowed I k 

Fluorophosphate t4 Phosphate ~i tes/crn3 



3. Nonlinear refractive index of 1.2 
f 10-13 esu. 

4. Fluorescence-peak wavelength of 1053 
f 0.5 nm. 

5. ~ d ~ +  fluorescence lifetime 2350 ps in 
the disks and 2370 ps in the rods. 

6. Absorption coefficient of 90.05 cm-' 
at 400 nm. 

7. No solarization when pumped by Ce- 
doped quartz flashlamps. 

The first four items ensure that the glasses 
from different manufacturers will be 
optically equivalent. The fifth item is very 
important because laser amplifier gain is 
directly proportional to fluorescent lifetime. 
This lifetime is shortened considerably if 
the glass contains significant amounts of 
water, which can be a problem in phosphate 
glass. Item 6 refers to the background 
absorption, due to iadic platinum, in ~ht: 
visible region. If this absorption is high, the 
pump light will be significantly attenualecl. 
We have found that phosphates are resistant 
to solarization when the pump light is 
properly filtered (see "Laser Glass, 
Solarization"). 

The disk edge cladding on the 3 1.5- and 
46-cm disks will be of the poured-type, 

with frit-type cladding optional on the 
smaller disks (see "Laser Glass, Edge 
Cladding"). For the first time we will also try 
a cladding on the barrel of the laser rods. 
This cladding will extend 30 mm inward 
from each end of the 5-cm diam, 480-mm- 
long rod to protect the O-ring seal in the 
amplifier and to help suppress parasitic laser 
oscillation modes. We will test prototype 
clad rods before committing to production. 

To have the capacity needed to produce 
the large volume of precision glass required 
for Nova and other programs requiring a 
state-of-the-art glass-melting capability, 
both Hoya Corporation and Schott Optical, 
Glass, Inc., have been expanding their 
facilities. Schott has substantially enlarged 
its plant in Duryea, Pa. (a new area set aside . 
for ongoing work on laser fusion programs 
is illusl~aled ill Fig. 2-76). A I I ~  IIoya 
Corporation, which previously manufac- 
tured glass for the high-technology US 
market in Japan, has purchased a building in 
Fremont, Calif. (Fig. 2-77), where it expects 
to be ready to pour glass in January 1982. 

We expect Hoya and Schntt, both of 
whom will do production in the US, to be the 
major vendors for Nova laser glass. Kigre, 

Fi. 2-76. Preparation 
of pew melting and 
anflealing area at Schott 
V i c a l  Class, Buryea. 
Pi 
t 



--~nc., Toledo, Ohio, is also a potential vendor 
for 20.8-cm-aperture and smaller laser disks. 

We regret that Owens-Illinois, Inc., a 
supplier of laser glass for Shiva, a participant 
in the fluorophosphate program, and an 
early developer of phosphale glass, decided 
to leave the laser-glass business in 1980. 

Schott Optical Glass, Inc., is manu- 
facturing BK-7 substrate glass, in blanks 
ranging from 10 cm to over 1 m in diameter, 
which will also be used in the Nova project. 
There are two basic quality specifications for 
this glass: one for the transmitting optics, 
whcrc the index homogcncity is high 

blanks (about 1.2 m diam) at the Schott 
plant in Duryea, Pa. 

In 1980, as part of our development of 
components with improved antireflection 
damage thresholds, we obtained four 46-cm- 
aperture, phase-separated glass blanks from 
Hoya Corporation. Three of these prototype 
blanks have been sent to Perkin-Elmer 
Corporation for fabrication into 46-cm- 
aperture input spatial-filter lenses for Nova. 
These blanks, which are 53 cm in diameter 
and 4.5 cm thick, contain about 10 liters of Fig. 2-77. Hoya Optics, 
substrate glass and meet the stringent u.s.A., he.,  Fremont, 

Calif. 

precision (An d f 1 X 6-9, and one for the 
reflecting optics which, while they must be 
free from excessive stress and bubbles, do 
not have a tight index specification. The 
largest high-precision blank is the "leaky" 
(2% transmission) mirror for the diagnostics, 
which is 94 cm in diameter and 10 cm 
thick-a volume of about 70 liters. A total 
volume of about 800 liters of substrate glass 
goes into the 1053-nm-wavelength, 10-beam, 
Nuva Phasc I 1ur;or. By I11e e l~d uT 1980 
Schott had pourcd csscntially all of this glass 
and hnd proccodcd throllgh nhni~t 40% nf the 
fine annealing and final dimenoioning. 
k igure 2- 18 shows some rough-cut BK-7 

" .?%* 

Fig. 2-78. Several Nova 
turn-mirror blanks at 
Schott Optical Glass. 

2-75 
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optical-quality requirements for Nova. 
Figure 2-79 shows part of a set of inter- 
ferograms, taken by Hoya with a 30-cm 
aperture interferometer to provide a 
composite analysis of one of the blanks, to 
demonstrate An < f 1 X lo-! Hoya is 
offering this material under the designation 
ARG-2. 

After the surfaces of the blanks are ground 
and polished to the accuracy required for 
lenses or windows, they are acid-leached to 
provide a broadband, high-damage (10 to 
12 ~ / c m ~  for 1 ns with 1060-nm light) 
antireflection coating (specular reflection 
-- 1/48). Dcforc 1980, lcaching was done on 
small samples of about 5 cm diam. In 1980, 
we turned our attention to the problem of 
obtaining uniform leaching over large 
optical surfaces. With large optical surfaces 
the requirement is to maintain high optical 
quality (fractional wavelength path differ- 

Fig. 2-79. Hoya ence) along with uniform reflectivity and 
high damage resistance. 

grams (A = 633 nm), 
showing optical In the etching of phase-separated glass a 
homogeneity of 46-cm weak chemical solution preferentially attacks 
phase-separated lens a silica-poor phase more vigorously than it 
blank of ARG-2 from does a silica-rich one, resulting in a fine 
several points in 
the aperture. 

spongelike structure on the surface. Figure 

2-80 shows a 160X SEM photomicrograph 
of a typical etched, phase-separated surface. 
To maintain the surface figure over large 
surfaces, extreme uniformity is required 
during the etching process. Our earliest 
results from submerged etching systems 
showed a sensitivity to eddies and flow 
perturbations. Since this sensitivity has 
persisted and since large systems are much 
more prone to flow variations, efforts to 
develop an acceptable submerged system will 
probably be abandoned. 

We have recently begun pursuing spray 
systems39 and are concentrating on a fine- 
splay UI 111is1 plocabb Lo lallew acliva 
materials and remove spent products. Parts 
are rotated slowly while being sprayed, and 
attempts are being made to slow down the 
process to improve uniformity and permit 
better averaging. We are trying two pro- 
cedures at present: one involving jets broken 
into a spray by impingement on a secondary 
surface, the other involving a similar system 
that produces additional breakup with a fine 
plastic screen. 

The present cycle consists of 
1. Thermal soak. 
2. Solvent degrease. 



3. Etch. 
4. Water rinse. - 
5. Vapor dry. 
Our efforts so far have been concerned 

unformity and with understanding the 
cycle rather than with reflectivities. HOW- 

ever, we have achieved reflectivities on the 
order of 0.1 % at 1.06 pm. 

The two interferograms in Fig. 2-81 are of 
an ARG-2 phase-separated glass disk (15 cm 
diam) etched early in the program and 
demonstrate the need to develop a uniform 
leaching process. Considerable progress in 
understanding removal rates has been made 
since this work was done by using 5-cm-diam 
samples. 

The phase-separated ARG-2 material may 
also be used uncoated, as might ordinary 
glass. The general damage characteristics of 
the material are apparently about the same 
as those for similar nonphase-separated 
glass. Recent damage tests at 1064 nm for 
1 ns on bare unleached surfaces of ARG-2 
yielded about 16 J/cm2, comparable to BK-7 
glass. Using the ARG-2 Nova input spatial- 
filter lenses without leaching remains an 
optlon. depending an Lhe ultimate results of 
laaching dr;vt;lupu~s;r!l a d  the fluel~ce 
requ~~ernenls. 

As a possible alternative to the phase 
separated glass, Schott Optical has done 

considerable work on extending previously 
known techniques for leaching nonphase- 
separated borosilicate crown glasses to 
produce the antireflection effect. Our tests 
on small samples have yielded damage 
results very similar to those obtained with 
the leached phase-separated material. The 
antireflection effect is not broadband, 
however, but must be adjusted for minimum 
reflectivity at a single wavelength. 

A promising application for the leaching 
of nonphase-separated glass is on the output 

Fig. 2-80. SEM 
photomicrograph of 
leached ARC-2 surface 
(courtesy of Inter- 
national Scientific 
Instruments, Inc., Santa 
Clara, Calif.). 

I Fig. 2-81. lnterferogram 
(A = 633 nm) of 15-cm 
phase-separated glass 
disk of ARC3 (a) before - and- (b) af? acid leaching 



spatial-filter lenses currently being manu- 3 1.5-cm-stage FR-5 Faraday rotator glass 
factured from BK-7 glass. If the process for Nova. These large disks are 70% terbium 
proves effective, it could allow the laser to oxide by weight and represent a substantial 
operate at higher fluences than would be achievement in glass formulation and 

Table 2-24. Specific permitted by the standard antireflection melting. About 33 cm in diameter by 2 cm 
characteristics of coatings currently in the baseline design. thick (1.7 liters), they have a very tight 
precision lapping 
machines. Hoya Corporation is manufacturing the specification for homogeneity (< f 2 

X striae (none), inclusions (60.04 
cm2/ 100 cm3) and stress birefringence 
(<4 nm/cm). Five disks demonstrating 
conformance with these specifications were 
delivered in 1980. 

Flat-Optics Facilities and Production. 
During 1980 Eastman-Kodak Co. and Zygo 
Corp., the tlwo principal flat-optics finishers 
for Nova, each constructed large, precision 
flat-lapping machines for use in their 
facilities. These unique machines, designed, 
built, and installed specifically for the Nova 
project, will be operational in early 1981. 
The basic technology for the machines is 
similar, but they differ considerably in detail 
h ~ r a l ~ r e  nf the  t e r h n i r ~ l  preferpn~e of the  

manufacturers, who have each designed the 
machine they believe will give the best 

Fig. 2-82. Precision flat 
lapping machine (4  m) 
being constructed at 
Eastman Kodalc Co,, 
Rochester, N.Y. Granite 
table weighs 27 000 kg - 3  



has been described previously in the liter- long-focal-length, high-f/number spatial- 
a t ~ r e . ~ ~ ? ~ ~  Fundamental requirements filter lenses that use thin blanks and require 
included: a lapping table at least three times little or no aspherizing and (2) short-focal- 
the major dimension of the part to be length "fastw-focus and diagnostics lenses 
polished; a table stiff enough to support a that require significant aspherics. 
pitch lap accurately to a fraction of a Each Nova chain has a series of 14 spatial- 
wavelength; a conditioning flat for filter lenses, to be mounted in seven spatial- 
continuous adjustment of the pitch surface filter assemblies, with optical characteristics 
contour; and close thermal control of the as indicated in Table 2-25. Starting with 
pitch and the surrounding environment. the third assembly, the input lenses are 

The Kodak machine shown in Fig. 2-82 meniscus-shaped so that the first back- 
makes extensive use of computer-controlled reflected ghost is nearly collimated. All other 
systems, including local air and slurry lenses are shaped for optimum coma 
temperature controls within f 0.025"F, and currectiorl. 
work-station rotation controls to maintain The Nova spatial-filter assemblies have 
constant work rate. The number of stations been designed to minimize the number arld 
can be adjusted up to six, depending on intensity of potentially damaging ghost foci, 
the size of the parts to be finished. which are produced by single or  multiple- 

The Zygo machine (Fig. 2-83) has a data surface reflections in the spatial-filter lenses 
logger that  mnnitors ahout 60 parameters, (Fig. 2-84). The Shiva design minimized this Table 2-25. Optical 

such as temperature, pressure, and lap shape. characteristics of spatial- 

Many of the monitored parameters can filter assemblies. 

be controlled automatically. 
Each company is also constructing an 

80-cm-aperture Fizeau interferometer that 

instruments will be close, to the machines and 
in a similar thermal environment. 

.Lens Design, Facilities, and Production. 
The lenses for Nova fall into two categories, 

Fig. 2-83. Zygo Corp. 
3.7-m, precision flat 
lapping machine, 
Middlefield, Conn. 
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problem by requihng the use of AR multi- 
layer optical coatings with reflectivities of 
less than 0.1% per surface. However, Nova 
will operate with fluence densities at the 
input spatial-filter lenses that will exceed the 
damage threshold of these AR coatings by 
50% or more. 

Currently, there are two approaches to 
obtaining input lenses with high damage 
thresholds. The lenses can be uncoated, in 

Fig. 284. Illustration of which case they will have surface reflec- 
sources of "ghost" tivities of 4% per surface. The second 
images in spatial- approach is leaching, which will produce 
filter assemblies. 

3i11~1e 
reflection 

Concentric 
input lens 

Aplanatic 
output lens 

reflectivities in the range of 0.2 to 0.5% per 
surface. 

Since either approach would increase the 
risk of ghost-focus damage, the Nova 
optical-train design incorporates two com- 
plementary design features. First, the region 
around the pinhole manipulator will be 
baffled so no light can travel backward or 
forward through the spatial filter unless it 
passes through the pinhole. This will prevent 
ghost images from being relayed through the 
laser chain. (The pinhole manipulators in 
Shiva effectively provide this blocking 
filnction at the smaller filters; however, the 
31- and 16-crn Nova filters would be poorly 
baffled by the manipulator alone.) Second, 
the optical design of the spatial-filter input 
lenses has been changed to a shape or 
"bending" tha t  will move the worst ghost 
focus to a safe location. The single-reflection 
ghost from the second surface of the input 
lenses will be slightly divergent so that 
this ghost will focus slightly upstream from 
the previous spatial-filter pinhole and, 
therefore, be blocked. 

t 
Fig. 2-85. Part of 
Pcrlrin Elmer Corp. 
facility, Wilton, Conn., 
being used for 
manufacturing Nova 
spatial-filter lenses. 

Note: machines in foreground wilt be used for aspherizing after spherical surfaces have been completed on machines 
in background, 



Table 2-25 provides the aperture, magni- handle the production coating of Nova 
fication, and length of the Nova spatial-filter optics. These chambers were to include 
assemblies. A stainless-steel vacuum vessel. 

Perkin-Elmer Corp., Norwalk, Conn., is Vacuum pumps, plumbing, valves, and 
manufacturing all the 9.17- through 46-cm- gauges. 
aperture spatial-filler lenses. During 1980 Rotatioli ey uip~ricril for rriulliple 
they progressed well into the fabrication of substrates. 
the output lenses and the tooling for the Substrate heaters. 
input lenses. To accomplish their task, they Electron beam and resistance-heated Fig. 2-86. Nova spatial- 
have set up a special integrated manu- vapor sources. filter output lens (46 em) 
facturing and test facility, part of which is A thin-film monitoring system. blocked for polishing at 

shown in Fig. 2-85. Figure 2-86 shows a fine- Perkin-Elmer Corp. 

ground 46-cm output lens being blocked on a 
polishing machine. 

Tinsley Laboratories, Inc., Berkeley, 
Calif., is manufacturing the 74-cm-aperture 
spa~ial-l'iller le~~ses.  Several are itr the 
manufacturing cycle, and the first is nearing 
completion. Figure 2-87 shows the testing 
a 74-cm-aperture lens at Tinsley. 

Focus and diagnostics lenses are "steep 
aspherics and require special facilities for i fabrication. Tinsley Laboratories is 
manufacturino the focus lenses. for which - 
the  aspheric surface has a devlatlon of about 
0.3 mm from the b e ~ t  fit sphere. Manu 
facturing of these lenses was temporarily put 
on hold in 1981 pending a final design 
decision on the exact focal length and 
n~aleriul, bul Tinsley has continucd on 
schedule with the design and fabrication of a 
proprietary (Tinsley funded) six-degrees-of- 
freedom, computerized aspheric figuring 
machine. The six "axes" are x, y, z, lap 
position, lap stroke, and part rotation speed. 
Figure 2-88 shows this machine dtiring 
currslruclion. When used in  conjunction with 
Tinsley's high-accuracy, surfslce-contour- 
measuring equipment,42 this machine will 
perform an iterative computer-controlled 
convergence to the desired aspheric shape. 

hastman-Kodak Co. has the contract for 
the manilfactlire nf the 80-rm-rliam, f/2, 
ainglc-clcmcnt din.pmstic, Ir,iis~,s, wlliil? IIAVT, 
nsphcr~c surtaccs with about I .  1-rnm 
deviation from the best-fit sphere. They 
tooled for the production of these lenses 
during 1980 and will begin manufacture 
earlv in 1981. Their tnnlinp nlso incliirles a . * " 
propr.ielary (Kodak-funded) precision 

Fig. 2-87. Nova f /2 
aspheric generator. spatial-filter output lens 

Coating Facilities and Technology. During (74 cm apertureJ80 cm 
late 1979 and early 1980, respectively, overall diam) being 

Optical Coating Laboratory, Inc. (OCLI) issyerted at Tilr>lry 

and Spectra Physics were funded to Laboratories, Berkeley, 
Calif. 

construct large optical coating chambers to 
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Fig. 2-88. Six-axis, A 
computer-controlled 
optical figuring machine 
(80 cm capacity) in 
construction at Tinsley 
Laboratories. 

Fig. 2-89. Shell and 
doors of 3-m Nova 
coating tank being 
readied for assembly by 
OCLI. v 

section between halves. One half is used as 
the door (b'lg. 2-91) I he separation bf the 
two halves of the chamber shell during 

OCLI has completed construction and 
rhrck-niit nf chnmhnr In18 (their design- 
ation for the LLNL unit) and will conclude 
the final qualification tests in the first 
quarter of 1981. To date, the chamber has 
met or exceeded its design goals. It is similar 
to an existing but somewhat smaller unil 
(100 in. diam) used for the coating of Space 
Shuttle windows and, more recently, for 
Shiva polarizers and mirrors. 

The new chamber (1018) is a domed 
vertical cylinder of 3 m (120 in.) dialxi with 
two oppnsing doors positioned at 2.75-m 
(1 10-in.) chords. One door opens into a clean 
room and the other into a maintenance area 
to minimize contamination of clean staging 
areas during system maintenance. 

Figure 2-89 shows Lhe shell arid doors of 
the 3 m-cliarn Nuvs coaling Lallk Ireil~g 
readied for assembly by OCLI. The 
assembled chamber, complete with internal 
fixturing, is shown during check out in Fig. 
2-90. The figure also shows radiant quartz 
heaters being tested in the chamber base. 
The aluminum foil lining the walls is for ease 
c-~t r l m n ~ n g  I1niir SII hstratr, pasitinns plus thc 
prupeller vapu~-c l i s l~ i lu l iu~~ n~ahk drr visible 
in the upper portion of thc chamber. 

In addition Lo this cha~ritlrr ~ ~ n r t r ~ i r t i n ~ i ,  

OCLI is engaged in two studies that will 
also be completed near the end of the first 
quarter of 1981. The first study is a detailed 
review of deposition parameters affecting 
polarizer productiod yield; the second is an 
upgrade of the ~ u r o n ~  cleaning procedure to 
accommodate massive optics of up to 109 cm 
diam. 

Spectra Physics chamber A2 (their 
designation for the LLNL chamber) is 
sc:hcdlilerl for operation in thc: third quarter 
of 1981. Different in design from the 1018, 
chamber A2 is a domed vertical cylinder of 
2.4 m (96 in.) diam that is split on the 
diameter, with an added 46-cm (18-in.) flat 

I 
fabrication can be seen In b ~ g .  I-YL. 

Spectra Physics suggested that cryopurnps 
be used lo oblaitl c l ~ a l ~ ~ b e l  vaLuulll ill 
error1 lo Tt~rther reduce chamber cuula l~~-  
illaliuu, alld LLNL t'undcd a study to 
investigate their usefulness. A total of 32 
witness pieces wen: cuatcd with AR and 
high-reflection films, using a standard 
diffusiol~ pu~up,  a diffusion pump plus a 
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Meissner trap (liquid-nitrogen trap), and a decision to used cryopumps, as shown in 
cryopump. Figs. 2-93 and 2-94. 

Subsequent damage testing of the witness In interpreting these figures, the following 
pieces on the LLNL comparative damage explanation applies. A test sample measured 
tester (CDT) at 1.064 pm, 1 ns supported the on the CDT will damage below, between, or 

Fig. 2-92. Shell of 2.4-m 
- Nova coating chamber 

Note: internal fixturing being Installed. being fabricated for 
4 Fig. 2-91. Sketch of 2.4-m Nova coat- Spectra Physics by 

ing tank designed by Spectra March Metalfab, Inc., 
Physics, Mountain View, Calif. Hayward, Calif. 



above the two reference standards. For 
example, part No. 22 of Fig. 2-93 represents 
damage occurring between 5.6 and 6.9 
J/cm 2. The arrowheads point to these 
reference standard values. The dot represents 
the subjective feeling of the operator about 
the real location of the damage threshold. 
Another condition is shown in Fig. 2-94, 
where part No. 19 has a threshold value 
below 2.1 ~ / c m ~ ,  the lower of the references 

Fig. 293. Damage used in this measurement. Finally, absolute 
threshold of high- threshold measurements are reported as a 
reflection coatings vs data point with an error bar, as for part 
vacuum-pumping NO. 34. 
conditions. 

Fig. 294. Damage threshold 
of antireflection coatings vs 
vacuum-pumping conditions. 

In September 1980, Spectra Physics 
submitted a final report with the following 
conclusion: "Replacing a diffusion pump 
with a cryopump eliminates substrate and 
film contamination due to diffusion-pump 
oil, and significantly lowers the residual gas 
load due to hydrocarbon impurities. Spectra 
Physics will use cryopumps on the 96 in. 
coater." 43 

Optical Test Instrumentation. Zygo Corp. 
is manufacturing an 80-cm-aperture 
interferometer to be used principally for 
optical subassembly testing for such 74-cm- 
stage Nova optical components as the turn 
mirrors, windows, focus lenses, elc. Tlle 
systcm will havc an accuracy of A/10  at 
633 nm and XI17 at 1064 nm in the empty 
optical cavity. However, the accuracy of the 
test results may be improved by a factor of 2 
by using calibration grids and a comput- 
erized data-reduction system.44 Included as 
part of the interferometer is a vibration- 
isolation air-suspension system. 

As indicated previously, the interfer- 
UIIILLLI is bcii~g built to operntc at wnvc 
Icngths of both 633 und 1064 nrn. I1 has bee11 
designed so that, with minimum modifi- 
ration, it mny he extended to operate at both 
530 and 350 rirrl .  O p e ~ a l i v ~ ~  a1 530 11111 
requires the addition of a laser and some 
small optical and mechanical components. 
For 350 nm, the Zerodur transmission flat 
will also have to be changed. A schematic of 
the system is shown in Fig. 2-95. 

In 1980 Zygo completed the optical and 
mechanical design for the instrument and 
ordered all long-lead ilerns. The glass blanks 
for the trarismiasinn flat, thc rcfcrcnce flat, 
and the cullin~aling 1~11s have Lee11 ~ c ~ ~ i v ~ d  
by Zygo and are currently being grounrl 
and polishcd in thc Zygo optical shop. The 
mechanical cclls for thcse components are 
heir~g lltar luraclured under subcontract and 
will ha delivered to Zygo early in 1981. A 
modular approach to the design has per- 
mitted the use of many standard Zygo 
cun~pvnellLs f u ~  Ll~e s~naller parts, which arc 
available "off the shelf." A Zygo Zapp 
automatic interferogram reduction system 
13 also ~ncludod. Dolivery is expected by 
July 1981. 

A 46-cm-aperture Fizeau interferometer 
has also been purchased from Zygo Corp. 
and will be used in the clean room to test 
laser amplifier assemblies. A very simple 
method has been found to modify this 



instrument so it can also be used as a 
polariscope. 

In 1980 we fabricated and put into use an 
oil-immersion assembly for homogeneity 
testing of large optical blanks prior to 
prccision finishing. This is especially 
important during the development and 
prototype stages when new materials are 
being developed. The oil-immersion 
assembly has a clear aperture of 68 cm, 
which is large enough to test the largest 
Nova laser disks. 

Incorporated in the system is a unique 
pilmping system for the index-matching oil 
so that the oil layer can be very thin and the 
windows can be atmospherically supported 
during the test. The assembly is composed 
of a closed housing that has both a fixed 
and a movable window of precision-polished 
BK-7. The blank is suspended within the 
housing and is immersed in oil; as oil is 
pumped out of the housing, atmospheric 
pressure brings the windows and the blank 
together. Then excess oil is removed, leaving 
the windows and the blank separated by 
surface-tension-supported thin films. After 
use, thc windows can be easily separated 
when the housing is refilled with oil. 

A variety of index-matching oil is avail- 
able, depending on the index of the glass 

to be tested. The test most frequently per- 
formed with the device is interferometry. 
However, it can also be used for striae, 

Fig. 2-95. Schematic of 
inclusions, and stress birefringence with the 80-cm-aperture Nova . . 

optic under test having ground surfaces. interferometer being 
Figure 2-96 shows an ins~ection of a manufactured by Zygo - - - 
polished fluorophosphateAlaser glass disk Corp.3 ~ iddlekeld .  

Conn. 

Collimating lens 

Folding mirror \ 

Transmission flat 

Reference flat 7 ,- Concave mirror A \ Test area 

Decollimating lens ,- ---- 

Note: an additional laser and auxiliary optics may be added for 532- 
wavelength interferometry. 

and 355-nm 

Fig. 2-96. Partially 
filled 6km-aperture, 
LLNL uil-immersion I assemMy with 
fluorophosphate laser 
diqk - 
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Fig. 2-97. Schematic of 
urerall (I  ass~vittai~cc and 
reflectance photometer 
(OTR). 

in the assembly, with the oil only partially 
filling the cavity. 

Nova optics require that dielectric 
coatings be used to control the reflectance 
and transmittance of the optical surfaces. To 
assure coating quality, coatings will be 
scanned with an instrument called the 
OTR (overall transmittance and reflectance 
photometer). Figure 2-97 shows the sche- 
matic layout of the system. 

Two identical units are being manufac- 
tured, one for use at OCLI during Nova 
production and one for general use on Nova 
at LLNL's discretion. The instrument design 
and manufacture is a joint effort between 
OCLI and LLNL, with OCLI being respon- 
siblc primarily for the opto-mechanical 

structure and LLNL for the detector and 
electronics. 

The OTR photometer, shown 
isometrically in Fig. 2-98, consists of 

A computer-driven x-y scanner for 
109-cm optics. 
A 1064-nm optical head. 
Provision for a 528- to 35 1-nm optical 
head. 
A digital electronics system. 
The electronics (Fig. 2-99) consist 

primarily of digital systems (i.e., LSI-11 
computer, hardcopy unit, video display, 
floppy disks, detectors, and amplifiers). 

The x-y scanner is 2.7 m wide, 2.7 m high, 
and 4.5 m long. The scanner can hold optics 
weighing up to 1200 1b. Plano-plano. optics 

Reflected-flux 
- - 

1.06-pm 
Nd:YAG laser Lens Incident-flux 

Transmitted-flux 
detector 

test 

He-Ne 
alignment 

laser 
(normally off) 

Fig. 2-98. Isometric of 
Nova OTR photometel 
being manufactured by 
OCLI. 



will be scanned continuously as reflectance 
and transmittance data are taken "on the 
fly." The system is also capable of 
performing "point-by-point" measurements 
on steeply curved surfaces (such as the 
surface of fast lerlses). 

The optical head contains both a 1064-nm 
Nd:YAG laser and a helium-neon alignment 
laser that is combined with the primary 
beam in such a way that both beams are 
collinear. The primary laser beam is spatially 
filtered and polarized either S, P, or 45" with 
a Glan Thompson prism. The optical head is 
mounted on a largc horizontal protractor 
that is used to set the angle of incidence in 
thc range 0 to 65" in a horizontal plane. 

A mechanical wheel chops the laser output 
so the ambient light level can be determined 
and subtracted out (thus the instrument can 
be used in a lighted rnnm as lnng as the 
ambient light is relatively constant). Because 
the amplitude of the laser varies over time, a 
beam splitter extracts a portion of the beam 
for reference. The transmittance of the 
optic under test is determined by the ratio 
of the transmitted signal divided by the 
reference signal after the ambient level is 
subtracted from each signal. Reflectance 
is determined in a similar manner by mea- 
suring the reflected signal instead of the 
transmitted signal. 

The instru~nent achieves its high accuracy 
and repeatability by using a minimum of 
i:art.fully de~igned analog circuits, digiLi~i11~ 
Ll~e sigr~als as som poss~ble, and using the 
high arithmetic precision of the system's I SI 
1 1/23 computer. The computer subtracts the 
ambient levels, finds the transmittance ratio, 
normalizes and averages data, and docs 
other signal-processing functions. 

The computer prompts an operator 
through the setup and measurement cycle. It 
controls data acquisition by programming 
the x-y-scan motor controllers and the 
sample control module. The sample control 
module is also synchronized with the 
chopper and the X-axis motor controller and 
is programmed to take data each specified 
number of millimetres on the test optic. The 
computer also checks for out-of-tolerance 
data, presents the data in tabular and 
graphical formats, and archives the data 
onto a floppy disk for later comparison or 
aualysis. 

We chosc photoconductive silicon 
photodiodes (EG&G YAG 100) as the 

Nova 

detectors because of their high linearity and 
their high sensitivity at 1064 ani. The 
temperature of the photodiodes is very 
carefully controlled, and the units are 
specially packaged-each with a small 
thermoelectric cooler and a thermistor in a 
TO-8-sized can (0.6 in. diam). A special 
diffuser lens in front of each detector 
eliminates photodiode spatial nonlinearities. 

We developed a damage-site camera to 
record the onset of bulk laser damage in 
materials. The camera images and magnifies 
the damage track, using forward-scattered 
laser light. Using this camera, we can detect 
the presence of very small (< 10 pm) damage 
sites with densities as low as 10/cm3. 

Bulk damage sitcs in glass and KDP 
crystals are thought to arise, respectively, 
from metallic particles from the glass- 
melting procoss and fro111 ~~~isu~ienLad 
crystals in the crystal lattice that have 
probably nucleated on impurities. Discrete 
damage sites result when energy fluences in 
the range 2 to 20 ~ / c m *  (1 ns at 1064 nm) 
pass through test samples. When an intense 
visible laser beam, such as a 5-mW 
helium-neon (He-Ne) laser (632.8 nm), is 
transmitted along the same light path, the 
forward-scattered light from these discrete 

Fig. 2-99. Simplified 
damage sites makes the sites visible to a electronics block 
trained unaided eye and, especially, to an diagram of Nova OTR 

~hotometer. 

with S 

Hard-copy 
unit 

Sample I control 

I X-axis motor/ 
:ontroller/encodsr I 

Computer 
LSI 1 1 I23 
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Fig. 2-100. Optical 
layout of damage-site 
camera. 

- \ / ~ i l m  holder 
'%, ' 

Note: oblique 
angle imaging is I 
to allow full track 
to be seen 
utilizing forward 
scattering 
illumination 

(displaced during 
1.064-/Am exposure) 

Coaxial Nd:YAG and 
He-Ne laser beams 

optically aided eye. If the forward-scattered 
light from these sites is imaged, the ensemble 
of damage sites can be viewed or recorded 
on film. 

In Fig. 2- 100 we show the optical layout of 
the damage-site camera, which is being used 
to record bulk damage sites in a 46-mm-thick 
amplifier disk. The He-Ne laser is placed 
on one side of the amplifier disk and co- 
aligned with the Nd:YAG laser beam (which 
travels in the same direction as the He-Ne 
laser beam). On the opposite side of the 
optics, facing the two laser sources, is the 
damage-site camera. The camera consists of 
a prism, a 632.8-nm band-pass filter (used 
only if room lights are a problem), a camera 
Icns, and a film holder. These parts are 
housed in a light-tight camera housing. The 
30-60-90" prism is adjacent to the test optic 
and prism. This prism is removed during the 
firing of the 1064-nm pulsed laser. 

The optical axis of the optical system is 
tilted away (30") from the axis of the 
illuminating He-Ne laser beam to exclude 
the laser beam from the entrance aperture of 
the system and to enable one to view the 
entire extent of a bulk damage track through 
the optic under test. The column of damage 
sites, which is more or less normal to the 
flat faces of the optic, must be imaged onto 
the film plane such that all damage sites are 
in good focus at one time. 

This imaging is done according to the 
Scheimpflug c u n d i t i ~ n , ' ' ~ ' ~  in which the 
image plane intersects the line formed by the 
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Fig. 2-107.. Damage 
track in fluorophosphatc 

Before damage 25 s f/8 
3000 ASA 

After 24.7 to 30.3 Jlcm 2 

After 24.7 to 30.3 ~1ct -n~  
(second shot) 

After 24.7 to 30.3 Jlcm 2 

(third shot) 

After 33.4 to 40.8 ~ l c r n ~  
Damaae site No. 2 

-- - 

object platle and lens principal plane. 
Meeting this condition produces a sharp 
focus between the column of damage sites 
and the fill11 plane in the damage-site 
camera. The magnification of the camera is 
approximately 2X. 

Figure 2- 101 shows the camera being used 
to reoord thc damagc LLSL lcsulls 011 a 
3 15-mm, fluorophosphate-glass lascr disk. 

Figure 2-102 is a picture, taken with 
the camera, of a severe damage track in 
fluornl~hosphate glass. This traok kvns 
generated by 13 ~ / c m ~  of 1064-nm, 1 -ns laser 
light, and the damaging laser beam was 
1 mm in diameter. The large bright spots a t  

phosphate glass, showing 
increasing damage 
volumes with multiple 
shots. 

glass. produced hy 
IO~.Claa-w;fivelen~h 
15 ~ / c m l ,  1-ns laser 
pulse. 

Fig. 2-104. Fluoro- 
Damage site No. 3 phosphate glass, showing 

Exit 1 Fcrnc@ diffcrcncc between1 
discrete damage sites and 
colf focusing trhcka. 

Before damage fl8 2s 
3000 ASA 

After 33.4 to 40.8 Jlcm 2 

Site No. 4 

Showing self-focusiny tracks 

the ends of the track result from surface 
scattering of the He-Ne beam. 

We illustrate the growth of damage sites 
with multiple shots in Fig. 2-103. Thc 
increased scattering intensity as more shots 
are taken indicates larger damaged volumes. 
Some of the sites in the final frame in Fig. 
2- 102 are 0.5 to 1 mm in diameter. When the 
laser fluence is even higher, self-focusing 
tracks appear, as seen in Fig. 2-104. 

A discussion of laser damage in fluoro- 
phosphate can be found in "Fluoro- 
phosphate Laser Development." For 
information on laser damage in KDP 
crystals see "Sulk Damage in KDP." 

Authors: E. P. Wallerstcin, S .  E. Stokowski, 
G .  R. Wirtenson, and N. L. Thomas 

Major Contributors: T. M. Quick, J .  Bob 
Brown, N. J. Brown, L. G .  Seppala, and J. B. 
Willis 



Fig. 2- 105. Phase- 
matching cuts in 
potassium dihydrogen 
phosphate (KDP) 
crystals. 

Frequency Conversion 

In anticipation of a formal DOE decision to 
implement a frequency-conversion sub- 
system for Nova, we have performed most of 
the necessary conceptual design and 
optimization work. This work includes the 
design of 

A KDP crystal array for large-aperture 
beams. 
A baseline layout and geometry for the 
crystal array. 
A "tandem" crystal approach for the 
generation of either 2 or 3w light, with high 
efficiency and great flexibility. 
The results of this design work are 

described in the following sections. 
KDP Crystal Arrays. In spite of a limited 

single crystal size, an array of small-aperture 
crystals can achieve harmonic generation 
over a large aperture (74 cm diam). We have 
employed this concept in the Nova design, 
using the Type I1 phase-matching cut in 
potassium dihydrogen phosphate (KDP), as 
illustrated in Fig. 2-105. In addition to 
providing multiwavelength flexibility, the 
Type I1 cut gives a higher conversion 
efficiency for the same beam intensity and 
crystal length, has a wider acceptance angle, 

and yields larger crystals than the Type I cut. 
While these might seem to be subtle 
advantages at first, they become significant 
when we consider the massive amount of 
KDP that will be required. The full Nova 
(20 beam) frequency-conversion system 
requires 40 identical crystal arrays, 
containing a total of about 300 crystal plates, 
each 27 X 27 X 1.2 cm in size. When we t 

began to seriously consider a frequency- * 
conversion subsystem for Nova, the volume 
of single-crystal KDP needed for 2 and 3w 
exceeded the production capability of the US 
by approximately a factor of 5. In addition, 
the largest Type I1 KDP crystals then 
available were approximately a factor of 2 
smaller in aperture than what we needed. 
However, the crystal growers have made 
rapid progress toward our goals. Their 
crystals are currcntly within a factor of 2 of 
our volumetric requirement and within more 
than 90% of our clear-aperture requirement. 
We feel confident that the necessary large- 
aperture crystals will be available in time to 
meet the Nova activation schedule. 

At present, the optical-damage threshold 
of production KDP is marginally acceptable 
for Nova. We are working closely with the 
vendors to identify the contaminants that 
find their way into this material. The vendors 

/ Type I 



are also implementing some of our LLNL 
clean-room techniques in their KDP pro- 
duction. A detailed description of this work 
is given in "Bulk Damage in KDP." 

The effects of 14-MeV neutrons on KDP 
have also been investigated. It appears that 
the KDP crystal arrays will easily withstand 
the intense neutron fluence in the vicinity 
of the Nova target chamber. This work is 
summarized in "Radiological Analysis." 

We are currently analyzing the problem of 
accurately supporting the KDP crystal 
segments in a large-aperture array. The 
74-cm-diam aperture, combined with the 
projected single crystal size limit of 27 X 
27 cm, has driven us to abandon the 2 X 2 
element edge-accessible concept in favor of 
the 3 X 3 element crystal-array design, 
shown in Fig. 2- 106. Individually adjustable 
crystals in this latter design would signifi- 
cantly lncrease the complexity of these 
arrays. Therefore, we are developing a 
precision crystal-machining technique for 
constructing a monolithic assembly, as 
discusscd in "Precisiotl Orientation 
Apparatus." In this design, the crystal 

segments are supported between 
antireflection-coated windows. A n  index- 
matching fluid is used between the KDP and 
window surfaces, as shown in Fig. 2-106, to 
reduce Fresnel losses. The proper fluid has, 
yet to bc chosen, although LWO attractive 
candidates have been identified (see "Index- 
Matching Fluids for Large Apertures"). 
With precisely machined crystals, the whole 
array can be treated as a monolith with the 
necessary tuning adjustments. 

Baseline. Our objective in this design is to 
convert the infrared (1.053 pm) light to 
visible (0.527 pm) or ultraviolet (0.35 1 prn) 
light, a t  some point after the last disk 
amplifier, in each of the 20 Nova amplifier 
chains. Four key issues are to be addressed 
for implementing this harmonic generation 
concept on Nova: 

Multiwavelength target-irradiatinn 
flexibility. 
Beam propagation without optical 
damage. 
Laser/crystal/target alignment and 
diagnostics, at the harmonic wavelengths. 
Crystal-array simplicity. 

Fig. 2-106. Proposed 
Nova Iarge-aperture 
KDP crystal arrays. 



Fig. 2-107. KDP 
crystal-array location 
options. 

These issues form constraints for 
optimizing system performance. 

Our task is to choose both a location and a 
crystal-array design that maximizes on- 
target performance per dollar, a t  the 
harmonic wavelength, while meeting our 
target-irradiation requirements and the 
above constraints. 

The five possible locations for the crystal 
arrays in the Nova amplifier chain are shown 
in Fig. 2-107. The number of optical 
elements that must transmit, reflect, or focus 
more than one wavelength increases as the 
crystals are moved back toward the laser 

Turning 
mirrors 

1 

Crystal 
array 

Achromatic 
doublet 

-- 

chain (away from the target focusing lens). 
Designing and constructing large-aperture 
optics to operate at more than one 
wavelength (or to be replaced when changing 
wavelengths) is extremely expensive and, 
therefore, unattractive. As a consequence, 
we must minimize the number of compo- 
nents that need to be changed and require 
that all optical elements operate with full 
performance at only one wavelength. Option 
(a), in Fig. 2-107, comes closest to  meeting 
these requirements. In this option, the focus 
lens must operate at all three wavelengths, 
and it is the most difficult configuration to 
diagnose. However, we have identified two 
attractive focusing systems that require only 
a single wavelength-dependent component 
(beam dump) and can facilitate the incident 
harmonic-energy diagnostic. Their major 
dlawl;rck is that tho target equi~ral?nt.plani? 
photograph might be compromised. The 
bascline design for the Nova frequency- 
conversion system is illustrated in Fig. 2-108. 

After passing through the last spatial 
filter, the infrared beam (lw) is imaged onto 
the focus lens by a system of mirrors having 
a high reflectance at lw. These mirrors are 
also used to  transport a diagnostic reflection 
(at the 2 and 3w harmonic wavelengths) back 
to the modular alignment/diagnostic sensor, 
located behind the first turning mirror. The 
reflected beam intcnsity (less than 4% of the 
harmonic intensity), while overly energetic 
for diagnostic purposes, 1s well below the 
mirror-damage threshold. Although lhis 
places an additional reflectivity requirement 
on the mirror coatings, high damage 
resistance and high reflectivity are not 
required. The details of this design are 
discussed in "Expansion of Output 
Alignment/Diagnostics Subsystems for 
Multiwavelength Operation." 

The optical elements in the two focusing 
systems being analyzed are shown in Fig. 
2-109. Both rcly on phase-separated or 
leached, broad-band antireflection surfaces 
on substrates with high transmittance a t  all 
three wavelengths (such as BK-10, fused 
silica, or fluorophosphate glasses). The 
combination of short wavelength and spatial 
modulation from the gap between Lhe crystal 
segmcnts places a severe limit on the amount 
of glass used a t  this location. As a guide- 
line, we have chosen an upper bound of 
AB d 3 rad to limil lhe growth of small-scale 
modulation (damage threat) and defocusing 
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Fig. 2-108. Nova 
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,f/3.5 singlet (Baseline) . 
1. Crystal array No. 1 ( 2 0 )  

2. Crystal array No. 2 ( 2 0 . 3 0 )  

3. Beam dump (removable) 
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5. Focus lens, fl3.5 
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4. f/5 lens 

5. f / l  1 aplanatic element/vacuu 
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frequency-conversion 
baseline optical path. 

Fig. 2-109. Nova 
frequency-conversion 
optics, including 
frequency-conversion 
crystal arrays. 



Fig. 2-1 10. Tandem 
second-harmonic 
generation (SHG) and 
cascade third-harmonic 
generation (THC), using 
'I'ype I 1  KDP crystals. 

in the target plane. A detailed analysis of the 
propagation is under way. 

Tandem Crystal Arrays. We have 
developed a system that, by employing two 
identical crystal arrays, can produce the 
second and third harmonics over a wide 
range of input intensities. Conventional 
approaches to this problem would require 
using three different crystal assemblies, 
significantly increasing the cost and reducing 
the number of interchangeable parts. As 

illustrated in Fig. 2-1 10, two major concepts 
have been brought together in this design: 

The second harmonic is generated by using 
two Type 11, 1.2-cm-thick KDP crystal 
arrays operating in tandem.45 This permits 
operation with effective crystal lengths 
of either 1.2 or 2.4 cm, as shown in Fig. 
2- 1 1 1. In the past, the tandem approach 
has been used on low-power lasers, both 
to increase the effective crystal length 
and to compensate for beam walk off and 

Second-harmonic generation 
(SHG) 

Third-harmonic generation 
(THG) 



m i ~ a l i ~ n m e n t . ~ ~ * ~ '  Efficient conversion 
is achieved over a wide range of input 
intensities. 
Third-harmonic generation is achieved by 
using (as shown in Fig. 2-1 12) the 
Type II/Type I1 polarization-mismatch 
scheme$8 simply by rotating the two 
crystals in a plane perpendicular to the 
beam direction, and tuning the second 
crystal to the mixer phase-matching angle 
(A0 x 4.4 mrad). Efficient conversion is 

mounting hardware requirements and 
shorler~ the propagation distance. 

A detailed propagation and ghost-focus 
analysis is now being prepared. Performance 
is most sensitive to  the component's 
location, damage threshold, and nonlinear 
index. At present, many of these parameters 
can only be estimated. Even so, by using 

Fig. 2-1 12. Graph of 
third-harmnnic 
conversion efficiency vs 
fundamental intensity for 
flat and Gaussian 
temporal input profiles. 

achieved over a somewhat smaller input- 
intensity range than that achieved with 
second-harmonic generation. Our design 
works best at the low-intensity end of the 
pulse-width range-from 2 to 5 ns. 
Each of the array gimbals will pmvirle a 

two-axis tilt for phase-matching alignment 
and rotation about the beam direction, as 
illustrated in Fig. 2-1 13. We must also 
control the relative phase of the Iw and 2w 
waves entering the second array (for tandem 
second-harmonic generation only). This is 
achieved by employing the dispersion of air 
to compensate for the dispersion in the 
windows and the index-matching fluid. This 
relative phase control can also be achieved 
by tilting one or both arrays about the 
insensitive (ordinary) axis, thereby changing 
the optical path through the windows and 
fluid. 
'The complete assembly, as presently 

envisioned, is locaied jusl ups l~ea~u  US Lhr; 
focus-lens drive, as shown in Fig. 2- 1 13. We 
are considering ways to incorporate the 



Fig. 2-1 14. Calculated 
curves for expected No\- 
performance at the 
second and third 
harmonics. 

Nova 

Fig. 2-1 15. Plan, end, 
and elevation views of the 
full Nova system. 

A-A 

u-u - Master oscillator room 



these estimates, we have calculated the 
expected Nova performance at 2 and 3w. The 
results, summarized in Fig. 2-1 14, are for 
both flat temporal/flat spatial and Gaussian 
temporal/flat spatial input profiles. It should 
be noted that the 3w performance is 
significantly influenced by the temporal 
shape, reflecting the narrower input intensity 
range for high conversion efficiency. 

The advantage of driving the crystals with 
a flat temporal profile can be seen clearly in 
Fig. 2-1 14. This advantage is consistent with 
our target pulse-shaping requirements. 

The frequency-conversion system we are 
designing will give Nova the ability to 
operate at the fundamental, second, and 
third harmonics and will combine this ability 
with the flexibility of changing wavelengths 
easily. The technical risks of such a large- 
scale undertaking are being reduced and rhe 
target-performance payoffs are great. With 
the addition of this frequency-conversion 
subsystem, the Nova laser will have the 
capability for high-energy, multiwavelength 
target irradiation by the mid-1980s. 

Author: M. A. Summers 

Major Contributors: E. S. Bliss, E. M.Booth, 
A. Budgor, D. Eimerl, B. C. Johnson, R. G. 
Ozarski, W. L. Smith, S. E. Stokowski, E. P. 
Wallerstein, and W. E. Warren 

Space Frames 

Introduction, Space frames serve as stable 
supports for optical components, as 
discussed in the 1979 Laser Program Annual 
~ e ~ o r t , ~ ~  which describes the state of space 
frame design at that time. Since then, we 
have been making design changes in the 
switchyard and target areas to allow 
convenient conversion to Nova Phase 11. 
This requires that the switchyard and target 
areas be designed for compatibility with a 
system having 10 beams coming from the 
east wing and 10 beams from the wesl wing, 
as shown in Fig. 2-115. 

The switchyard mirror stations can be 
moved to accommodate Phase I irradiation 
(10 bsanls from thc cast lascr only), as shown 
in Figs. 2-116 and 2-1 17, Tn point 10 beams 
at the target, this scheme uses a total of 

Nova 

39 mirrors in the switchyard and target 
room. The mirrors shown at left in Fig. 2-1 16 
are in the switchyard, and those to the right, 
around the target chamber, are in the target 
room. The final leg of each beamline in the Fig. 2-1 16. Mirror 

target room will lie as a ray on the side of a geometry for the 10- 
beam Nova Phase I. 

u 
Fig. 2 1  17. Plan v i ~ w  nf 
111; T4uvrr switcllyrrrd ruld 
target room for the 10- 
beam Nova Phase I. 



cone having a nominal included angle of 
100". There will be two opposing cones with 
their common horizontal axis oriented east 
and west; beamlines will be opposed for 
alignment purposes. 

As shown in Fig. 2-1 18, we are designing 
the laser-bay space frame as two separate 
frames that are independently tied to the 
floor at their midpoints with a seismic 
anchor and allowed to thermally expand 
outward from these points. The frames are 

Fig.t118. structurally designed to have open interiors 
cross-sectional view of 
the laser frame, showing 

for maintenance and utility access. 

the 20.8- and 4&m Figure 2-1 19 is a plan view of the target 
amplifier arrangement. room and switchyard, showing the arrange- 

ment to be used with 20 beams. (The 10- 
beam geometry is shown in the 1979 Laser 
Program Annual ~ e ~ o r t . ~ ~ )  We are 
redesigning these frames so they will be 
compatible with both Phases I and I1 of 
Nova. Figure 2-120 is an elevation view of 
the same area. The location of mirrors on 
the periphery of the 100" cone is also 
shown here. 

Another space frame is located in the 
master oscillator room, in the basement. 
This frame, like the others, is constructed of 
square cross-sectioned beams. It is table 
height and is tied together structurally below 
the raised floor level. A set of table "islands" 
will bland abuve Lhe raised fluur. They will 
support hardware on surfaces that are a 
sandwich construction of plate steel and a 
commercial honeycomb tahle top, which is 
the final working surface. 

Analysis. We evaluated three space frame 
structural designs for Nova during 1980. 
These evaluations involved computer 
analyses based on dynamic loading 
conditions. (The switchyard frame will be 
analyzed in 1981.) 

We performed a modal analysis for each 
design to establish the fundamental and 
higher harmonic frequencies of structural 
vibration and mode shapes. Using the 
analytic modal results for comparison, we 
did evaluations to determine the influence of 
frame-member sizes and locations, as well as 
variations in support and anchor restraint 
conditions, on the lowest mode frequency. 

Once we decided that a frame design was 
satisfactory, as determined by modal 
analysis, we evaluated the response of the 
structure by performing a dynamic analysis. 
Actual ground-vibration data, obtained at 
the Nova site, were used in this analysis. We 
also evaluated the design for the frame- 
structure supports and anchors. This 
evaluation was based on static and dynamic 
loading conditions during normal operation, 
as well as for a specific seismic loading 
condition. 

Laser Frame. The laser-bay structural 
design consists of a frame that is 192 ft long, 
27.5 ft high, and 10 ft widc, with bcam 
members made of 6-in.-square tubing. 

To give the frame longitudinal stability, 
we provided diagonal bracing a t  midheipht 
along the length of both sides. For lateral 
stability, we also provided diagonal bracing 
at the tower structures, which are located at 
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20-ft intervals along the length of the frame. 
Additional in-plane diagonal bracing is 
provided at three levels along the length of 
the frame. 

Support members are used, at 20-ft 
intervals, on both sides of the frame. The 
supports provided at these points allow the 
frame to thermally expand and contract 
lengthwise [Fig. 2-1 21(a)]. 

We used the SAP IV computer mode150 for 
the dynamic analysis of the frame. It 
included 1352 modal points, 2081 beam 
members, and 115 plate members. The 
results of this modal analysis showed the 
three lowest frequencies to be 

6.90 Hz. 
7.02 Hz. 

0 7.26 Hz. 
The lowest frequency, 6.90 Hz, corre- 

sponds to a "sliding" of the frame in a 
direction along its length [Fig. 2- 12 l(b)]. 

The second frequency, 7.02 Hz, corre- 
sponds to a lateral "rocking" of the frame, 
with the largest lateral displacement near the 
middle of the frame. The mode shape is a 
single curve of the frame, from end to end 
[Fig. 2-121(c)]. 

The third frequency, 7.26 Hz, corresponds 
to a lateral "rocking," in opposite directions, 
of the ends of the frame. This mode shape is a 
twist of the frame [Fig. 2-121(d)]. 

Next, we obtained deformations of the 
frar~lt: by using the actual, measurcd forcing 
function data. The frame displacements, as 
related t o  spatial filter locations on the Fig. 2-1 19. Plan view of 
frame, are shown in Fig. 2-122. With a the full 20-beam Nova 
maximum translation of f 3.4 15 pm and a switchyard and target 

room. 

Fig, 2 120. Elcvntion 
view of the Nova 
switchyard and target - . - 
room. 



Fig. 2-121. Computer- 
generated drawing of one 
side of the laser space 
frame, showing its 
motion at various 
frequencies. 

maximum rotation of f 0.972 prad, the sides of the structure. As shown in Fig. 
deformations were within acceptable limits. 2-121(a), the passageway will be located near 

Our analysis of equipment servicing the midlength of the frame. 
requirements indicates that a passageway, Two seismic anchors will be provided on 
going through the frame to connect the three one side of the frame, one a t  each side of the 
aisleways, is needed to allow access to both passageway opening. 

Spacef rame At 690 Hz At 7.02 Hz At 7.26 Hz 
Fig. 2-122. Graph of the 

C" 
peak root-mean-square 2 - 
displacements of spatial a 
fdters on the space 
frame. 

CL 
1 - 

Frame I - r>am m 
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For ease of fabrication, all diagonal 
bracing will be made of 4-in.-square tubing. 

Target Frame. The structural design for 
the target chamber and mirror support 
(target-frame structure) is shown in Fig. 
2-123. It includes a tower to transfer struc- 
tural loads directly from the target chamber 
to the foundation, and a rectangular box 
frame to  support mirrors at various 
locations. The mirror-support structure rests 
on a beam-grid structure that is secured to 
the building's walls for lateral support and 
vertically supported by diagonally braced 
columns. The mirror-support structure is not 
connected directly to the beam-grid 
structure, however, but is supported by 
rollers located between the structures. This 
permits vertical loadings to be transferred to 
the beam-grid structure and allows for 
thermal expansion. 

Normal expansion of the mirror-support 
structure is cur~trolled by securillg it to 
the target-chamber support tower at the 
beam-grid elevation. 

Additional lateral stability for the target 
chamber is provided by a truss system that 
connects the top of this tower to the mirror- 
support structure. 

The SAP IV computer model used for the 
dynamic analysis of the structure included 
546 modal points and 1430 beam members. 
The results of this modal analysis showed 
the three lowest frequencies to be 

3.16 Hz. 
3.99 Hz. 
4.81 Hz. 
The lowest frequency, 3.16 Hz, corre- 

sponds to a lateral displacement of two 
opposing sides in the upper part of the 
mirror-support structure. 

The second frequency, 3.99 Hz, corre- 
sporidb Lu a lateral displa~ealent, in opposite 
directions, of two sides of the mirror-support 
structure. This corresponds to a "twist" of 
the slruclure. 

The third frequency, 4.81 Hz, corresponds 
to a lateral displacement of two opposing 
sides in the upper part of the mirror-support 
structure. These sides are perpendicular to 
the sides displaced at the lowest frequency. 

Using actual, measured forcing function 
data, we found that the deformations were 
within ~cceplahlr, lirtrils, wiih R rnaxirn~rrn 
translation of h pm and a maximum 
rotation of f 0.361 prad. 

Master Oscillator Support. We based the 
structural design for the master-oscillator 
table frame on tubes, with 4- and 6-in.- 
square cross sections, which support the 
table-top plates and equipment loads. 

To accommodate thermal expansion, the 
table is supported by rollers at numerous 
points. The rollers permit motion only along 
the length of the table. An anchor is 
provided near the middle of the table. 

The SAP IV computer model used for the 
dynamic analysis of the frame structure 
included 551 modal points and 978 beam 
members. The results of this modal analysis 
showed the lowest three frequencies to be 

19.4 Hz. 
24.8 Hz. 
30.3 Hz. 
The lowest frequency, 19.4 Hz, corre- 

sponds to a "sliding" motion along the 
length of the table. 

The second frequency, 24.8 IIz, corre- 
sponds to  a lateral "rocking" of the table. 

The third frequency, 30.3 Hz, corresponds 
to an upward "humping" of the frame Fig. 2-123. Computer- 
between supports. generated drawing of  the 

We determined that the deformations were space frame structure for 

within acceptable limits, with a maximum the target chamber and 
mirrors. 
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translation of f 0.239 pm, and a maximum The clean room will be used primarily 
rotation of f 0.147 prad. to clean and assemble all of the opto- 

Authors: C. A. Hurley, D. Miller, mechanical components associated with 

G. Bradley, A. Silverman, and I. Stowers Nova's 5-cm-aperture rods, as well as the 
beta, gamma, and delta disk amplifiers and 
the 20.8-, 30.5, and 46-cm box amplifiers. 
A total of 305 Nova amplifiers will be 
processed in this facility initially; then it 
will be used for continuous operational 

Component-Assembly maintenance. 
Facilities As necessary, we are modifying the clean 

room and are designing new fixtures to 
The 3670-ft2 clean room in Building 39 1 is transport, clean, and assemble the larger 
adjoined by two smaller rooms, each 400 ft2 Nova box amplifiers. 
in area. Figure 2-124 is a plan view of this We have designed carts to readily 
Class 100 or better facility, which has a transport the box amplifiers to the various 
vertical air flow with an air velocity of about cleaning, assembly, and checkout stations. 
30 m/min. The high-efficiency particulate- The large, high-pressure freon spray booth 
air filters mo~~nted overhead are not shown has been designed with an internal rail 
in the figure. At left are two high-pressure system for transferring the box amplifiers 
freon spray booths; the smaller booth is used from the transport carts into the booth. Here 
to clean the rod and disk amplifiers, and the housing and other amplifier components 
the larger booth is used for the box ampli- will be sprayed clean, removing all par- 

-4 fiers. Also identified are the assembly ticulate contamination. In seconds, the 
stations, flashlamp test station, polarizer- liquid freon spray (at 1000 psi) will typically 
interferometer station, transport carts, and remove about 99.9% of particles 5 pm or 
other equipment used in cleaning or larger. The booth protects the operator from 

&g. 2-124. The Class assembling the amplifiers and their the spray and confines the vapor for efficient 
'$00 clean room facility in components. 

I * . A  

recovery and recycling. 
Building 391. 

Skiva laser bay 

AF  - Assembly fixture F - Fixture OC - Optics cart SHA - Shower 

B - Bench FC - File cabinet POLIINT - Polarizer/interferometer unit SSB - Shivs spray booth 
C - Cart FTS - Flashlamp test station R - Rack ST - Still 

CH - Chair NAC - Nova amplifier cart RAA - Rod amplifier assembly T - Tools 
CON - Control unit NASCC - Nova amplifier side S - Sealer (plastic) V - Vacuum 

D Dcsk cover cart 
SAC - Shiva amplitier cart 

DC - Disk Cart NSB - Nova spray booth 
SC - Storage cabinet 
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Two assembly stations for the Nova 
amplifiers will be added to the clean room. 

,These stations, which are specifically 
designed for the large-aperture box 
amplifiers, will be placed at the rear wall. 
The stations are designed to allow all 
components going into the box amplifier, 
such as the flashlamp subassembly and disk- 
holder assembly, to be put together while on 
the transport carts. Before the amplifiers 
leave the clean room for final installation 
onto the space frame, they will be transferred 
to the polarizer-interferometer station where 
they will be checked and any optical 
distortions of the amplifier disks will be 
measured. This station is located in the 
former "W" room, which has been added to 
the Building 39 1 clean-room facility. 

Power Conditioning 

Introduction. During 1980, Nova power- 
conditioning personnel primarily developed 
hardware and tested preproduction 
subsystems in preparation for the purchase 
of large quantities of material. Through 
these activities, we achieved significant cost 
savings and performance improvements. 

Most of this power-conditioning work was 
done in Building 61 1, which serves as an 
electronics laboratory and flashlamp test 
facility. The building layout, showing the 
areas where this work took place, appears in 
Fig. 2- 125. 

We ordered the first mcgavolt-ampere Fig. 2-125. Layout and 
(MVA) Nova power supply. Built during activity diagram for 

Authors: F. Frick, C. Hurley, and C. McKee 19807 it arrived at year's end and will be Building 6 1 1, the power; 

tested during 1981. (We will also order conditioning electronics 
laboratory. 
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followup units in. 1981.) This power supply 
has 15 times the capacity of the Shiva 
supplies but costs only four times as much, 
achieving a useful economy of scale. 

Batches of capacitors were obtained from 
each of three high-density capacitor vendors: 
Aerovox, General Electric, and Maxwell. We 

Fig.2126. tested these units to obtain a statistical 
test capacitor bank. 

Fig. 2-127. Nova power- 
conditioning control- 
panel prototype for the 
1-MJ capacitor bank. 

basis for understanding the construction per- 
formance of the large Nova bank, as well as 
to develop projections for its performance. 
Our tests showed adequate performance and 
qualified vendors. 

Various components and subsystems in 
the capacitor bank itself were improved. 
Resistors for high-power dissipation were 
found with 5 to 10 times the energy- 
absorption capacity of the units previously 
used. We evaluated these new resistors at the 
component level and installed them in the 
1-MJ Nova system test bank, shown in Fig. 
2- 126. For cost-effectiveness and reliability, 
we also made many inlpravernents iw the 
ignitron switch. 

We refined the layout of the Nova cap- 
acitor bank in detail so that its install- 
ation call proceed ~ f f i r i ~ n t l y  and nn 
schedule. A total floor space of 13 300 ft2 is 
needed for the 60-MJ Nova Phase I bank, as 
compared with the 10 000 ft2 uscd for Shiva's 
25-MJ bank. Many cost-saving ideas have 
been incorporated into the construction 
details. 

So lhal I I I ~ I ~ G  1lla11 one quartz vendor 
might qualify for Nova procurements, we 
drew up a new flashlamp specification. To 
assure reliable system performance, we 
Lhoruughly leslcd Ll~usc aspects of the 
flashlamps that were changed from prior 
VCI S ~ ~ I I S ,  WL also tc~tcd t11c flashlan~ps under 
Nova upera~itig concliliul~u. 

We J~l'iaecl 111ucl1 ul lllc hardware for the 
control area and built and tested hardware 
prototypcs. Powcr-conditioning controls 
wale ~ii~erully dcsig11cd to fit inti) t h ~  
hierarchical structure of the central control 
system. The power-conditioning system 
cnmmiinicates with the higher-level VAX 
computer and the operator console via a 
four-port memory. The computer system 
coiltrols all thc pulse-power hardware, 
provides shot timing and synchronization, 
collects and displays system status, and 
collects and archives pertinent data. The 
system is designed to operate, and has been 
tested, in a high-electrical-noise environ- 
ment. The hardware developed during 1980 
includes the Nova fibre-optic bus, control 
pan~ls,  lamp-circuit diagnostics (LCD). and 
the computer-to-power-supply, capacitor- 
bank, and interlock interfaces, as well as the 
optically coupled high-voltage monitors. 
Figure 2-127 is a photograph of the 



prototype power-conditioning control- 
system console for the 1-MJ Nova test bank. 

During much of 1980, we have been 
engaged in detailed design work for the 
oscillator control and pulse-distribution 
system. At the time of this writing, the 
schematics are nearing completion, and 
hardware fabrication and testing of the first 
units are scheduled for 198 1. These activities 
are discussed in detail in the rest of this 
section. 

Author: K. Whitham 

Nova Power Supply. During 1980, by 
competitive bid, we procured the prototype 
Nova power supply5' from Aydin Energy 
Systems, Palo Alto, Calif. 

The Nova power supply is a large voltage 
doubler, capable of charging a 12-MJ 
capacitor bank to 22 kV in approximately 
30 s. This power supply uses a vacuum 
contactor, that opens when the bank reaches 
the proper voltage, as its control element. To 
limit the inrush current, the power supply 
uses a resistor step-start. We have taken 
great care in designing the transient voltage- 
suppression networks on the primary and 
secondary of the transformer. 

We will use seven power-supply units in 
Nova Phase I, which will be staged as shown 
in Table 2-26. These large supplies will 
he connected to utility power via 13.8-kV 
fused disconnects. 

In this procurement, performance 
responsibility is shared between LLNL and 
the vendor. The LLNL specification52 details 
the components required and how these 
components are to be assembled. The vendor 
Ldkes ~eb~ul l s ib i l i t~  fol tlic lidrdwars, that is 
provided, and LLNL is responsible for 
system performance. 

1 he procurement cycle began with a 
cornpcLiLivc bid allior~g six culllyallie~. We 
awarded the contract to Aydin Energy 
Systems on the combined basis of cost and 
technical evaluation. Seven power supplies 
were ordered for Nova Pbase I. Once the 
prototype is accepted, according to the 
spe~ i f i ca t i on ,~~  the other six units will be 
manufactured and delivered, 

TVG huve ulr;a d ~ ~ t t l w p ~ J  an inc;Lrunr~erkl- 
ntion packagc to monitor the voltage and 
current of the prototype dc power supply. 

This package was designed and built at 
LLNL and delivered Lo Aydiri fur 
incorporation into the prototype power 
supply. It contains two redundant voltage 
sensors, isolated with fiber optics, and a 
current monitor. The monitor, a 
transductor, is also electrically isolated. 

The first phase of the procurement cycle 
was completed with delivery of the prototype 
power supply (Figs. 2-1 28 and 2-129) on 

No. of No. 

ad-il.@ pab 0;m P 1 
XI ' 8 1  +r 8; *@mT 1 

I I ' .I.', ; 
2 

3 1s-mm FR 2.9 - .I 2 
W D ~  0.02 1 

SP- - 1 - 
Total 9 

Table 2-26. Power- 
supply staging for Nova 
Phase I. 

Fig. 2128 Pretetype 
Nova WWE suppty 
mnnnfaetprdi by Aydin. - - - -  - 
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I The 12.5-kJ/22-kV high-energy-density 
capacitors have two basic builds: (1) a 
paper/polypropylene/dioxophthalnte build 
and (2) a paper/castor-oil build. Capacitor 
manufacturers are free to choose the build 
they prefer to supply. Our testing allows 
us to determine the builds that will meet 
Nova capacitor-bank requirements. 

To make a meaningful comparison 
between builds, we have to test a relatively 
large sample of capacitors for a large number 
of shots. We have chosen to test 35 
onpncitoro of oach build. The three-part 
testing consists of (1) nonoscillatory 
dis~lldlgeb, (2) lligh-levelsal discllarges, arid 
(3) high voltage life. 

Nonoscillatory discharges, which imitate a 
typical flashlamp discharge, have the 
following characteristics: 

Charge voltage: 24 kV. 
Discharge peak current: 5 kA. 
Charge time: 12.5 s. 
Hold time: 2.5 s. 

+ Discharge voltage reversal: 10% max. 
In these tests 30 of the 35 capacitors are 

run to 20 000 discharges, or uniil failure 
occurs. 1 hc tlvc remaining caoacitors are run 

Y I 

Fig. 2- 129. Detailed to 100 000 discharges, or until three of the 
interior view orstepstart December 30, 1980. Acceptance testing of five fail. 
enclosure in prototype the power supply will begin in early 198 1. 
power supply. 

Author: B. Merritt 

Major Contributor: L. Berkbigler 

Capacitor Development. During 1980, we 
tested capacitors extensively. This testing 
had a twofold purpose: 
@ To determine whether high-energy-density 

capacitors could deliver the needed shot 
life for the Nova bahk. 

@ To obtain reliable comparisons of the 
effectiveness of different capacitor 
construction methods, called "builds" in 
the industry. 
Although we had previously tested only 

small samples of capacitor builds, our results 
indicated that the use of high-energy-density 
capacitors was feasible. Fro111 these lilnited 
data, we generated a preferred Weibull 
plot.53 In 1980 we were able to place the 
performance of these capacitors on a firm 
statistical basis. Testing was started in 
February 1980 and will continue into 
early 198 1. 

High-reversal discharges are designed to 
reveal flaws in workmanship or design. Two 
capacitors, which have run 20 000 shots in 
the first test, are tested for 1500 discharges 
(or to failure) under the following 
conditions: 

Charge voltage: 22 kV. 
Discharge peak current: 60 kA. 
Charge time: 22.5 s. 
Hold time: 2.5 s. 
Discharge voltage reversal: 85%. 
The test for high-voltage life provides 

evidence of adequate capacitor lifetime. In 
this test two capacitors, which have run 
20 000 shots in the first test, are charged to 
24 kV and held at that voltage for 1000 h, or 
until failure. 

The ranking of capacitor builds is bascd 
on successful completion of the high-reversal 
and high-voltage-life tests, as well as on the 
llulllber or shuls between failures, as 
projected over the life of a Nova-sized bank. 

If capacitor failure results from fatigue, 
caused by repeated stressing of the dielectric 
system, a Weibull distribution function can 
be used to analyze the data. The form of the 
function is as follows54: 
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F(N) = 1 - exp [-(N - No)I(N, - N,) ]~  , (2) 

where F equals the fraction of capacitors 
that have failed, N is the shot life, No is the 
minirnunl life expectancy, N, is the 
characteristic life, and "b" equals the 
Weibull slope. 

Equation (2) can be converted into a 
straight-line relationship, as either 

In (ln{l/[l - FO]}) = -b In (N, - No) 

log!log {l/[l - F(N)]}) = -b log (N, - No) - 0.3622 

+ b log@ - No) . (4) 

Eq, (4) becomes 

log(1og {l/[l - F(N)]}) = a + blog (N - No) , (5) 

where "a" is a constant. Thus, for a given 
No, a least-squares analysis yields an "a" and 
a "b" for the best straight-line 
approximation. 

The value of No is specifically chosen to 
minimize the sum of the squares of the 
deviation of the experimental points from 
the best straight line. From a physical 
standpoint No 2 0; for capacitor test data, 
No usually equals zero. 

Given an ordered set of failures, at shot 
life values of N, < N2 < ... Ni < ... Nk, out of 
a sample size m, the data are analyzed as 
follows. For large values of m, where m > 20 

where Z = m + 1, and i equals the ith failure. 
If units are removed from the test before 

they fail, and before the test is over, the 
method of analysis suggested by N ~ m a n ~ ~  
is used. 
E(Nh>3 = (ilZ) + [(k - i)/zl] , 

where 

In Eqs. (7) and (8) i equals the number 
of failures before any units are removed from 
the test, j equals the nonfailed units removed 
from the test, k equals the kth failure after 
the nonfailed units are removed from the test 

(k > i), and t = m - i - j, or the number 
of units left in the test. 

Now that we are able to calculate F(N), we 
can make a Weibull plot. A sample plot is 
illustrated in Fig. 2-130, with the 
symmetrical 90% confidence bands shown. 
The plot is for the values b = 1.3, No = 0, 
and N, = 200 000 (Ref. 56). 

The slope of the straight line in the plot is 
the Weibull parameter "b". The charac- 
teristic life, N,, can be read from the graph 
by observing the value for the life that 
corresponds to F(N) = 1 - exp(-1) = 
+0.632. Having obtained this straight line, 
we can further analyze the data. 

This plot yields a graphic example of why 
as many capacitors as possible should be 
tested for qualification. For example, at the 
N I O  level (10% failed), the 50% confidence- 
level life is 35 UUU shots. In a 4000-capaci~or 
(50 MJ) Nova I, this 10% would represent 
400 failed capacitors. Therefore, we could 
expect an average of 35 000/400, or 87.5 
shots between failures (at the 50% confidence 
level) during the entire 35 000 shots. 

It is apparent from Fig. 2-130 that we 
could not be 90% sure of this failure-rate Fig. 2-130. A Weibull 
number, within a factor of 8, if only two plot, such as this, allows 
capacitors were tested. Thus, we could only us to predict anticipated 

be 90% sure of achieving at least 87.518, or failure rates for a given 
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11 shots between capacitor failures, for the 
first 400 failures (4375 shots). 

However, if 35 units from each vendor 
were tested, the 90% confidence band, at the 
Nlo  level, would shrink to 1.95 (at b = 1.3). 
Therefore, for the plot of Fig. 2-130, we 
could be 90% certain of achieving at least 
35 0001 1.95, or 17 950 shots of the Nlo (400 
failed) level on Nova I; that is, 17 950/400, 
or 45 shots between failures. Thus, by 
increasing the number of samples tested 
(from 2 units to 39 ,  we gain, at the 90% 
confidence level, a factor of 4 in our ability 
to predict the average life expectancy (from 
11 to 45 shots between breakdowns). 

The Weibull plot can also allow us to 
establish a figure of merit for capacitor 
vendors. For example, suppose we wish to be 
QOB sure of achieving 100 shots bettvccn 
failures on a 4000-unit system at the Nlo 
level. This would represent 400 failures (at 
100 shots between failures), or 40 000 shots 
on the minimum 90% confidence band at 
10% failed. If 35 units were tested, the 50% 
confidence-level lifetime at 10% failed would 
be 1.95 X 40 000, or 78 000 shots. 

Now, suppose that vendor X's 
qualification test data yielded the results 
shown in Fig. 2-130. Thus, on the basis of 
three failures in 35 samples, b equals 1.3, No 
equals 0, and N, equals 200 000. We would 
then find that the 50%-confidence Nlo  level 
falls at 35 000 shots. However, since 35 000 
shots is a factor of 35178th~ of the capucilor 
lifetime desired, the operating voltage should 
be lowered to (35/78)'18, or 0.905, of VTEST. 
With a test voltage of 24 kV, this would give 
an operational voltage of 24 times 0.905, or 
21.7 kV. 

If X's capacitors had a capacitance of 
52 pt: each and were priced (in quantity) at 
$600 each, the energy stored in each 
capacitor would be (2 1 .7)2 X 52/2, or 
12 250 J, and thc cost would be 600 X 
100/12 250, or roughly 4.9 cents per joule. 

If the capacitors of other vendors were 
priced in a similar manner, a rational 
purchasing method-based on their value to 
the Nova program-would exist. Note that if 
only two capacitors were tested, the rationale 
for this method could not cxist because the 
data would be too widely scattered to be of 
valne. 

Anulher, similar method of vendor 
ranking can now be explained. This second 

method is also based on the predicted 
average number of shots between failures, 
but in a slightly different way. The method is 
as follows. First, the fraction failed for 
10 000 shots (scaled to 12.5 kJ) is found. 
Next, the total number of projected failures 
is calculated. Then, once the estimated cost 
per failure is derived, the capacitor-bank 
costs (for installation and repairs) are 
calculated. The effective cost per capacitor 
equals the capital investment plus repair 
costs, divided by the capacitance that has 
been purchased for the capacitor bank. 

Vendor X's ranking would be found as 
follows. Since X's capacitors each have a 
capacity of 52 pF, the rated voltage, VR, for 
12.5-kJ operation is 

Suppose, as before, that the test data 
graphed in Fig. 2-130 were obtained at 
24 kV. The scaling of 10 000 shots to thc 
12.5 kJ level, or 21.9 kV, becomes 

The fraction failed at this shot life is 

F(4806) = 1 - exp [ -(48061200 000)] 

= 0.0078, or 0.78% 

For a bank containing 4000 capacitors, the 
total number of failures is calculated as being 
31. If the cost per failure is approximately 
$10 000 because of down time, damage, and 
the possible loss of an experimental shot, 
then the total cost of the capacitor bank 
becomes 4000 capacitors at $600 each plus 3 1 
failures at $10 000 each, or $2.7 10 million, 
Since this figure represents the cost for a 50- 
MJ capacitor bank, the cost per joule is 5.42 
cents. If the cost per failure were $5000, the 
cost pet joule under the same conditions 
would be reduced to 5.11 cents. 

In sutlllrlary, we feel we have developed a 
meaningful and fair method for comparing 
the differen1 capacitor builds. The capacitor 



testing completed to date has told us that When this new setup is compared to the 
the 12.5-kJ capacitor is a viable choice for Shiva ignitrons, with their side attachments, 
Nova; it has also told us how well each the improvement in accessibility is evident. 
manufacturer can build these capacitors. The second major change, also visible in 
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Fig. 2-132, is in the placement of current 
bugs used in the lamp-circuit diagnostic 
(LCD) system (see "Control System"). These 
sensors were formerly located in junction 
boxes in the laser bay. By placing the current 
bugs at the ignitron switch, we can provide 
an adequate voltage standoff without 
installing a costly insulation system. When 

Bank-Component Develuyinent and Nova compared to the original location, the new 
Layout. During 1980, we made significant placement also offers improved access. 
improvements to the capacitor-bank Third, we have installed sensors to  
components. Two components that monitor the switch voltage and current, as 
underwent major changes were the ignitron well as the current to each ignitor. These 
switch rack and the pulse-forming network monitors are described in more detail in 
(PFPJ) board. The fl.inrtinna1 relationships s f  "Control System." 
these components are shown in Fig. 2-13 1. Fourth, we have replaced the pair of 

The ignitron switch rack houses a pair of 500-W anode-seal heat lamps-used with 
size "D" ignitrons and associated hardware. each of Shiva's ignitrons-with a low-cost, 
The ignitrons are mounted in a coaxial efficient resistor heater. These lamps were a 
structure to which cables are attached. The major contributor Lo the air conditioning 
anodes are heated, and the calkodes arc load of the laser building. For Nova, we are 
water-cooled. Pulse transformers couple using resistors mounted in copper blocks, 
electrically isolated triggers to the ignitors of which are clamped to the anode of each 
the ignitrons, and diagnostics monitor the ignitron, as shown in Fig. 2-133. The 
performance of the switch and circuit. resistors consume only 26 W of electricity 

We made four major changes to the switch while heating the anode to 55°C. The heater 
rack. First, we modified the structure lhat is electrically isolated to 50 kV dc by a 110- 
attaches the cables to the ignitron switch to 6.3-V isolation transformer. Fig. 2-131. Schematic 

assembly. The cables are now attached The pulsc-forming network consislb of a diagram of typical 

directly to the top, as shown in Fig. 2-132. high-voltage fuse, a ceramic charge resistor, power-conditioning 
circuit. 

H.V. fanout racks Capacitor banks Laser bay 
A A 

/ 4 /  \- 
PFN 



Fig. 2- 134. Resistors 
tested for the PFN: 
ceramic-disk dump, 
dummy load with cooling 

Fig. 2-132. lgnitron a ceramic dummy-load resistor, and a pulse- 
switch, showing cable shaping inductor that has a bar switch for 
terminations at top and 
placement of current bug. switching between the dummy load and the 

flashlamp load. The dummy-laad resistor 
approximates twice the flashlamp imped- 
ance. 'l'his fact, which will be used during 
testing and debugging of the pulse-power 
system, will allow the monitoring system to 
show switch position, dummy load, or 

W flashlamps. 
During 1980, we made a considerable 

fms, ceramic-disk 
dummy load (back, left 
to right), and tubular 
resistor (foreground).V 

- 

effort to improve the resistors used for the 
PFN. In ~articular,  we tested resistors 
extensively for usc as dummy loads and 
dumps. The dummy load is an alternate load 
fnr the energy-qtnragc modules. The dumps 
are used in the crowbar system to discharge 
the capacitor bank. Samples of these 
resistors are shown in Fig. 2-134. 

The requirements for the dummy load are 
an impedance of about 8 Q, an ability to 
withstand energies nf 50 kJ, and n voltage 
rating of 22 kV. We found three ceramic 
resistors that met these requirements: two 
disk-type resistors and one tubular resistor, 
all of which are capable of absorbing 200 kJ 
in a single pulse. The resistors have been 
tested at 50 kJ per pulse at a 5-min repetition 
rate. The disk-type ceramic resistors have 
achieved thousands of shots before failure, 
while the tubular type has only been able to 
achieve a few hundred shots. However, the 
tubular rcsistor has just been developed, and 

F'ig. 2-133. Resistor A 
heater, shown attached 
to ignitron anode seal. 
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we anticipate that it will improve as the 
manufacturing process is refined; it should 
also cost significantly less than the disk-type 
resistors. 

The requirements for the dump resistor 
are an impedance of 1000 to 2000 Q, the 
ability to withstand energies of 200 kJ in a 
single pulse, and a voltage rating of 22 kV. 
We have tested two types of resistors for this 
application: a ceramic disk and a tubular 
ceramic, both of which are capable of 
absorbing 200 kJ in a single pulse. Repetitive 
testing on both types of resistors will begin 
early in 198 1. 

The capacitor-bank layout for the Nova 
system consists of 15 rows of capacitor racks, 
covering 13 287 ft2, with 50.5 MJ of storage 
capacitors and 50 diode stacks for the 
Faraday rotator units. The staging of this 
bank is given in Table 2-27, 

The capacitor modules, as seen in Fig. 
2-1 35, will be made up of two- (25 kJ), three- 
(37.5 kJ), and four-can (50 kJ) units, as 
revired for each flashlamp circuit. The 
c@acitors will be isolated from the rack by a 
v&uurn-farmed tray made from 1 /4-in.- 
th i~k  ABS sheet plastic. 

The capacitor-bank dump system con- 
sists of approximately 260 pneumatically 
operated sewcn-circuit U I I ~ ~ ,  wilh a 10fiQ-R 
cepmic resislur in each circuit. 'This type 
dkesistor can absorb energies of up to 

kJ without damage. 
.rn+The cable trays for the high-voltage cable 

will be fabricated from 3/ 16-in.-thick ABS 
sheet plastic. These trays will be 10 in. wide 
by 3 in. high. 

Authors: B. Merritt and R. Holloway 
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Flashlmps. During 1960, we released a new 
specificatton (LS 22292) that details the 
flashhmp requirements for Nova. The two 
principal changes from the previous 
specification are 
* That the flashlamps used on Nova will be 

operating at a higher energy loading. 
That tol~rances an scatahes, bubblies, and 
other minor imperfections in the quartz 
tubing have been relaxed beeslusc there is 
no evidence that the presence of surface 
scratches increases the failure rate. 

A Table 2-27. &er- 
slrppty &xgin&for Nova. 

Fig. 2-135. Nova four- 
Developing this new specification took a ,,, ,apacitor modules, 

great deal of background effort, The changes with middle module 
in our requirements were based on extensive positioned for better 

discussions with lamp and quartz vendors view. 

and on the results of a significant testing 
program. 

Previously, only one quartz manufacturer 
could meet the specification. As a result of 
extensive testing at LLNL and EG&G, we 
now consider a second quartz manufacturer 
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to be equally acceptable. Having a second 
source for quartz could well result in lower 
flashlamp costs for Nova. 

Testing included running 30 lamps (that 
met the new specifications) for 10 000 shots 

without failure and running 5 lamps at 60% 
of their explosion limit for 110 shots, again 
without failure. In addition, we optically 
inspected the quartz before and after testing. 

To determine new specifications with 
regard to scratches, we scratched four 
1 12-cm arc-length flashlamps extensively 
(with No. 120 sandpaper), both in the radial 
and longitudinal directions. These lamps 
exploded at the same energy levels as 
unscratched lamps. We operated eight 112- 
cm arc-length flashlamps successfully for 
10 000 shots at Nova energies (18.5 kJ per 
lamp), at approximately Nova pulsewidths 
(37 = 0.955 ms). 

We also began testing a new flashlamp, 
with a 47.4-cm arc length and a 2.0-cm bore, 
that will be used in the 46-cm box amplifier 
and in the 5.0-cm rods for Nova. This test 
will ultinlately bc run for 10 000 shots on a 
five-lamp circuit operating at 50 kJ. The 
circuit, energy, and pulsewidth are identical 
to those we expect to use in Nova. By the end 
of 1980, about 5000 shots of this test had 
been completed. 

As part of the testing program for the new 
47.4-cm arc-length flashlamp, we are 
experimenting with a flashlamp triggering 
method invented by K. ~ o s h i d a . ~ ~  His 
triggering method is shown in Fig. 2-136. 
Essentially, the use of the additional wire 

Fig. 2-136. An external 
trigger wire (b) causes a 
more-symmetrical 
plasma arc in the 
flashlamp than would be 
formed without the 
trigger wire (a). 

Fig. 2-137. Block 
diagram of controt 
system architecture. 

- 
Mamr millnor mom 



causes a more uniform electric discharge, 
which lowers thc compressive stress in 
the quartz, thereby increasing lamp life. 
Qualitatively, we have seen an improvement 
in the quartz, but we do not have enough 
data, as yet, to quantify the improvement. 
Testing in this area is continuing. 

Author: B. Merritt 
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Control System. The power-conditioning 
control system for Nova is illustrated in Fig. 
2- 137 (p. 1 14). Digital Equipment Corpora- 
tion VAX-11/780 computers monitor 
and control the pulse-power system via 
redundant LSI- 1 1/23 front-end processors 
(TCI'). Each processor bus is serialized and io 
extended throughout the laser facility by a 
fiber-optic network. An extended bus system 
is being used because the software that 
controls the bus is simplified and the 
efficiency of the bus for handling data (data 
bandwidth) is maximized. 

To transmit the many bus signals over a 
fiber-optic cable, the computer-bus address 
bits, data bits, and control bits must be 
sent as a serial bit stream. This serial bus, 
called Novabus, is distributed throughout 
the laser facility and is converted back into a 
parallel format when it returns to the FEP. 
Novabus is designed to operate at 
10 megabits/s and to interface with each 
laser-system device that is controlled, 
rnnnito~cd, or qynchmnirnd We 
incorporated operational requirements for 
redundant bus operation and system 
synchronization into the Novabus design. 

As outlined in the 1978 Laser Program 
Annual R G ~ Q ~ ~ . ~ ~  we are dividing control- 
n y h l r ; ~ ~ ~  r l t . v r . l i ~ i r ~ ~ ~ ~ r l f  into four ~dhascs: 

Phase A-develop and integrate a fiber- 
optic bus. 
phase B-upgrade existing control-system 
interfaces. 
Phase C-develop and integrate new 
dcvice intcrfaccs. 
Phase D-develop and integrate the 
cgntrol-room segments of the control 
system. 
During 1980, we completed Phase B and 

half of Phase C .  The work ~r.r.nmplishcd 
toward this cnd is summarized, by major 
groupings, in the remainder of this section. 

Novabus-We developed an effective fan- 
out/fan-in device that interconnects the 
control-room computers with the laser- 
system devices. Figure 2-138 shows the 
engineering prototype, along with interface 
boards for the computer and remote devices. 

Control Panels-We are designing a set of 
control panels that will be used to activate 
and maintain the power-conditioning 
system. Figure 2-139 shows one of the seven 
panels, along with the logic boards that 
interface the panels to the control-system 
computers. Each panel is associated with 
specific devices in the laser system. These 
panels augment the primary control consoles 
and give maintenance personnel the 
diagnostic tools to isolate failed or degrading 
components. The panels in the control room 
and those in the Master Oscillator Room 
opcrotc a3 a compatible set. 

VAX Software-During the past year we 
began designing and implementing high-level 
control programs, using touch-panels over- 
laid on raster-scan displays. An example 
of such a control menu is shown in Fig. 
2-140. This control menu allows an operator 
to control the power-conditioning system 
from a very high level. The operator can 
initialize the power-conditioning hardware 
by selecting any of a number of common 
system configurations. Then the operator 
can modify the selected system configura- 
tion, on the component level, for the 
particular application. The sequencer, which 
automatically fires the laser, is also 

Fig. 2-138. Fan-out/ 
fan-in device for 
distributing the fiber- 
optic Novabus 
throughout the laser 
facility. 
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controllable from this menu. Any lower, 
more-detailed control level is available from 
other control menus that are also reachable 

Fig. 2-139. Sample from this menu. 
control panel and logic FEP Software-Control-system software 
boards used for testing development is progressing rapidly and is 
the ignitron switches. 

keeping up with new hardware development 
and installation. The coding for power 
supplies, ignitrons, and all Novabus 
components is complete. The sequencer 
routines are nearly finished, enabling the 
sequencing of 30 presently-defined time- 
ordered channels. Although all the 
~ l ~ a i ~ ~ l e l ~ a n c e  pat~els art: upera~ional, 
some are awaiting additional hardware 
development. An event rcicnrder-to he ~ixc.d 
for displaying logged event information-is 
now being written; it will communicate with 
thc two frent-end processors, via s multi- 
ported memory. The control system can run 
independently on one of the two front-end- 
processors (as shown in Fig. 2-137). or 
simultaneously on both. Any of the 16 
Novabus device chains may be allocated to 
either front-end processor, providing flexible 
load-sharing control and recovery from all 
single- ~ n d  rnfiny dnrthle-pni~~t failures. T l ~ c  
control-system software presently occupies 
26k \words of memory, in addition to the 
16k-word multiported memory. Approxi- 
mately 95% of the software is written in 
Praxis ("Configuration and Data 
Management"); the remaining 5% is in 
Macro- l 1. 

Lamp-Circuit Diagnostics-The LCD 
system is the primary diagnostic tool for 
- 

Fig. 2-140. Touch-panel 
display used to control 
and monltor the status uC I 
the laser system. 
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power-conditioning flashlamp circuits. It control system to provide a reference voltage 
automates many troubleshooting tasks and to the power supply, to lnol~itor the voltage 
can rapidly determine the operational to which it charges, to initiate and terminate Fig. 2-141. Chassis used 

readiness of the lamp circuits. The LCD charging, and to monitor diagnostic signals for flashlam~-cirait 

system records flashlamp and ground 
diagnostic testing. 

I 

currents during full-energy laser shots, as 
well as duril~g the lower-cncrgy PILC tcsts. 
After the event? control-roam computers 
read the rrtrrenls, i : t r~ t~~~i i tc  illeirl t i )  expected 
val~les, and alert operators to discrepancies. 
(Fig ~irr 2-141 i, a I ~ l ~ n f ~ - ~ p , r a ~ ~ l ~  17f thp, twil 
chassis in the LCD package, and Fig. 2-142 
shows the PC cards for the prototype.) We 
APP rnmplr t in~  thc initinl doh~~gging; further 
tests will be done by installing and operating 
the system on the power-conditioning 
prototype bank in Building 6 1 1. Since L11e 
chassis will be rr~ourttecl irl a lack  next to the 
ignitron switches, we have placed special 
e~nphasis on designing and tcsting fnr nnise 
immunity. Teslb lu ulla~ actel i ~ e  the l loi~e 
immunity of this critical electronics package 
are continuing. 

Power-Supply Interface-Figure 2-143 
shows the prototypes for the megavoll- 
ampere (MVA) power-supply interfaces. The 
top one was produced at Aydin Energy 
Systems, the bottom one at LLNL. These 
chassis permit the power-conditioning 

Fig. 2-142. Printed 
circuit cards used in the 
flashlamp-current 
monitor. 
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from the power supply. The MVA supply 
does not regulate; it simply stops charging 
when the output voltage reaches the 
reference voltage. If the output voltage were 
to approach a destructive level because of a 
failure, redundant feedback loops would 
allow the system to stop charging. The 
design of the 100-kVA power-supply 

Fig. 2-143. Control- interface is already being modified for 
system interface chassis Nova, but the prototype has not been con- 
used in MVA Power structed yet. 
supplies. 

- - -- 

Capacitor-Bank Interface-The primary 
function of the capacitor-bank interface is to 
allow the power-conditioning control 
computers to fire the ignitrons with precisely 
timed trigger signals. It also monitors 
voltage across the ignitrons, detects prefires, 
and monitors the capacitor-dump switch 
positions. The prototype, which was 
designed and constructed in 1980, is 
currently part of the power-conditioning 
capacitor-bank prototype controls in 
Building 61 1 .  Since the interffim chassis is 
located very close to the ignitrons, special 
precautions are being taken to design and 
test for noise immunity. For example, all 
inputs and outputs are either optical or are 
heavily filtered at the chassis boundary. In 
addition, the timers that generate the 
ignitron triggcr signals have special ~i~c;u i l s  
to help prevent false triggering or resetting. 
Figure 2-144 shows the components for an 
opticallji isolated high-voltage munito~ thal 
was developed in 1980 and incorporated into 
the interface. This unit allows measurement 
of the ignitron voltage, with 110 c1cctric;rl 
connection between the interface and 
monitored voltage. 

Interlocks Interface-The interlocks 
interface provides "hard-wired" logic for the 
sakLy i11Lellu~k sysLcl11 alld alluws Lht: 
control-room computers to monitor the 
condition of all interlock signals. The 
paramount design considerations in the 
sybLe;l~l at: ~ c l i a b i l i ~ ~  alld flexibilily. 
Reliability is enhanced bv using voted. 
triply-redundant logic for failure-prone 
inputs, by buffering the interface inputs 
enough to prevent damage at 120 V ac, and 
by using high-level logic for noise immunity. 
Flexibility is assurcd by using a patch panel, 
thereby allowing changes and additions to be 
made to the interlock logic. 

Figure 2- 145 (opposite) is a photograph of 
the breadboard interface currently being 
tested. It will be installed in the power- 
conditioning prototype hank-control system 
for testing in early 198 1. 
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Fig. 2-144. High-voltage 
monitor implemented 
with fiber optics. 



Oscillator-Control and Pulse-Distribution 
System. The Nova oscillator-control and 
pulse-distribution system controls up to four 
Nova oscillators and generates the fast- 
tinling signals (with subnanosecond jitter) 
necessary to synchronize the operation of 
various Nova components, such as the ASE 
Pockels cells, the plasma shutters, and the 
streak cameras used in target diagnostics. 

To generate system requirements for 
Nova, we drew on our experience with the 
oscillator controls of the Argus and Shiva 
systems. We originally implemented the 
Shiva oscillator control system to run one 
clscillator, later expanding i t  to opesat$ two. 
When it became apparent that an increased 
demand for synchronization channels with 
nanosecond accuracy, together with our 
plans to implement up to four oscillators on 
Nova, would require an expanded capability 
from the new controls, we integrated both 
the control and synchronization funclioris 
into a single modular system, with the system 
timing dependent only on the single radio- 
frequency (rf) signal used to mode-lock the 
short-pulse oscillators. 

Figure 2- 146 is a block diagram of Nova's 
overall oscillator-control and pulse- 
distribution system; it reflects the following 
design requirements: 

An order-of-magnitude increase in the 
numbel uS available fast dclay channels 
with 1 ns resolution and accltracy. 
A modular approach, to accommodate 
four Nova oscillators. 
A control interface with Novabus. 
An inrreased noise immunity in rf 
hunclling functions. 
A greater cmphasis on operator/mterface 
compatibility. 

'I'he key pulse-distribution elerrielll of the 
system is an array of 128 fast-timing delay 
channels, each of which is iniplenlented as 
shown in Fig. 2-147. As the simplified Li~l~ii~g 
diagram in Fig. 2-148 illustrates, all delay 
generators are triggered simultaneously by a 
mPSrer-~r'~rl ~rlrlsr. i l l i i l  \ r l  igillatcs in thc 
power-conditioning computer (FCC). One of 
these delay generators can be used to make 
the oscillator swilchoul Lill~t occur aftcr the 
master start. 1 he other dclay gennrillrt~s 111dy 
than ha programmed to provide triggers. 
which can occur al  ally tinle up to about 1 ps 
before switchout. To date, approximately 40 
of the 128 available channels have been 
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allotted for synchronizing various Nova 
devices, and it is likely that additional 
channels will be allotted for this purpose. As 
with previous designs, each delay channel 
consists of a programmable counter 
synchronized to a 62-MHz reference 
oscillator, followed by a programmable 
delay line used for I-ns fine-resolution 
adjustment. However, the programming of 
these counters and delay lines is no longer 
done with local thumbwheel switches for 
each delay channel. While this approach was 
adequate for the seven delay channels per 
chassis on the Shiva controls, the 128 
channels of Nova demand a more 
sophisticated programming method. 

A data-handler 'hardware block, as shown 
in Fig. 2-146, is needed to interface the delay 
channels to the power-conditioning com- 
puter and ~ht :  lucal ~~lullc: ~untrollcr. The 
data handler will store all programmable 
dclay information locally, service all delay 
channels during the data handler's normal 
cyclic refresh operation, and write-protect 
desired channels to prevent inadvertent 
reprogramming. Access to the data handler 
is available to the power-conditioning 
computer via the Novabus interface and to a 
local controller. Since both may have access 
to the data handler on a timeshared basis, 

Fig. 2-145. Prototype 
chassis containing logic 
cards for the safety 
interlock system. 
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Fig. 2-146. Block 
diagram for Nova 
oscillator-control and 
pulse-distribution 
syitem. 
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logic has been included to give priority 
access to the computer, thus avoiding the 
necessity for special timing logic in the 
computer software. 

Thc data-handler hardwarc dcpcnds on 3 

256 X 8 electrically alterable read-only 
memory (EAROM) that is used to service all 
128 delay channels. The appropriate 
programming words are first loaded into this 
memory (instead of into the delay channels 
directly) via the power-conditioning com- 
puter, or from a local keyboard. As shown in 
Fig. 2-147, a slave register at each delay 
channel receives the latest program- 
ming information during the data handler's 
normal cyclic refresh operation. Each slave 
register locally programs the high-speed 
counter and delay line that form a single fast- 
delay channel. A refresh rate of several 
hundred times per second ensures that this 
operation does not impact adversely on the 
timing of the power-conditioning software, 
which interrogates the oscillator controls 10 
times/s. The power-conditioning computer 
system also examines the contents of each 
slave register periodically over the same bus 
structure. The computer then compares these 
data with the expected data and flags any 
errors. Finally, to protect the delay memory 
from being changed inadvertently, a 
hardwarc write-protect function is manually 
set to selectively lock out blocks of delay 
nlemory (and, consequently, thc corrc- 
sponding delay channels) from heing 
accidentally reprogrammed. 

We are also revising the methods used to 
display information associated with each 
oscillator and timing channel. Simpler 
systems have used light-emitting-diode 
(LED) indicators and digital readouts. To 
address the complexity of the Nova system, 
we are implementing a dedicated black-and- 
white video display. This display will 
normally be controlled from the power- 
conditioning VAX computer, but will also be 
capable of stand-alone operation. 

The remainder of the overall system is 
dedicated to the various oscillator-control 
tunct~ons, such as lamp and interlock/' 
shutter control, and is very similar to the 
approach taken with Argus and Shiva. 

Nova operators will be able to do complex 
local sctup operations with off-linc 
oscillators while the on-line units support 
Nova system operations. Because the video 
display is  software-generated, it can be 
formatted as necessary to facilitate the setup. 
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master Start pulse 

I 
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Fig. 2-148. This 
Use of the modular-system approach will simplified diagram 

make it easier to accommodate expansion to illustrates the relative 
temporal sequence of meet new requirements. delay-generator timing 
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Nova AlignmentILaser 
Diagnostics 

Requirement and Design Guidelines. The 
function of the Nova alignment and 
diagnostic system is to contribute to  the 
optimized irradiation of each target by 

Directing the beam from the oscillator to 
the target without vignetting at component 
apertures. 
Precisely positioning pinholes in all of the 
spatial filters. 
Positioning output beams accurately onto 
a variety of targets. 
Adjusting beam-path lengths to obtain the 
simultaneous arrival of all pulses at the 
Laigel. 
Timing the Pockels cell and Faraday 
rotator gates for maximum isolation. 
Monitoring the temporal, spatial, and 
energy evolutions of the laser pulse from 
the oscillator, along each amplit~er cham, 
and, finally, to the target. 
Acquiring and processing diagnostic data 
in a short time (compared to the laser 
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turnaround time) so that data can be used 
as a basis for adjusting laser parameters 
before the next shot. 
To assure consistency in component 

Table 2-28. Design design, we have adopted guidelines dealing 
guidelines for the with hardware organization, manual and 

and diagnostic motor-driven adjustments, data acquisition, 
systems. 

Alignment and diagnostic functions are to be pedormed by 
Modular con8truction is to be used for components. 

Ke components should be compatible with expansion of the kemr to 20 kw,s and 
wi& system output at one-half and one-third of the fundamental wavelength. 

Adjuskents 
All manual adjustments are to be lockable. 
All motor-driven adjustments will have limit switches for ~~:si@ic h ~ p i i u g   heck& 
Key motors will also be tracked by optical encoders. - - 
Poaable motor drivers will be built for oruse during component tests and installation. 

Data frirms 
Alignment data are to be 
T b  same video data are to be presented to the operators and the alignment 
l;umpuel& 
The a l i w f  systems ate t~ be synchmnkd to the pulsed oscillator for potenfial 
shof time data collection. 

Cdihdvn 
P i  calibm8on data are to b @corded on dl phomgrap. 
Sweep-speed oalibration data are to be remrdcd on every hot. 
bvisions amto be made for calihting the diodes and calplimotc;m, hth ~ lrJ in~  
and pe-he ,  

L Software routines to measure alignment-loop scale factors and cross-coupling 
matrices w14I be written. 

P SelErtestjag capabilities are to be included when possible. 
I " 

- 
M* 
Nu- _ Description 

-=r I *l:mmpr ~ 
- (AMQ) ~scfllator~ with all beams balanced 

Table 2-29. Operating 
modes for the master 
oscillator room (MOR) 
and beam-splitter array. L 

and calibration techniques. These guidelines 
are listed in Table 2-28. 

Master Oscillator Room and Splitter-Arraj 
Alignment/Diagnostics Subsystems. The 
master oscillator room (MOR) contains a cw 
alignment laser, pulsed oscillators, and 
preamplifiers. The pulse-arrival synchron- 
ization system is also located here. As 
ill~~\~lwioc.l ill  Fig. 2-149, beams from the 
variaus sources follow a variety of paths intn 
thc splitter array, where they are divided 
atnong the in~:liviclual ar~lplilier cl~aitis o r  the 
main laser. A second sw aliglll~~er~t luscr is 
located in the splitter-array area. h 
cu~~ lb i r~a l io t~  of insertable shutters, rotatable 
half-waveplates, and polarizers determines 
which oscillator is selected, down which path 
it propagates, and what fraction of its energy 
is directed into each chain. 

The correct selection of individual shutters 
and waveplates is initiated automstically by 
the control system when the operator 
chooses from a menu of operating modes. 
sucl~ as thosc libled ill Table 2-29. I11 ally or 
~llebe ~llucleb,  he selecled oscillator is aligned 
with respect to all subsequent alignment 
sensols, e~isurirlg Lhal light from any of the 
several sources follows the same path 
through the amplifier chains. Each 
alignment sensor in the MOR and splitter 
array provides data for one or more 
cllignmcnt loops. Thc associated nlotorized 
gi11111illh HIICI  ~1t11t.l. ~u~IIporit.nLs are identified 
by color In big. 2-149. For example, the 
selection of a pulsed oscillator and the 
pointing (P) and centering (C )  of its output 
on the MOR beamline is accomplished by 
the first alignment sensor and the red 
components preceding it. Letter codes show 
the functions performed at each sensor 
location. The alignment sensors are of the 
same design as the chain input sensor 
described last year.60 Since each control loop 
is affected (to some degree) by the loops that 
precede it, dead bands and specific control 
sequences are employed to prevent hunting. 

A YOu quartz rotator is part of every 
Pockels cell assembly so that alignment 
beams can be transmitted when the Pockels 
cell is not fired. In addition, 90" quartz 
rotators are installed in the beamlines at 
several locations as part of the beam- 
switching system, but they are not shown in 
the figure. 

Additional half-waveplate/polarizer 
combinations in the MOR are used as 



variable attenuators. They allow the MOR 
output energy to be adjusted without 
changing the voltage at which the 
preamplifiers are fired. Control-system 
suftwarc can usc data from the laser 
diagnostics, the power-conditioning system, 
and the alignment system to perform 
automatic closed-loop energy balance, drive- 
level adjustment, and alignment simul- 

taneously. The potential for task 
coordination of this sort is implicit in 
control-system organization, as described in 
"Nova Control-System Development." 

Diagnostic mcasurcments in the MOR 
and splitter-array subsystems, are made at 
the locations shown in Fig. 2-149. As in all 
parts of Nova, energy is measured with 
either a photodiode or an absorbing glass 
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Fig. 2-149. Schematic of 
master oscillator room 
(MOR), showing beams 
following various paths 
into the splitter array. 
where they are divided 
among the amplifier 
chains of the main laser. 
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calorimeter, depending on the expected 
signal' level. 

As described in "Master Oscillator/ 
Preamps," additional oscillators and a 
second main beam path may be installed in 
the MOR. The alignment and diagnostic 
functions of this second beamline would be 
similar to those of the first beamline. 

Amplifier Chain and Output Alignment/ 
Diagnostics Subsystems. The alignment loops 
and various sensor functions in the amplifier 

~ i ~ .  2150. schematic of chain and laser output sections are identified 
alignment loops and in Fig. 2- 150. The chain input sensor 
sensor functions in the described last year60 provides a pointing and 
amplifier chain and centering reference after the single rod 
output sections of the 
laser. amplifier. The faces of the rod are wedged 

slightly to avoid etalon effects for long 
pulses, so the beam is steered by its passage 
through the rod. Placing the alignment 
sensor after the rod, instead of ahead of it, 
allows rods to be replaced without 
permitting associated alignment changes to 
propagate down the whole chain. The sensor 
location allows the control loop to adjust the 
beam path ahead of the'rod and thus 
compensate for changes caused by a slightly 
different rod wedge or rod rotation. The 
aperture of the spatial filter ahead of the rod 
is large enough to accept these changes, 
which are implemented by motions of the 
two gimbals and input aperture ahead of the 
spatial filter. 
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t, of the oscillator pulse train 
c, of thc oscillator prelaze for cavity 

alignment 
P, for Pockels cell timing 0 = Motordriven component 



The insertable crosshair at the input 
aperture is referenced to the center of the 
aperture. It moves with the aperture and 
provides a beam-center indicator that 
propagatcs through the entire chain when 
the spatial-filter pinholes are removed. 
However, the other nine insertable 
crosshairs, which follow it in the beam path, 
are permanently referenced to the space 
frame. They define the nominal propagation 
path through the system, all the way to the 
focus lens on the target chamber. The first of 
the permanent reference crosshairs is 
actually part of the input sensor and 
provides the reference fnr rlns~d-lnnp inpi~t 
centering. 

The ability to image the beam in any of the 
chain crosshair planes is provided by the 
output sensor (described in detail shortly), 
which faces back into the amplifier chain 
through the partially transmitting, first 
output turning mirror. The two motorized 
gimbals at the midchain fold are used to 
maintain closed-loop alignment with respect 
to ,the crosshairs on either side of the largest 
disk-amplifier section. The motorized lenses 
on the output spatial filter provide the 
capability to do a closed-loop output 
alignment to the final chain crosshair 
(centering) and the output sensor (pointing). 
The remaining amplifier-chain crosshairs are 
not used in any automatic alignment loops; 
however, the bcam positions a t  these 
locations are monitored for departure from 
nominal alignment. 

The output sensor also provides (far field) 
imaging capability for aligning spatial-filter 
pinholes, The same backlighting and video 
processing techniques in use on Shiva 
apply to Nova pinhole alignment. 

The first and last output turning mirrors 
are used to center the beam on the focus lens 
in its "home" (center of travel) position and 
to point the beam at a target centered in the 
target chamber. 'l'he output sensor receives 
light from the direction of the target 
chamber by using an auxiliary mirror Ileal 
the sensor, as described in last year's report63 
and show11 in Fig. 2- 150. To providc data for 
centering thc beam on the focus-lens 
crosshair, light propagating toward the 
target is reflected back after passing the 
crosshair. l'hc silhouette of the crosshair 
against the beam profile is then imaged by 
the output sensor. The reflector is an 
insertable flat mirror, and mechanisms for 

accurately positioning it and the crosshair 
are described in "Target Systems." 

Because fusion targets are of various 
shapes and sizes, they do not lend themselves 
to beam alignment by a standardized 
procedure. Thus, both the closed-loop 
pointing and focusing of the beam are done 
with a surrogate target. For example, a 
reflecting spherical surrogate might be used, 
in which case all beams are automatically 
pointed to the sphere's center and brought to 
a focus one-half radius away from it by 
procedures described previously64~65 and 
used on Shiva for several years.62 

A spherical surrogate is always used 
during operation of the pulse-arrival 
synchronization systems9 because a strong 
collimated back reflection is needed to return 
a signal to the synchronization sensor in the 
splitter array, as shown in h g .  2-149. 
Adjustments in pulse-arrival time are then 
made with motorized translatiotl stages 
located just ahead of the two gimbals a t  the 
input of each chain. 

A CCD array can be used as the surrogate 
target66 for pointing and focusing. This 
permits automatic positioning of the beams, 
in any specified pattern, in the plane of the 
array. If offsets from the "aligned-to- 
surrogate" position are desired, they are 
obtained hy motions of the focus lenses away 
from their home positions. This is a 
parlicularly si~nyle step hecausc thc focused 
beams follow the motions of the focusing 
lenses with a scale factor of unity. 

As with any surrogate-target alignment 
approach, the exchange of surrogate and real 
targets must be done with great accuracy. 
The viewers and target positioners for 
accomplishing this are discussed in "Target 
Systems." Verification of each beam's final 
position wilh respect to a transparent targct 
or surrogate can be obtained by viewing the 
beam in the target plane, using the output 
sensor on Lhe oppobillg beam.h5 

As emphasized in the design guidelines in 
Tablc 2-28, alignmcnt and diagnostic 
functions are to be performed by shared 
sensors when possible. Various diagnostic 
measurements are made in the chain and 
output sections of the system. The sensor 
locations and functions are identified in Fig. 
2-1 50 In rnany cases, the samc scnsors 
perform both alignment and diagrlostic 
functions. The auxiliary mirror behind the 
first turning mirror directs light reflected 



from the target into the output sensor.63 The 
200-11s (approximately) delay between the 
incident and target-reflected light is used to 
discriminate between them for calorimetry 
measurements, as described in "Output 
Sensor Design." 

Expansion of Output Alignment/ 
Diagnostics Subsystems for Multiwavelength 
Operation. The output alignment and 
diagnostics system has been designed to 
accommodate expansion of the laser to 
frequency doubled and tripled operation. 
This has necessitated the inclusion of 
provisions for aligning the frequency- 
conversion crystals to the 1.05-pm beam, 
aligning the frequency-converted beams onto 
the target, and diagnosing the 2 or 3w light 
incident on and reflected from the target. 

- - - The additional cornpnnentr, required f ~ r  
multiwavelength operation are shown in Fig. 
2-15 1.  The output sensor design for a 
multiple wavelength system is discussed in 
"Output Sensor Design." 

To align the KDP crystal(s) to the 1.05-pm 
beam, a highly sensitive photodiode (or 
photomultiplier) with 1.05-pm rejection 
filters is placed in the target chamber, and 
the pulsed oscillator and YLF (yttrium 
lithium fluoride) amplifiers in the MOR are 
pulsed at a repetition rate that is consistent 

with thermal distortion constraints (expected 
to be on the order of 1 Hz). For 20 
operation, the KDP is oriented to maximize 
the green light generated by the low-level 
pulses. For 3w operation, the crystals are 
first aligned for a maximum output of 2w 
light (as above). Then the mixer is tilted 
open-loop to the slightly different angle 
required for frequency tripling. Experiments 
have begun on Argus to demonstrate these 
proqedures. 

Positioning of these frequency-converted 
beams on a target will probably require the 
use of a local light source whose diameter, 
alignment, and state of collimation are 
matched to  those of the main beam. This 
results because only a small amount of 2w 
light can be generated by driving the 74-cm- 
diam KDP cry3t~113 with just t l ~ c  higlr- 
repetition-rate part of the main laser. The 
signal is expected to be marginal, eithcr for 
detection by a CCD in the target position or 
for alignment by detecting the light reflected 
back to the output sensor from a spherical 
surrogate. The amount of 3w light generated 
with low-level lw input pulses is even less. 

Local 2 or 3w beams (74 cm diam) can 
be introduced into each beamline without 
using additional large-aperture mirrors and 
lenses. This is done by injecting a small beam 

Fig. 2-151. Output 
alignment components 
for 2w and 3w. 
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at the input of the final spatial filter with 
insertable mirrors from a local 1-, 2-, or 3-w 
oscillator source. The 2 and 3w source is 
expanded to the full 74-cm beam diameter by 
rcmotely inserting an additional small lens 
inside the spatial filter. The combination of 
this lens and the output lens of the spatial 
filter produces a full-aperture collimated 
beam. Separate lenses and manipulators are 
used to accommodate the change in focal 
length between 2 and 3w. The output sensor 
is used to ensure that the local cw beams are 
properly collimated, centered, and 
propagating parallel to the lw chain output. 
The small diameter Iw beam provides the 
necessary intensity for crystal alignment. 

Once a cw or high-repetition-rate pulsed 
beam is available at the appropriate 
harmonic wavelength, the output centering, 
pointing, and focusing tasks are performed 
in the same manner as for lw, but with the 
use of harmonic wavelerlgtli versions of 
the output sensor and CCD surrogate. For 1 
and 2w, spot chccks of the various steps in 
aligning to the target can be made either by 
using [ow-level pulses propagating through 
the whole system and "frame-grabbing" an 
appropriate frame from the video network or 
by saving data from selected CCD cameras 
in local digital memories. However, the 
amount of lw light required to generate even 
a low-level 3w signal makes such checks 
impractical for the bluc light. 

The output sensor performs diagnostic 
measurements of the incident light on the 
target and the light reflected from it for all 
three wavelengths. However, since the 2 and 
3w light originates in thc frcquency 
conversion crystals, which are nearer to the 
target chamber than is the sensor, the 
sampling of incident 2 or 3w light cannot be 
done in the saine way as it is for the lw beam. 
For diagnostics of 2 or 3w light, a splitter is 
used, in either the frequency-conversion or 
focus-lenb absembly, to rcflcct n slowly 
converging 2 or 3w beam back toward the 
output scnsor, as shown in Fig. 2-151. This 
splitter is tilted slightly so that, on reaching 
the first output turning mirror, the 
converging diagnostic reflection is at the 
edge of the aperture and subtends only about 
5% of the beam area. The fraction of the 
di;~gnostic beam that is trnnsmitted by the 
mirror does a double pass through a negative 
lens in front of the auxiliary mirror and is 
recollimated as it heads back toward the 
output sensor. 

The diagnostic splitter is so close to the 
target that the 2 or 3u incidcnt light and the 
reflected signals from the target arrive at the 
sensor within about 15 ns of each other, 
which is too close for temporal discrimi- 
nation by the gated photodiode calorimeters 
described in "Component Development." 
Therefore, the target-reflected light and 
recollimated diagnostic beam must enter the 
sensor with enough of an angular difference 
to be completely separated spatially in the 
far field. This is accomplished by 
incorporating a wedge in the recollimating 
lens so that it also repoints the incident 
diagnostics beam by the appropriate angle. 
Because of its offset and reduced diameter, it 
has an insignificant effect on the full- 
aperture signals that also traverse the same 
path for other alignment and diagnostics 
ful~cliuns. 

Component Development. The chain input 
sensor previously descrihed60 has been tested 
in the form of a table-top breadboard, using 
prolotype versions of the CCD camera,67 
the filter wheel mechanism, and the insert- 
able crosshair assembly. The optical 
performance of the sensor and the resolution 
of the CCD array camera meet the design 
requirements for cw operation. Our plans 
currently call for using virtually identical 
packages in the master oscillator and 
splitter-array subsystems. We identified 
potential improvements for each of the 
prototype devices, and these are currently 
being implemented. Tests of the full sensor 
have not yet been conducted with a pulsed 
input beam. 

The development of the photodiode 
charge amplifier, a key component for every 
low-level pulsed-energy measurement in the 
system, has been a major focus of effort 
during 1980. A prototype package is now 
being tested in the severe electromagnetic 
interference (EMI) environment of Shiva to 
simulate. conditions in Nova. 

Every photodiode calorimeter is con- 
nected by a short cable to one of the photo- 
diode charge amplifiers, each of which 
consists of a gated charge amplifier, an 
analog-to-digital converter, and a control/ 
communications section. The gated amplifier 
section is illustrated schematically in Fig. 
3.- 152. Varying the feedback and 
compensation in the operational amplifier, 
under computer control, cnables the 
amplifier to operate over a wide dynamic 
range o l  illput e~~crgics with programmable 



gain control. This minimizes the need to 
mechanically change filters in front of the 
diode t o  accommodate changes in laser 
energy. 

One reason for gating the amplifier is that 
many photodiodes in the system are exposed 
to flashlamp light pulses up to a millisecond 
in duration, as well as to laser pulses of a few 
nanoseconds duration. If the diode output 
were integrated over the full duration of a 
flashlamp pulse, the flashlamp light would 
dominate the measurement. Therefore, the 
photodiode is shorted through a low 
impedance most of the time the flashlamps 
are on. During this time, the input to the 
charge amplifier is isolated from the 
photodiode by a high impedance, and the 
feedback capacitor of the charge amplifier is 
shorted. Just before the arrival of the lase1 
pulse, the input of the charge amplifier is 
connected to the phntodiode and the 
feedback capacitor and photodiode shorts 
are opened. The photodiode signal is 
integrated briefly; then the amplifier is 
returned to its original state. The gating is 
accomplished with FETs, which transfer 
some spurious charge when they switch. This 
unwanted charge is cancelled out with a 
charge-compensation gate that injects an 
equal charge of the opposite polarity. 

The gating circuitry can operate with rise 
times as short as 10 ns, and the gate width 
can be as narrow as 30 ns. In addition, the 
extinction ratio is sufficient to short out 
pulses that exceed the saturation level of the 
amplifier by 100 times. Therefore, it is 

possible to use the gated amplifier to 
discriminate between two closely spaced 
laser pulses even if they are of significantly 
different energies, as well as between 
flashlamp light and a single laser pulse. In 
either case, the integrated signal is sampled 
and held until a 12-bit analog-to-digital 
converter digitizes and latches the data for 
transfer to the appropriate front-end 
processor (FEP). The FEPs are key 
components in the data-acquisition system 
described previously68 and are part of the 
system-wide control network. 

The sequencing of gating events and data 
transmission to the FEP is performed by the 
control/communications section of the 
amplifier unit. A logic-state machine, 
programmed into two 1024 X 8 read-only 
rrlemories (ROMs), controls all aspects of 
the amplifier operation. This ROM-coded 
statc machine perforrns all required 
conditional logic in a small physical space, 
compared to conventional TTL logic. 
Moreover, the machine lends itself to the 
incorporation of self-test functions and is 
easily modified to accommodate new 
requirements by reprogramming the ROMs. 
All communications of data and commands 
between the amplifier package and the FEP 
are done over a 125-kbaud serial link, using a 
universal asynchronous receiverltransmitter 
(UART). 

At the FEP end of the communications 
link, an interface with the FEP supplies 
control commands and receives data and 
status information from the amplifiers. This 

Fig. 2-152. Schematic of 
gated amplifier. 
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interface, which uses one multiplexed 
input/output port to serve 20 amplifiers, has 
two primary modes of operation: a single- 
transfer mode and a direct-memory-access 
(DMA) mode. In the single-transfer mode, 
one charge amplifier is selected. Commands 
and data are then exchanged with it by read 
and write cycles of the processor. In the 
DMA mode, the interface is given the 
number of amplifiers to which a control 
word is to be sent (or from which data are to 
be read), the channel number of the first 
amplifier, and the address in the memory 
where the commands reside (or where 
received data are to be placed). Then the 
interface, without processor intervention, 
sequentially performs the transaction with 
each amplifier. For example, after a shot all 
amplifiers have data ready tn send to the 
processor. In the DMA mode, the data from 
each amplifier are read and placed in 
memory without requiring a separate 
processor request for each amplifier. This 
increases the speed with which data can be 
dbllected and simplifies the software required 
for the process. 

The charge amplifier and the controls, 
communications links, and interfaces 
associated with it have successfully 
completed preliminary tests. 

Output Sensor Design. We have designed 
the output sensor to make independent 
measurements at three wavelengths. To 
discriminate between incident laser light and 
light reflected from the targct, it uses a 
combination of angular and temporal 
separation techniques. As shown in Fig. 
2- 153(a), the wavelengths are separated from 
each other in a central beam-splitter box. A 
separate alignment and diagnostics module 
is attached to the central box for each of the 
three wavelengths. Each module provides the 
capabilities listed in Table 2-30. 

A common input telescope comprised of 
lenses L1 and ~ 2 ,  as shown in Fig. 2-153(b), 
is used for all the operating wavelengths. 
This telescope reduces the beam diameter as 
much as possible, without exceeding coating- 
damage limitations under pulsed-shot 
conditions. Because of dispersion in L1 and 
L2, each wavelength accumulates a different 
set of aberrations that must be individually 
corrected later in the optical train. Beam 
splitter BY reflects 3w light and transmils 1 
and 2w light. Beam splitter BlO, in turn, 
reflects 2w light and transmits l w  light. Then, 
the three L3 and L4 lens pairs (one pair per 
wavelength) compensate for accumulated 
aberrations, recollimate the beam, and 
further reduce the beam diameter for each 

- 
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wavelength. However, during pulsed of the 3w light, and beam splitter B8 is 
operation, this second reduction in beam inserted to reflect a portion of the 1 and 2w 
diameter must be preceded by a reduction in light. Filter F4 subsequently transmits only 

Table 2-30. Output 
sensor capabilities. 
(Except where noted, the energy to avoid optical damage. Accord- 
capabilities are the same 
for all wavelengths.) 

ingly, filter F5 is inserted to absorb a portion 
enough lw light to produce a near-field 
photograph of a plane approximately 
equivalent to the plane of the target-chamber 

Calorimetry measurements focus lens. 
~ o t a ~  energy entering target The alignment and diagnostics module, 
Energy reaching target depicted in Fig. 2-154, contains the 
I.e., focusable energy. additional optics required for lw. The 2 and 
Energy reflected from 3w modules are of nearly identical design and 

Near-field imaging differ only in details related to discrimi- 
Standard TV format for three fields cm) with 425-m total 
focus range (300 m for 2 and 30). nation between incident and target-reflected 
Photograph of beam i signals. At the time of a pulsed shot, reflector 
(10 only). R1 is out of the beam, and beam splitter B2 

Far-field or target-plane imaging reflects part of the beam toward the 
Standard TV fonnat for four lo fields of view ~0.20,0,45,1,00, and 3.00 mrad) calorimetry section by way of R13 and B14. 
with 30-mm total focus range relative to focus of &? target-dhatnber focusing lens. Reflector R12 is normally out of the beam 
Standard TV format for three 2 and 3 0  fields of view @. 11,0.25$ and 1.25 mrad). during pulsed operation since the external 
Multiple exposure-level photographs of target plane taken with reflected light and 
of equivalent plane using incident light. interferometer is basically a cw instrument. 

Miscellaneous Light transmitted by B14 will be used to 

Operates in preshot alignment mode with 10 pW cw power to the sensor, drive a streak camera or a prepulse monitor 
and in a shot-diagnostic mode with up to 700 J. through interfaces that have not yet been 
Auxiliary outputs for streak-camera, prepulse-monitor, or interferometer modules. designed. However, fiber-optic cables will 
All operating mode changes and adjustments are stepper-motor driven. carry light from all 10 output sensors to two 

Fig. 2-154. Schematic of shared streak cameras, one for incident light 
Iw module. and one for target-reflected signals. One 

Space for streak-camera 
Interface, prepulse monitor, 
or other specialized 
instrumentation 

Photographic 
film. 



incident pulse will be routed through a long 
optical delay to  generate an incident fiducial 
on the reflected light data. 

The signal is split three ways within the 
calorimetry section, shown in more detail in 
Fig. 2-155. The combined incident laser 
lightltarget-reflected light is sampled by two 
fast photodiodes housed in integrating 
spheres and by an absorbing calorimeter. 
For lw light, the signals from the diodes are 
gated to distinguish between incident and 
reflected light. During the arrival of the 
incident pulse, one photodiode is shorted by 
the gating circuit of its charge amplifier while 
charge from the other diode is collected. 
Approximately 100 ns later the gating of the 
detectors is reversed. When the reflected 
pulse arrives, it is integrated by the amplifier 
and detector that were originally shorted, 
and the detector that collected the incident 
signal now rejects the later-arriving reflected 
signal. 

The outputs of these two amplifiers- 
representing the incident and reflected bcam 
epergy-are then digitized, and the 
amplifiers are reset. Meanwhile, the 
absorbing glass calorimeter measures the 
sum of the incident and return energy, which 
provides a self-consistency check. 

For various target sizes and focus 
conditions, there is a large variation in the 
far-field image size and in the corresponding 
optical inlensily i11 the focal plane of lens 
L15 (see Fig. 2-154). These variations could 
cause unreliable operation of the 
photodiodes and calorimeter. To prevent 
such difficulties, the photodiodes are 
mounted in inlegraling spheres lucaled 
beyond the focal plane. Light reaches the 
photodiodes by diffuse reflection from the 
internal surface of the spheres. Because of 
this, the photodiodes are always uniformly 
illuminated and therefore insensitive to 
changes in beam focus and to changes in the 
transverse posirion of the beam as well. The 
effects of variations in beam size on the 
calvl i l~~ele l  a1 z luiliil~lizesl by iillagi~lg the 
input aperture of the sensor package onto 
the calorimeter. Since all three calorimetry 
beams pass through a focus on the way Lo 
their respective detectors, a small vacuum 
cell is placed in each focal region so that 
wffirient energy can he transmitted w i t h o ~ ~ t  
creating an air arc at the focus. 

For 2 and 3w, the small diameter of the 
incident diagnostics beam (compared to that 
or  Lhe sensor aperturt;) allows it to enter the 

sensor at a significant angle (Fig. 2-151). As 
a result, the incident beam and target- 
reflected light in the 2 and 3w modules are 
spatially separated at the input windows of 
the vacuum cells. Carefully positioned masks 
block incident light from one diode and 
target light from the other. Since the cal- 
orimeter again measures both, the same set 
of three energy measurements is obtained. 

As noted in "Amplifier Chain and Output 
Alignment/Diagnostics Subsystems," the 
output sensor is used to provide near-field 
images of beams and backlighted crosshairs 
in the amplifier chain, as well as in the 
centering-screen plane near the target 
chamber. In this mode of operation, 
collimated light entering the sensor emerges 
from L4 in the splitter box and enters the I w  
module (Fig. 2-1 54) still collimated, but with 
a smaller beam diameter. As the beam 
continues through B2 and B3, its diameter is 
further reduced by L5 and L6, which are albv 
spaced to maintain the beam's collimation. 

At this point, virtual images of all the 
near-field planes of interest have been 
compressed into a space about 20 cm long 
between L5 and L6. For near-field imaging, 
L7 is inserted in the beam reflected from B5. 
It is mounted on a longitudinal translation 
stage with a range of more than 20 cm so 
that it can be positioned one focal length 
from any near-field image plane. Next, the 
beam passes through focus and expands until 
it reaches L8. As the beam converges past 
L8, a real near-field image appears in the 
focal plane of L8 (the pinholes at P are out of 
the beam in this mode of operation and 

Fig. 2-155. Gating 
signals for incident and 
reflected discrimination. 
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therefore do not vignette the image). Since 
this plane is one focal length from L9 and the 
CCD imager is at the focus of L 10, the image 
is relayed to the CCD. To adjust the signal 
level, filters (Fl)  with a range of transmission 
values are positioned (by a filter wheel) in 
front of the CCD. 

Several modes of far-field imaging are 
implemented in the sensor design. For the 
lowest magnification, far-field viewing mode 
(the largest acceptance angle), light entering 
the module is immediately directed through 
L10 to the CCD by reflector R 1. This field of 
view is not used at shot time because the 
insertion of R 1 prevents light from reaching 
the calorimeters and the multiple-image 
camera. However, a short path is required 
for a wide field of view. This results from the 
marked increase in the clear aperture that 
becomes necessary with increasing 
propagation distancc whcn thc sourcc of thc 
light entering the sensor is very far inside the 
focal plane of the target-chamber focus lens, 
when diffuse reflections from a large target 
are being observed, or when an opposing 
beam with a transverse offset in the target 
chamber is being viewed. In this viewing 
mode, focusing is done by moving L4 away 
from its nominal position in the beam- 
splitter box [see Fig. 2-153(b)]. 

Tht: higher magnification fields of view for 
far-field and target-plane imaging use a 
longer light path. Lens L4 is returned to its 
nominal position; so, for collimated light 
entering the sensor (as from a point source at 
the focal plane of the target-chamber lens), 
the beam will remain collimated after 
passing through L4. With R l  removed from 
the beam, part of the light passes through B2 
and B3 into lenses L5 and L6. These lenses 
add 4X to the imaging magnification but 
maintain beam collimation. Light reaches 
lens LMI by way of B5, R 17, B 19, and wedge 
W 1. It reaches lens L8 by way of B5 and R6 
(with L7 out of the beam). Since the source 
appears to be at infinity with respect to 
lenses LMI and L8, it is imaged at the focus 
of each lens. 

In the case of lens LMI, a row of images 
with successively lower exposure is recorded 
on film because wedge W1 has partially 
reflecting coatings on both surfaces to 
generate a series of partial internal 
reflections. One of the pinholes at P is 
located at the focal point of L8, and an 
image of the source within the selected 

t 

pinhole is relayed to the CCD. Lenses L11 
and L12 (two pairs) further increase the 
available magnification by 2.2X or 5X 
depending on which pair is inserted. At shot 
time, with reflector R23 in the beam, the 
light is deflected into a diode calorimeter for 
a measurement of focusable energy. Filters 
F2 and F3 control the signal level in cali- 
brated steps so that air breakdown does not 
occur in the focused light cone following L8. 

The target plane frequently does not 
coincide with the focus of the target-chamber 
lens. Also, it is often desirable to image the 
target plane in an opposing beam without 
moving the near-side target-chamber lens. 
Under these circumstances, the object plane 
of interest is generally not at infinity as 
viewed from the sensor. The focusing 
adjustments needed to compensate for these 
object-plane offsets are provided by trans- 
lations of LG along the bean1 axis. So, with 
respect to LMI and L8 (which follow 
L6 in the light path), the object plane is 
always at infinity. A key feature of this 
design is the incorporation of the focus 
adjustment ahead of the point in the beam a t  
which the light follows separate paths to the 
CCD and multiple-image camera. This 
ensures that the operator can always preview 
the image that will be photographed. 

The apparently redundant path followed 
by light reflected from B3 to R16 and 
through L5' and L6' is necessary because the 
focus adjustmcnt for imaging the target 
plane on the film with light reflected from 
the target is different from the adjustment 
for imaging the equivalent plane in the 
incident beam using light directly from the 
laser. Although light from both sources 
enters the sensor, the target-reflected light 
will have been deflected a few milliradians 
out of the plane of Fig. 2-153(b) by the 
auxiliary mirror identified in Fig. 2-150. 
Some light from each source passes through 
B3, but L6 is adjusted to properly focus only 
the incident-beam equivalent plane on the 
film. The light from the target also reaches 
the film, but it is out of focus and offset 
because of the angular difference. 

The largest angular difference that can be 
introduced is set by practical limitations on 
the field of view of the sensor optics. For Iw 
irradiation of large targets, or for a signif- 
icant defocus of the beam in the target plane, 
this will rcsult in some overlap of incident 
and reflected irr, ges. However, even for the 



largest m~@s, n& more thm U f  d each 
image will bbe in the overlap m&n, and 
meaningful data 8n~l"y:~is mn md11 be per- 
fotmed. As noted, a 1arg;m angular diffitrenw 
is possible for 2 and 30: for these 
mve1engths full ssp~ration is achievable. 

L i~hr  is alw reilskted from B3, and L6' is 
adjusted to pr0ipeiSy fo~txzs the 'reflwted 
tgtglet image an the BIrn,. Tke inddat  beam 
light that follows this path is out of and 
offset on the film. The net result of th is  dual- 
focus arrangmsnt irr: € k t  two pairs of 
sligbC15" separated' beams meh the film. 
Separation of t b  pdrs is provided by appro- 
priate angu1as ad-J"u@mmt d R17 md B 19. 

All routinely adjusted componsn4s in the 
output mnsw are ddvm by 9Eeppw motors. 
Ciroled labels ~ & d  in Fig$ ZdS3(b) and 
2-154 fo di~tinpish t h w ~  wmpaf l t8  from 
those having 8 x 4  adjustments. For 
b~~1-14 ~ M U B  WD~W m lb w. a 154 is 
actually three differ- beam splitters 
mounted an a vertical Oranslabinn Stage+ 
These splitt~m have different trawmimians 
and refldvitiw so Uat, for low-sbnal 
al'iIgnment Wks, a11 the light can Be 
t~tmsmiwd f-or CCD viewig OF. reflected for 
streak-c&m~~a ab@ment. .At shat t h e  b 
signal is split. A few of the motor-drivers 
edjndtm~nks are used for ~hangfq tb ,field 
af vie& andY for makiw focus adjmtmenb, as 
deaeribrd ~ w l i w ,  The FW, l i b  32, are 
required tc~ fp, the dyaarnk m p  
traq*mm$s p ! d  an tba B B I X S ~  by b 
1 h W  signal lwa1 of t h ~  rn aiigment 
W - ~ S  mi$ a~ 300 J bit7 wt k 
trmmi0to& *t@ the &e,nwr at atb~t time. 

Major Contributors: R. D. Boyd, R. E. 
Hugenberger, J. Parker, and L. G. Seppala 

Controls 

Nova Control-System Development. During 
1980 we focused attention on major 
hardware and software products previously 
identified as being common throughout the 
Nova control system, as shown in Fig. 2-156 

Fig. 2-156. Nova 
control-svstem 
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and discussed in the 1979 Laser Program 
Annual ~ e ~ o r t . ~ ~  Each of these prototypes 
will require further effort during the 
coming year. 

Our development of the Nova control 
system is by an evolutionary process.69 
Beginning with a strong base in the proven 
features of the Shiva control system, we have 
made constant progress toward higher levels 
of performance and lower overall cost. From 
our Shiva experience we have applied 

Computer controls for flexibility. 
Distributed controls performing localized 
functions. 
Organization in four major subsystems: 
alignment, power conditioning, laser 
diagnostics, and target diagnostics. 
Operational control from a central 
location. 
Increasingly more powerful technology 

Fig. 2-157. Product- has become available for our use, 
development areas for particularly in computers, fiber optics, and 
Nova control system. 
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interfacing hardware. This technology has 
had a strong influence on the evolution of 
the control system. 

The need for less overall manpower has 
led us to eliminate (within technical and 
organizational constraints) the multiple 
development of similar hardware and 
software products by various groups. 
Instead, we have joined forces to develop 
these products during the year before they 
are needed for the major subsystems. To the 
extent that this goal is accomplished, we can 
transfer the developmental staff, allowing 
them to follow through on subsystem 
applications. 

Other factors have encouraged us to 
follow a controls-development strategy that 
yields substantial capability on an early 
schedule. For example, a strong operational 
need exists for early use of a centralized 
control system to support the high-level 
diagnostic and reporting activities that will 
be necessary and useful during laser 
installation and checkout. 

We have developed prototype equipment 
for new control-system requirements, 
notably in image analysis (for alignment and 
diagnostics) and higher-speed communi- 
cations. To reduce ongoing maintenance and 
development efforts on Nova to levels below 
those experienced in our Shiva operations, 
we have planned a strongly integrated system 
that allows us, from the earliest phases of 
operation, to tightly coordinate the four 
major subsystems. 

The section delineated in light gray in Fig. 
2-156 indicates the subset of Nova control- 
system hardware architecture we plan to use 
to provide control capability for the Novette 
laser system.70 The flexibility of the 
architecture is confirmed by our ability to 
casily adapt it to this ncw application 
without modifying the basic subsystem 
hardware and software "building blocks." 

The 16 products identified as common 
requirements for Nova controls are listed, 
under four major categories, in Fig. 2-157: 

High-performance communications. 
Uniform data management. 
Special products. 
Operator interface. 
Six of the 16 common hardware and 

software products were designed and 
prototyped during 1980: Novalink, 
configuration management, raw data base, 



image processing, Praxis, and operator 
console. Eight others were developed enough 
to prove their feasibility (e.g., Novanet, I/O 
controller, network-shared memory, etc.). 

Each prototyped product represents a 
major advance in approach and imple- 
mentation in a particular problem area of 
control-system technology. In such cases, 
where many individual high-technology 
products are being developed in parallel, the 
feasibility of each design, as well as its 
compatibility with other designs, must be 
constantly tested and proven. Accordingly, 
we decided to develop ari iritegraled 
application that would include all the 
prototype designs. The closed-loop 
alignment of a spatial-filter pinhole on a 
small test laser system was chosen, as shown 
in Fig. 2- 158. From a controls perspective, 
this system simulates one beam of the larger 
Nova system. 

The system was successfully demonstrated 
November 29. 1980. The demonstration 

included hardware and software products 
ranging from the programmable operator 
console to the final alignment of a spatial- 
filter pinhole. 

Authors: F. W. Holloway, G .  J. Suski, and 
J. M. Duffy 

Novanet. Novanet, the high-speed fiber-optic 
serial communications system that will 
interconnect the various distributed 
computers and devices in the Nova laser 
conlrol syslem, was developed and 
successfully prototyped during 1980. No 
other communications network available 
today even approaches Novanet's computer- 
to-computer and computer-to-device 
communication capabilities and speed. 

Our experience from implementing the 
Shiva laser control system has shown us that 
interprocessor communication is a critical 
constraining factor with respect to system 

Fig. 2-158. Functional 
hlnrk diagram fnr Nnva 
central-controls 
demonstration. 
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Kg. 2-159. A nodc star 
provides the logical 
equivalent of a bus 
structure by sending 
messages from each node 
in the system to every 
other node; all 
connection paths are 
through fiber optics. 

Fig. 2-160. A node star 
of any required size can 
be implemented by using 
several identical micro- 
node stars, each 
controlled through an 
interfacc to an LSI-1 l.v 

integration, operating speed, and computer- 
system overhead. In addition, Nova control- 
system communications must handle the 
large amount of data that will be transferred 
on Nova because of heavy reliance on 
charge-coupled-device (CCD) array cameras 
for alignment, beam characterization, and 
target diagnostic functions. 

Novalink, the hardware portion of 
Novanet, provides lo7 bits/s of asynchro- 
nous transfers between multiple nodes on a 
common fiber-optic bus.71 We have 
minimized computer system overhead by 
using direct-memory-access (DMA) data 
transfers, combined with hardware error 
detection and acknowledgment, in each 50- 
bit packet. We have kept the minimum 
length of the message small to allow efficient 

nodes nodes 

16 bidirectional fiber nooe connecrlons 

I I Node-star control bus 

I Coaxial cable connections 

transfer to non-DMA devices, such as the 
operator switch panels. 

Various hardware-packaging schemes 
provide interfacing to DEC VAX- 1 11780 
and PDP- 1 1 minicomputers and to LSI- I 1 
microcomputer-based control and data- 
acquisition systems. 

The architecture of Novanet employs the 
logical equivalent of a bus structure by using 
a physical "star" connection point to which 
each node in the system is connected, as 
shown in Fig. 2- 159. This "node star" allows 
any processor to communicate directly with 
any other device or processor. The effective 
transfer rate is 25 ps per 16-bit word, which 
meets our original design ~ ~ e c i f i c a t i o n . ~ ~ . ~ ~  

We have designed and built a prototype 
node star and finalized the design and 
~ ~ n t r o l  specifications for thc operational 
version. The node star is comprised of 
several identical stand-alone modules 
("micro-node stars"), each controlled 
through an interface to an LSI- 1 1. Each 
micro-node star can handle 16 fiber-optic 
nodes. Modular packaging will allow us to 
implement a node star of any required size 
(Fig. 2- 160), thus meeting the requirement 
for flexibility and expandability in the 
control system. 

Besides its principal function of logically 
implementing a fiber-optic "bus," the node 
star has added functions that will ease 
maintenance and improve its performance in 
the overall Novanet system. It can isolate 
defective nodes to prevent interference with 
the rest of the network. It can also be 
segmented, as shown in Fig. 2-161, into 
separate networks, thereby isolating large 
data-block transfers. This keeps them from 
interfering with shorter device-control 
Lransfers. 

We decided to implement the lowest level 
protocol (the most primitivc and most oftcn 
used) as a part of the commtrnications 
hardware, thereby taking much of the com- 
munications load away from the micro- 
computers and placing it in the 
communications interfaces. Giving the 
communications primitives burden to the 
Novalink hardware allows thc micro- 
computer to be used more efficiently for its 
original task. 

Therefore, we implemented the protocol in 
microprogrammed state machines at every 
node connection to the network. A state 



machine is a device that steps through 
multiple conditions, based on input stimuli. 
Each condition, or state, produces a unique 
set of output signals based on the input. 
Microprogramming the state machine means 
putting the instructions that control the state 
machine into a memory. Then, to modify the 
function of a network node, we merely 
reprogram the memory of the state machine, 
without having to redesign the circuit. 

We used Advanced Micro Devices (AMD) 
microprogrammed cnntrnllers (A  MD 79 10) 
and bipolar fusible-link PROMS in the state 
machines. Two of these state machines are 
on each node interface. Their high-speed 
operation (100- and 200-11s cycle times) 
allows them to handle the incoming and 
outgoing data stream at 107 bits/s. 

System requirements include the ability to 
address remore devices jncrnprucessors) un 
the network-a very unusual feature in 
con~munications networks. Most dcviccs wc 
plan to use are interfaced with asynchronous 
buses (Q-bus, UNIBUS, or Shiva TTL bus). 
Therefore, to implement the normal 
asynchronous handshake signals, a serial 
handshake is required for each 16-bit word. 
That is, for every action signal received, an 
acknowledgment (a handshake) is sent back 
to the original sending device. This 
handshake reply (R), along with seven other 
message types, is contained within the packet 
prcamblc, as illustratcd in Fig. 2-162. The 
necessity of the handshake reduces the 
effective data rate by a factor of 2; it also 
requires that message packets be checked for 
errors, adding further overhead to the single- 
word transfer. Nevertheless, when the 
communications network operates in a 
closed-loop control system, the advantages 
of using a handshake to support standard 
buses outweigh the disadvantagcs of thc 
added overhead. 

In Novanet, one node, called the 
b 6 111aste1," petforms the function of kccping 

the network bus active. At any instant, only 
one nodc is thc nctwork "master" and all 
other nodes are "slaves." The bus master has 
three ways of maintaining bus activity: 
a Actual data transfers to or from nodes. 
a Master-only polls (MOP). 
a Master-slave interrupt polls (MSIP). 

The ~liicroprogrammed cantroller on 
the master device automatically perfvrrns 
either master-only polls or master-slave 

interrupt polls on completion of a DMA 
dala Lransfer. This polling allows other 
nodes to either gain mastership of the 
communications bus or to service interrupts. 
The normal slave response is a simple 
REPLY (Fig. 2-162) if an interrupt or a 
service of mastership is not required. Since a 
typical installation will have only a fraction 
of the 256 possible nodes implemented, 
microprogrammed timeouts are performed 
on nodes that are not responding. 

Fig. 2-161. Each micro 
Segmentation node star can be 

(from low-volume control commands) segmented into separate 
I , networks and can 
I I I I disconnect improperly 

performing nodes. 
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The user need not be concerned with this directly to  a processor. The slave-interrupt 
level of protocol. The driver software in the reply (SIR) is sent to the current 
host machine merely sets up a DMA communications bus master, which can 
transfer, and the link hardware interrupts on choose to  service or ignore the interrupting 
a completed block transfer to the addressed node, depending on predefined switch 
slave. The hardware implements the lowest settings on the line-controller board. 
level protocol requirements with micro- This allows the interrupts to be partitioned 
programmed state machines, relieving the into eight separate or overlapping "service 
host processor of these duties. In fact, in the areas." A master can respond to all eight 
short time between two sequential block service areas if desired. If the current master 
transfers, a node might possibly lose its is set to ignore a particular interrupt, the 
master status. For example, the node interrupt is not cleared; instead it is sent to 
processor might take several milliseconds to the next master when that master polls the 
set up the second transfer. In the interim, a interrupting slave node. Cnnseq~~ently, nnce 
second node could request and be granted a master node enables a slave-node interrupt, 
bus mastership, initiate and complete a data it must occasionally request mastership of 
transfer, and then begin its own master the communications bus in order to service 
polling sequence. The original node would the interrupt. 
then regain its master stat~is, and initiate and The hardware for Movalinlc consists of 
complete its second transfer. three types of node interfaces and a device 

This entire sequence is transparent to the that implements the node star. The node star 
user program, with the possible exception of is not a true network node, but may be 
several milliseconds of delay, which is the controlled by one of the node processors to 
maximum polling latency time. allow automatic fault isolation. The three 

We also implemented interrupts on node interfaces are: 
Novanet. (An interrupt is the temporary stop Master-slave controller (MSC). 
of a logical sequence of events to do Multiple device interface (MDI). 
something else, followed by a return to the Q-bus device interface (QBDI). 
mainstream of events.) However, because The MSC interface consists of two quad- 
of network overhead, the interrupt service size DEC printed circuit boards interfaced to 
time can be quite long compared to an the Q-bus (thc LSI-11 backplane bus), as 
interrupt of hardware that is connected illustrated by the block diagram in 

Fig. 2-163. Master- 
slave-cnntrnller (MSC) I 
interface portion of 
Novalink. 

DMA control board Linecontroller card 

/ 

LSI-11 

Q-bus 

Controlter state machine fCSM) 
Back- rnictopragrarnrned 54 bite Mda, 
plane pipellned, 200 pslcycte 

IAMD-2910) 
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Fig. 2-163. The circuit boards are connected 
by ribbon cable that runs between two 50-pin 
edge-connectors on the boards. 

The DMA control board provides the 
Q-bus interface with seven 16-bit registers, 
bus DMA and interrupt control logic, and 
the node address-recognition logic. The 
design includes an 18-bit Q-bus address 
register (BAR) for compatibility with the 
LSI-11/23. It also allows a DMA buffer to 
cross the 32k-word memory-range boundary 
imposed by the instruction-set architecture 
of an LSI-11. The card is also compatible 
with the ~llultilevel irilerrupt structure of the 
LSI- 1 1/23. To allow Novanet connections 
for UNIBUS machines (such as the PLIP-1 I 
and VAX), we are using a commercial 
UNI BUS-to-Q-bus converter. 

The line-controller board implements the 
fiber-optic serial interface to the Novanet. 
On the board are two microprogrammed 
state machines, one controlling the serial line 
at 10 Mbits/s (100 ns/bit) and the other 
handling the protocol and operating at a 
200-11s rate. The first state machine-the 
sel iali~er stale rnachine (SSM)-and a 40-bit 
shift register comprise the universal 
asynchronous receiver transmitter (UART), 
as shown by Fig. 2-163. (We readily admit 
that our UART is not "universal." We 
use the term only because most 
communications engineers will identify the 
correct functional use from the acronym.) 

The SSM consists of an address counter, a 
PROM, and a pipeline register to pre-fetch 
the next instruction while the present one is 
being executed. Its byte-wide output is 
sufficient to control all the functions of the 
40-bit-long shift register and thc cyclic- 
redundancy-check (CRC) circuitry. The 
SSM executes two linear programs-one 
each for the receive and transmit cycles. 
Since a full-duplex device is not required, the 
UART is a half-duplex device. The UART 
includes hardware CRC circuitry and 
appends eight check bits plus two stop bits 
onto the shift-register output. When in the 
receive mode, the UART computes an 
independent check sum and compares it to 
the appended check sum to detect 
transmission errors. 

The controller state machine (CSM) is 64 
bits wide and uses the Advanced Micro 
Dcvices AMD 2910 n~~croprog~.air~rr~etl 
controllcr. Thc AMD 2910 executes a set of 

16 instructions that include a variety of 
conditional branches, as well as a fivc-dccp 
microprogram stack for subroutine nesting. 
it also includes an internal loop counter for 
programmed timer functions. The 64-bit by 
5 12-deep PROM set contains the code for 
controlling both the UART and the DMA 
and interrupt control functions on the 
adjacent board. Also included are several 
microdiagnostic programs that aid in board 
fault location. These diagnostic programs 
are accessible by attaching wire-wrap 
jumpers to the board. 

The line-controller card also incluaes a 
general-purpose 16-bit input/output port 
that remains operational even if the LSI-1 I is 
halted. This port will typically be used to 
initiate a bootstrap sequence to load the LSI- 
11 from another network-connected 
computcr. The bootstrap program sets up arl 
initial DMA "read" from the optical line. If 
a certain sequence is followed, the LSI-11 
accepts the next data stream and deposits it 
in memory. Once in memory, this data 
stream is executed as if it were a program. 

Multiple-device-interface (MDI) logic 
provides us with the ability to interface to a 
number of different devices and buses, as 
shown in Fig. 2-164. MDI is our primary 
node interface for the CCD TV cameras that 
will be used extensively in the Nova 
alignment and diagnostics systems. In 
addition to the CCD camera interface, MDI 
provides a 16-bit parallel input/output port 
with the same functions and pin connections 
as the DEC 16-bit I/O card, the DRV-11. 
The MDI includes full interrupt support for 
both the CCn camera and the  16-hit 
I/O porl. 

The MDI consists of a three-card set based 
on the 122-pin Augat-size cards (7 by 7-114 
in.). The micrnprogrammed UART use.d by 
the MDI is identical in design to those used 
in the MSC cards. The MDI also uses a 
micrnprogrammed controller (AMD 2910) 
to  implement the network protocol and to 
control its Q-bus, as shown in Fig. 2-164. 
The MDI Q-bus is electrically equivalent to, 
but mechanically different from, the DEC 
Q-bus. However, the MDI Q-bus is directly 
compatible with the CCD camera. 
Therefore, it can be installed directly in the 
CCD camera memory box, effectively 
making the camera a fully functional 
r~etwork node. 
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Fig. 2-164. Multidevice A 
interface (MDI) logic 
provides the ability to 
interface with a number 
of different devices and 
buses. 

Fig. 2-165. Block 
diagram of network- 
analyzer fuiictior~s. V 

Digital analyzer 

1 16 X 500 bits 

The Q-bus device interface is a DEC quad- 
size (1 1- 1 /2 by 8-1 /2 in.) card that is 
functionally identical to the MDI, without 
the 16-bit I/O port. It generates a 
mechanically and electrically compatible 
DEC Q-bus, allowing the user to connect 
any Q-bus-compatible device to Novalink. 
This card takes the place of the LSI-11 
microcomputer in a quad-size backplane and 
generates Q-bus signals based on the 
network commands. It includes a fiber-optic 
transmitter and receiver and wire coaxial- 
cable network connectors, as do all Novalink 
node interfaces. 

A network analyzer has been designed and 
built to aid in debugging the network 
hardware and software. Thib device displayb 
the network activity on a CRT, as illustrated 
in Fig. 2- 165. I t  has display qualifiers (trigger 
control) to allow presentation of selected 
events out of the 10-megabitls data stream. 
A commercial digital logic analyzer 
(Biomation 1650 D) and a Tektronix 604 
display allow an operator to analyze a 
snapshot of 16 bits by 500 words of real-time 
network activity. 

Authors: J. Severyn, P. VanArsdall, 
S. Ruddock, and W. Schaefer 

Major Contributor: R. Demaret 

Novanet Software. Novanet is the data- 
communications network that forms the 
backbone of the central control system for 
the Nova laser fusion project. Virtually all 
modern data-communications systems are 
implemented as hardwarelsoftware hybrids 
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to maximize their performance and 
flexibility. To see how this may be done, let 
us first examine the software for Novanet to 
understand its function and how the 
hardwarelsoftware dividing line was chosen 
for this network. 

While the hardware of a communications 
system is sending electrical or light pulses 
between circuit boards, the details of the 
system should be transparent to its users, 
who should think of network activity in 
terms of the transfer of files and other 
structures between processes. The function 
of the software in any communications 
system is to use the hardware's pulses to 
transmit the user's structures in a rapid and 
reliable manner. To accomplish this task in a 
manageable and maintainable way, we 
have separated the software into functional 
layers. Each node in the system has identical 
layers, and we think of each layer as 
communicating with its equivalent layer via 
a protocol, as shown in Fig. 2-166. Of 
course, what actually happens is that each 
layer in a node communicates through its 
interface to the layer below it until the 
hardware layer is reached. At this point, thc 
message has been converted to a string of 
pulses that the hardware sends. In the remote 
node, the pulse string is received and the 
message is passed up through the layers until 
it reaches its destination. 

Each software layer effects its own 
protocol; hence, the softwarc laycrs lmpose 
an analogous layering of protocols. Each 
protoci~l layel ly1,iciilly encapsillat~s the data 
in i tc nwn h~nrler and trailer, which is 
additional information added to the data, as 
shown in Fig. 2-167. Thus, at a glven layer, 
whatever is handed to it from above is 
treated like data, encapsulated in a header 

and trailer that are meaningful to the 
equivalent layer in the remote node, and the 
whole package becomes data for the next 
lower layer. 

With this explanation in mind, let's look at 
t11c laycrs of prutocul and the Itlessage 
encapsulation developed and prototyped for 
the Novanet system during 1980. Figure 
2-168 is a block diagram of the protocol 
layers in a processor node in this network. 

Now let's examine each protocol layer in 
some detail. Until now, we have described 
the layers as though all of them were 
implemented in software. However, this is 
not necessarily the case. Often, in the interest 
of pcrformancc, the lower level(s) of 
protocol will be implemented by hardware. 
In Novanet, the hardware implements the 
lowest level of the protocol, including direct- 
to-memory transfers to and from the 
processors' memory. The choice of which 

Fig. 2-167. Each layer 
of network protocol 
encapsulates the data 
needed for its functions 
nntn the headar ~ n d  

trailer of the message it 
receives. 
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Hardware a It, until the hardware 
layer transmits "bits" of 
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protocols should be implemented in hard- 
ware and which should be relegated to the 
software is affected mostly by perfor- 
mance, flexibility, and cost constraints. 

The hardware layer (described in detail 
elsewhere in this section) consists of the 
fiber-optic transmitters and receivers, the 
associated control hardware, and a state 
machine that implements the lowest level of 
the protocol. The hardware's interface to the 
physical driver is through its control registers 
and the direct-memory-access (DMA) 
hardware. 

The physical-driver layer is the lowest of 
the software layers and is part of Lhe 
operating system of the node in which it 
resides. The physical driver is responsible for 
synchronizing software requests for hard- 
ware action with the state of the hardware. 
At appropriate times, the hardware registers 

Fig. 2-168. Novanet are accessed to start a new transfer or to 
protocol layers and obtain the status of the hardware. The 
typical uses. 

statistics 
application program NSM handler CCD image 

route message to proper user 

Network manager 
iiannnctics, error recovery, and logginp 

Blocker/deblocker 
and error detectic 

sical-driver 
I software to  control the hardware I 

L 
Hardware I 

hardware layer can also detect some errors. 
When an error is detected, the physical 
driver communicates this to the error- 
handling layer(s) of software. 

The blocker/deblocker layer is the next 
higher software layer. It is convenient to 
have a maximum-size block that the network 
will send as a single DMA transfer. This 
ensures that the nodes will always be able to 
receive messages in pieces without having to 
allocate very large buffers for the task. 
During transmission, a long message is 
broken down into blocks that the physical 
driver can send. When the blocks are 
received, Llley ale ~eabsell~lrlcd (Jebluckcd) 
into the message. In addition to blocking and 
deblocking messages, this layer performs 
error recovery at the block level. If the 
hardware detects an error during block 
transmission or reception, the phys~cal drlver 
passes this fact to the blocker/deblocker 
layer, which will either retransmit or ask for 
a retransmission of the block. If the error 
cannot be corrected by retransmission, it is 
reported to the network-management layer. 
When a uude is 11u1 adivcly Liansll~itting, the 
blocker/deblocker ensures that it is in a state 
to receive messages from other nodes. 

The network-management layer is above 
the blocker/deblocker and manages the 
network from the node's point of view. Its 
tasks include keeping track of nodes on this 
particular node's segment, sendlng segment- 
change requests to the node-star manager, 
running diagnostics on other nodes on the 
segment, logging network errors and other 
network-significant events, and sending the 
local error lop to the network controller 
when it is requested. The network- 
management layer also decides what to do 
about errors that the lower layers pass to it. 
In general, if the blocker/deblocker is unable 
to transmit a message correctly, the network- 
management layer logs this fact, together 
with all known lnformat~on about the type of 
error, and requests that the router inform the 
user that the message could not be 
transferred. This is the only sensible course 
of action because only the user knows the 
importance of the lost mewage relative to the 
current operating environment. 

The highest layer in what is usually 
considered network software is the internal 
routing layer, which routcs mcssagcs to thelr 
destination process in the node. This layer is 



trivial if only one process is running in the 
node. If two or more processes in the same 
node wish to communicate, however, this 
layer handles the complete transaction. 

This completes the network software 
layers as they are usually envisioned. 
However, some special services are provided 
for the Nova controls system that to the 
users' programs look like network software 
and to the network software appear as users' 
programs. They include file-transfer 
routines, routines to allow one node to 
down-line-load another node, and network- 
shared-memory (NSM) services. The file- 
transfer routines allow data and program 
files to  be moved from one node to another, 
as from a development system to the nodes 
in which they will be used. The down-line- 
load capability allows a remote processor, 
such as an LSI-11 stepper-motor controller 
(SMC), to be loaded with its control 
software and to have the execution started 
from another node. This capability can also 
be used to automatically reload and restart a 
node that has failed. 

The Novalink hardware takes care of 
normal DMA transfer operations. If an error 
or other exception is detected in the transfer, 
however, the hardware interrupts the 
processor and lets the software determine 
how the exception should be handled. Thus, 
for performance reasons, the software 
determines and sets the transfer parameters 
in the hardwarc, but thc hardwarc docs the 
transfer without software intervention unless 
an exception is found. This allows the 
transfer rate to be maximized without 
increasing the loading on the CPU. The 
errors and except~ons are handled more 
easily in the software and, since our fiber- 
optics data links are inherently low noise, the 
added work has a minimal effect on the 
processor's load. 

The prototype Novanet hardware and 
software, with its capability for high-speed 
fiber-optic communications between all 
computers and devices on a network, was 
shown to be appropriate for general Nova 
application by its successful performance in 
recent demonstrations. 

Author: J. Hill 

Network-Shared Memory: the Control- 
System Programmer's View of Novanet. As a 
communications-network service utility, we 
have developed a common software package 
for program-to-program communications. 
This packagc, callcd nctwork-shared 
memory (NSM), is a method by which 
programs in the same computer (or in 
different computers) can share tables of 
control and status information. 

In designing the NSM package, we wanted 
to provide a uniform interface for each 
program that would be independent of the 
computer system in which it resides. To 
efficiently generate control-system 
programs, we had to minimize the effort 
required to use the communications network 
and ensure that we could easily add new 
tables, users, and computers. We also had to 
make sure that the execution time and 
programming-space overhead of the package 
were minimized so as not to exclude it from 
use in critical applications. 

Our experience with network applications 
on Shiva provided goals and suggestions to 
add to the above criteria. First, the user 
interface to the Shivanet package required 
that the user know a great deal about 
network hierachy and operation in order to 
write control-system programs. Therefore, 
the programs on Shiva more often reflected 
communications strategy rather than the 
laser control functions to be performed. 
Second, we found that systems that used 
shared memory between programs and 
computers were conceptually easier for 
control-system engineers to program and 
maintain. However, there was one 
disadvantage to using shared memory: it was 
often difficult to prevent one program from 
inadvertently modifying the data while 
another program was using it. Therefore, 
with all the above criteria in mind, we 
designed the NSM system and implemented 
a prototype package. 

The NSM system treats the network as a 
large collection of data tables that can be 
accessed by any program on any computer in 
the control system. Called "regions," these 
named tables are the basic addressable 
eleliler~ts of shal.ed data. In general, a region 
is implemented as a Praxis data structure 
that contains the control or status 
information for a single contlol-sysleul 
entity or for a simple collection of like 
entities. Regions have been used in our 
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prototype demonstration system to reflect 
the current position of spatial-filter pinholes, 
as well as to  communicate the name of an 
image for display on the graphics system. 

An example of the region concept, as used 
in the central-controls demonstration, is 
given in Fig. 2-169. Operator commands 
are placed in one region of the graphics 
system. When this region is updated, the 
automatic pinhole-alignment program wakes 
from its hibernated state to process these 
commands. Should control of a particular 
spatial-filter pinhole be required, the 
alignment program uses the NSM routines 
to open the region that corresponds to  that 
pinhole, to enter the command, and to  close 
the region. Waiting for that  lipdate is a 
mapping program that, in turn, updates the 
command region for the appropriate 
stepping-motor controller, wh~ch then moves 
the motors accordingly. Status information 
is transferred in the same manner, but in the 
opposite direction, and is displayed on the 
color display. 

The person who implements each of the 
above programs need only be concerned with 

Fig. 2-169. The - 
network-shared memory 
system (NSM) shares 
tables of control and 
status information 
(regions) between 
programs resident on 
several computers. 

the use and specification of each region, as 
if it were memory residing in his or her own 
program. The actual hardware configuration 
of the system is shown in Fig. 2-169. That the 
programs reside in different computers or 
that the data are, in some cases, transferred 
over the network hardware does not affect 
the applications program. The actual shared 
memory (multipart) increases system 
performance but is not a necessity since the 
NSM simulates its presence. 

The collection of regions relating to a 
particular application is called an 
"environment" and contains shared or local 
copies of the region data, as well as those 
tables required by the NSM to manage 
region activity. Regions art: defined by the 
control system engineer during an interactive 
session with the configuration control- 
data-base "Librarian" utility. Then another 
utility generates the Praxis data structures 
required by the environment. 

After the user calls in the NSM package to 
manipulate the environment-management 
tables, the programmers can map necessary 
regions into their data space, gain exclusive 

Pinhole image I-' 

Responds to user 
input, and displays 
status information. 
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access to a given region, and then manipulate 
the data within the region. 

On each computer is a system-level 
program, called the "server," that manages 
system environments. The server is 
responsible for transferring region updates 
to other nodes and for activating programs 
in hibernation. (The interaction of regions, 
environments, user calls, and the server is 
shown in Fig. 2-170.) 

Our project plan calls for the NSM to 
support regions shared between programs 
that will be residing in the following 
processors: 

Digital Equipment VAX- 1 11780. 
Digital Equipment LSI-11/23. 

They will be connected via any of the 
following peripherals: 

Novalink h~gh-speed, fiber-optic DMA 
serial link. 
MA-780 VAX to VAX multiported 
memory. 
MPM-11 UNIBUS multiported memory. 
The current implementation status for the 

total package is shown in Table 2-31. 
Since the system will be implemented on at 

least two computers, the NSM was designed 
to use the same source code for all but the 
lowest level machine-dependent routines, 
thereby saving much implementation effort 
and ensuring that changes to one package 
will be immediately carried over to the other. 
The Praxis programming language, 
described in "Praxis," was instrumental in 
that effort. These savings would not have 
been possible with any other available 
programming language. The ability to 
produce transportable code was one of the 
main goals of the languagc projcct. 

Author: J. Duffy 

Central Operator's Consoles, Four identical 
computer-driven operator consoles, each 
containing three high-resolution color- 
graphic displays, will be located in the Nova 
central control room to provide efficient 
userlmachine interaction with the entire 
Nova facility. We can use these displays to 
program hundreds of different control 
panels that, if hardwired, would fill a very 
large room. The necessity for any hardwired 
coritr 01 parlels, which are labor-intensive and 
quickly outdated, has been minimized. 

I region I I 
Management region 2 

tables rn 
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region n 
A 

ENVIRONMENT 
t - 

\ 

Multipor. I 
interrup> 

SERVER program 

A Fig. 2-170. The NSM 
user package provides a 
clean interface between 
the application programs 
and region data. 

Table 2-31. Implement- 
ation status of NSM 
packages. 

Improved userlmachine interaction was a 
key influence on the design of the custom- 
manufactured console. A completed 
prototypc unit is shown in Fig. 2-17 1. 

In designing the desk area, we paid careful 
attention to leg room and the shape of the 
console so that operator strain, visual 
parallax, and glare would be minimized. The 
cabinet has an overall height of 62 in. at the 
top front, which permits a standing person to 
look over the top of the console and view 
related operations in the control room. The 
console, itself, is bent around the operator by 
30" on each wing to improve viewing for 
both the operator and observers. 

Each console contains three 19-in., high- 
resolution color monitors, mounted at eye 
level in each of three adjacent sections. Each 
ol' Ltiezlt: (:K 1's (Karntek model KM Y4UU) 1s a 
raster scan device-640 by 5 12 pixels- 
capable of doing vector and text drawing, as 
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well as of performing such coordinate 
transformations as pan, zoom, translation, 
and rotation. Figures and text can be drawn 
with up to 16 colors selected from a total of 
256 possibilities.'~hese actions are 
accomplished, within the Ramtek, with on- 
board microcomputers. The center color 
monitor is overlaid by a transparent touch- 
input device that is configured as an x-y 
potentiometer. Whenever the screen is 
touched, this device supplies numeric screen 
coordinates to the display system, allowing 
the operator to select items from displayed 
menus of options. Mounted above the center 
display are two 9-in. black-and-white TV 
monitors (Conrac) that can be used to view 
thc output from any TV camcra or CCD 
array sensor in the facility. This allows for 
visual checks of the automatic alignment 
system, as well as for information feedback 
to an operator performing remote manual- 
control operations. A joystick is available for 
remote manual operations. 

Authors: P. J. VanArsdall and F. W. 
Holloway 

Nova Operator-Interaction Graphics. The 
Nova operator-interaction graphics system is 
designed to  use color displays and other 
devices within the central-operator consoles 
to present the status of the laser system and 
to accept operator commands. A prototype 
version of this graphics system has been 
demonstrated as an operator interface to a 
simple alignment problem. It provided 
displays such as those shown in Figs. 2-172 
and 2- 173. 

This system has met several major design 
objectives, including: 

Removing much of the clutter usually 
associated with each user maintaining 
pictorial representations within his or her 
own application programs. 
Taking much of the overhead of executing 
graphics instructions from the VAX 
computers and offloading it on 
microcomputers specifically designed for 
the job. 
Enforcing the use of identically structured 
modular calls for graphics by all the 
programmers of the Nova control system. 
To accomplish these objectives, the 

operator-interaction graphics software is 
divided into two major phases, as shown in 
Fig. 2-174. In phase one, the details of 

Fig. 2-17 1. Control- 
sys1r111 rl~gi l~rr~ trsti~~g 
graphics snftware on 
prototype Nova central- 
operator console. 
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Fig. 2- 173. This side 
display will accompany a 
set of control menus, 
similar to that illustrated 
by Fig. 2-172, to show 
the operator the complete 
status of all spatial-filter 
alignment functions. 



picture definitions are entered into picture 
and subpicture libraries before there is a 
need to display the pictures on the control 
system. These pictures are called frames. 
When display becomes necessary, phase two 
is entered, and the user's control programs 
submit graphics commands to a single 
graphics executive program. This executive 
program controls each display on an 
operator console and, to provide feedback to 
the user's control program, interprets input 
from the touch panel by matching touch 
coordinates with subpicture definitions. 

To enter picture definitions into the 
picture and subpicture libraries, a Praxis 
program is written and executed. This 
program first acccsscs a library of predefined 
routines to make up the user's own lists of 
picture instructions. Then it inserts these lists 
into a list called a frame list. The calls to 
insert subpictures into the frame list contain 
arguments that allow users to associate 
certain instances of lines and text with a label 
and to decide whether these instances will be 
touch-selectable. 

During operations, the graphics executive 
program accesses these libraries and stores 
the definitions in VAX virtual memory for 
rapid access. Then the user's control 
program can easily request that its frame be 
displayed and change various labeled 
instances of lines and text to reflect either a 
new status from the control system or input 
from an operator's touch panel. 

Touch-panel inputs are received by the 
graphics executive, which searches its lists of 
instances of lines and text defined within the 

frame. When it finds a match, it supplies the 
user program with the label and index. While 
searching for a match, the graphics executive 
marks the place on the screen where the 
operator has touched it with a blinking 
cursor, thus providing immediate feedback. 
The graphics executive reserves areas at the 
top and bottom of the screen for special use, 
such as for displaying time-of-day text, 
control of the side screens, and system 
messages. Two other features have been 
implemented in the graphics executive. To 
reconstruct events, all requests for frames 
and touch inputs are presently recorded by 
the Nova event logger, described in "Event 
Logger." Also, a programmable voice 
synthesizer attached to each console can be 
used to issue verbal warnings when 
significant cvcnts takc placc in thc system. 

We have gained a substantial advantage 
by designing the graphics executive so it 
"knows" all the frame and subpicture 
representations. In the future, this advantage 
will enable us to implement special features 
that would otherwise be impossible. For 
example, if the graphics executive could 
hierarchically step through sets of command 
menus, it would free the user's control 
programs from having to hold the 
information needed to accomplish this 
function. This implies that a user's programs 
could be inserted anywhere in the flow of 
logical control without having to modify 
other users' programs with information as to 
what precedes or follows. We are also 
exploring the option of having the graphics 
executive post all system-status updates on 
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the relevant frames so as to remove this 
tedious process from the user packages, 
Another important feature we plan to 
implement is a graphics editor. A laser 
operator or experimentor could then use the 
CRT and touch panel interactively to desigri 
frames. This would allow a specialist, with 
no knowledge of how to program the 
computer, to make additions to the graphics 
library. 

Author: J. Wilkerson 

Major Contributor: J.  Krammen 

Nova Image Processing. Our decision to use 
video sensors on the Nova laser system made 
the use of digital. image processing a 
requirement for closed-loop alignment. This 
concept, proven feasible in the Shiva 
automatic pinhole-alignment system, is a 
major advance in closed-loop alignment 
technology and a significant advance in the 
state of thc art. Automatic alignme~lt 
through closed-loop image processing is 
capable of 
a Quicker laser alignment than is possible 

manually. 
An accuracy comparable to that obtained 
by hand. 

a More-consistent alignment results. 
Allowing specialized analyses to be done 
in special cases. 

The closed-loop video-analysis system on 
Nova consists of a Quantex image- 
acquisition and storage device (comprised of 
a video digitizer and image buffer), a high- 
speed array processor (AP), and a central 
VAX- 1 11780 computer, as shown in 
Fig. 2-175. 

Once we selected this architecture, we 
designed hardware and software interfaces to 
allow images in the Quantex memory to be 
communicated to the array processor and, 
from there, to be efficiently stored on the 
system disk. Then we developed the software 
to annotate images, to write partial images 
into Quantex memory, and to interface all 
Fortran and AP-assembly language routines 
to Praxis (the system-implementation 
language for Nova). Finally, we set up an 
optical bench to test the video-analysis 
algnrithms as thpjl WPTY developed. 

The central computer that controls the 
image-analysis process for the Nova laser 
system will also be handling other tasks, such 
as Novanet communications, console 
graphics, and alignment-applications 
bollware. For this reason, we chose image- 
processing-hardware architecture to 
minimize the computational load on the 
VAX computer. The array processor and 
Quantex video digitizer are capable of doing 
a considerable amount of processing without 
having to  interact with the main computer. 

In a typical video operation, a CCD 
camera-generated image is "grabbed" by the 
video digitizer, either through a command 
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from the central computer or by a system- 
synchronization signal (in the pulsed- 
alignment operating mode). The central 
computer then instructs the AP to read and 
analyze the image, which in turn provides the 
applications program in the VAX with 
parameters describing the characteristics of 
the image being examined (such as the center 
point of a pinhole). 

Up to 200 components of the Nova laser 
will have to be aligned before each system 
shot, constraining the alignment operation 
for each alignment task to a very short time. 
We also want to make image processing 
adaptable to changes that would normally 
affect its reliability. Therefore, we have 
develuped the following criteria for imagc 
processing: 

Less than onc sccond per alignment task. 
Insensitivity to variations in image 
"quality" due to background intensity and 
noise, the intensity of the pinhole image vs 
that of the background, intensity 
variations across the pinhole, and images 
that are partially off the screen. 
Simple to interface to the controls 
software. 
A high degree of flexibility. 
One of the first capabilities we developed 

for the system was the ability to display, on 
the operator-console color screens, color- 
enhanced versions of black-and-white 
images. Such an image is showr~ in Fig. 
2-176. l'his ability was needed to visually 
analyze intensity variations within images, to 
aid in developing the image-analysis 

Fio 7-176 rnlnr- 

image. 

algorithms, and to provide a long-term 
capability for doing beam diagnoses 
in Nova. 

Our major image-processing activity in the 
past year has been the development of a 
pinhole image-analysis software package 
that can meet the above criteria. We were 
able to take advantage of the high speed and 
greater capability of the Nova image- 
processing hardware to achieve significant 
advances in reliability and image fault 
tolerance over the current Shiva automatic 
pinhole-alignment system.74 As illustrated in 
Fig. 2- 177, the current algorithm utilizes a 
four-step procedure: 

First, a threshold operation is performed 
to convert all points either to zero intensity 
(typically background) or to a single high- 
intensity value. Conversion depends on 
whether the original intensity of the point 
was below or above a threshold value. To 
determine a useful threshold level, an 
intensity distribution (histogram) of the 
image is performed in the AP. A low- 
intensity peak corresponds to the dim 
background, while a peak at a higher 
intensity is due to the bright pinhole. This 
distribution is then scanned by the AP, 
and a threshold intensity that lies between 
the two distribution peaks is chosen. This 
thresholding simplifies the further steps, 
but must be modified should uneven 
illumination cxist on the CCD camera. In 
such rare inslances, the AP calculates thc 
gradient of the pinhole image before 
thresholding is done. 
Second, a median filter operation is 
performed in which each point is assigned 
a value that is the median of all point 
intensities in a surrounding square. The 
squarc rangcs in size from 3 X 3 to 7 X 7 
pixels, depending on the noise level of the 
image. This operation eliminates noise 
components from the image, as shown in 
the upper left quadrant of Fig. 2-I,/'/. 
Third, a two-dimensional gradient, 
perfarmed on the image by the AP, assigns 
intensities in the resulting image according 
to the magnitude of the intensity 
differences of surrounding pixels in the 
original image (see Figs. 2-178 and 2-179) 
Note in Fig. 2-178 that the largest pixel 
values in the resulting image are at the 
edge locations of the original image. The 
result is an image in which the edges of the 



Nova 

pinhole are intensified, as shown in the 
upper right quadrant of Fig. 2-177. 
Finally, a center point is determined, 
based on the center of the four points at 
the extremities of the delineated pinhole 
images (lower left in Fig. 2-177). A 
circularity check is also performed to 
allow correct center-point determination 
when part of the pinhole is obstructed or 
off the image "screen." 
This algorithm is superior to the successful 

Shiva automatic alignment system for 
pinhole and focused-spot analyses. In 
particular, 

It requires less than one second of analysis 
time while (to ensure greater reliability) it 
performs 100 times the number of 
computations performed on Shiva. 
It meets the design goal of being insen- 
sitive to image quality and successfully 

handles images that are partially off the 
screen. 
To further aid in devising more 

sophisticated image-processing techniques, 
we developed a prototype interactive image- 
proccssitig system that allows the user to 
perform various detection and filtering 
techniques on an image and to store and 
retrieve useful results. A menu is displayed 
that shows the functions currently 
implemented and the critical parameters that 
must be input for each selected function. The 
user is prompted to supply any missing 
parameters. Also, any scquence of fuaclions 
that the user might need repeatedly can be 
placcd in a file and car1 lhen be executed with 
a single instruction, as required. 

When fully developed, this system is 
expected to accelerate the development of 
other image-analysis technirl~les These - , 

Fig. 2-177. Four-step 
Nova video-analysis 
process. 
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Fig. 2-178. Sample 
pinhole image areas and 
convolution gradient 
matrix used for pinhole 
image analysis. 

techniques will be important since, in the 
alignment process for the entire laser system, 
we will be required to process many different 
classes of images, such as those used in 
crosshair-based centering. Changes and 
improvements will also be necessary when 
the analysis methods are tested on the real 
system. The flexibility built into both the 
video-analysis and interactive image- 
processing systems will aid in future work on 
the Nova alignment system. 

Authors: C. Humphreys and G. J. Suski 

Event Logger. An event logger, composed of 
an independent processor and associated 
storage units, is a fundamental part of the 
Nova central-control-system architecture. Im I. - 
a large control system such as Nova, it is 
necessary to monitor, record, and verify (in 

1111 
real time) large numbers of significant 
system-wide events or operations in the 
chronological order in which they occur. 

The design criteria for the event logger 
stemmed from experience with the Shiva 
system. They include the ability to provide a 
continual series of snapshots of laser system 
status (similar to what is done by an airline 
flight recorder) during both normal and 
abnormal operations. 

Typical intensities, I (k, a), 
$n a thresholded image. 

What the computer "sees". 
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kernel, H (i, j). 

Acquire and Apply each of the 
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gradient calculation in Original Surrounding Edge-detection Resulting 
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Each major control subsystem (alignment, 
laser diagnostics, power conditioning, and 
target diagnostics) will use the event logger 
to retain records of events and to provide 
displays of event sequences for operator 
review. Each rccord will be date- and time- 
stamped and identified as to its source. By 
this method, a comprehensive permanent 
record'of the systems' status and its nominal 
operating parameters will be maintained. It 
will also be possible to correlate the data 
with the performance of specific laser system 
components. 

The Nova event logger is designed to meet 
the following criteria: 

It  must provide operations personnel with 
an immediately readable English text 
description of what is (and is not!) 
occurring on the laser system so they can 
quickly gain a clear and concise under- 
standing of current conditions without 
having to translate large quantities of 
numerical data listings. 
For reliability and to avoid interference 
with laser system operations, it must be 

implemented independently from the 
remainder of the computer system and yet 
allow events to be recorded from any 
location within the remainder of the 
control system. 
IL rrlusl present a low overhead irllerface Lo 
the remainder of the control system so as 
not to burden users with voluminous 
details of event logging; it must also be 
efficient enough internally to reasonably 
satisfy the combined logging-rate 
requirements of all users. 
To ease maintenance and troubleshooting 
of the laser system and control-systcm 
hardware and software, it must be human 
engineered and highly user-iriteraclive so 
that operators can quickly and efficiently 
recall the last day's or week's events. 
Its interface and synchronization 
characteristics must be campatible with all 
of the control subsystems. 
The functional operations of the Nova 

event-logger hardware and software are 
shown schematically in Fig. 2-180. As 
shown, the entire event-logging and 

Immediate event I 
view (text) I 

Archival event 
view (text) 

Low recording rate. - 
Fasl access ignificant event 

from IOCsIVAXes 

memorv 
connections 

! 
igh recording rate. I 1 

Slow access 1 
from lOCs only 

(2K words/O.l s) 
(5K eventsls). 

Raw-data view 
(numeric) 

icant 

r7 ~ C I W  S ~ O L  

ata base 

Fig. 2- 180. Black 
diagram of Nova event- 
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processing function is a cooperative effort 
between the VAX computer and a stand- 
alone computer. The stand-alone portion 
consists of the computer, a high-speed disk- 
storage unit for event archiving, CRT 
terminals for event display and operator 
interaction, multiport memory connections, 
and a Novanet link for communication with 
the control-system computers. The Novanet 
link will permit general file transfers, thereby 
allowing event data and shot data to be 
consolidated into a single data base. This 
concept again evolved from operational 
experience with Shiva. 

The event logger provides two types of 
data logging. The first type is English text 
descriptiu~ls and records that can bc 
recorded at rates of 20 to 200 words per 
second, Real-time access is provided by 
displaying the data on event-logger displays. 
This logging method will be used to record 
such parameters as alignment data, system 
configuration before a target shot, interlock 
integrity, and diagnostic voltages. 

A second type of data logging is provided 
for packed binary or  specially formatted 
data that can be stored at a speed of 20 000 
sixteen-bit words per second but cannot be 
reviewed on the display screen in real time. 
After each shot the data will be retrieved, 
unpacked, formatted into English, and 
displayed to the operators. Extremely 
detailed data, typically nurrierical data 
showing the condition of power supplies and 
equipment, are recorded in this manner. 
Correlation of these data with real-time 
events and target shot data can still be 
accomplished, but I I U ~  until after a shot 
sequence is concluded. 

Any of the system data sources may, at 
any Little, i~lvoke either of thc two logging 
modes to fulfill their specific requirements 
during maintenance, setup, or target shots. 
IJsers can choose whether to store an event 
temporarily, permanently, or not at all by 
dynamically setting a parameter associated 
with each event. This option provides a 
diagnostic capability that allows a user to 
test a specific subsystem without storing 
unnccdcd data. Additional options allow 
users to manually or automatically override 
previously set-up conditions in order to store 
events that, while not normally stored, might 
be needed occasionally. 

Each Nova subsystem has a specific set of 
codedqidentifiers so that the interactive 
historical traceback feature can be invoked 

only for that specific subsystem. This allows 
fast sorting of system parameters for a 
specific data shot. For example, we should 
be able to  quickly analyze whether a 
particular laser arm was correctly aligned or 
if a specific power supply produced full 
power for that shot. 

We have completed prototype develop- 
ment and testing of the event-logging'system 
and, using the development VAX- 1 11780 
and a PDP-11/40 salvaged from Argus, have 
demonstrated it. As indicated in Fig. 2-180, 
all subsystems communicate through the 
VAX and its multiport memory to the event- 
logger CPU. During 198 1 we will implement 
a fully functioning event logger on an 
upgraded processor (PDP- 1 1/34) salvaged 
from Shiva. 

Arthar: R, J ,  Calliger , - - - -- 

Major Contributors: E. Jaeger, J. Severyn, 
and J. Wilkerson 

Configuration and Data Management. If low 
overhead maintenance and continued 
development are to be achieved in a large, 
flexible, continually expanding and changing 
control system such as Nova's, an accurate 
record of the system's configurations, 
data, and programs must be maintained. In 
Nova, wc havc developed prototype software 
tools to haridle this requirement in scvcral 
areas, including configuration and data 
management. 

In the first of these areas, configuration 
management, we have developed a librarian 
package that allows us to maintain a precise 
record of the current configuration of the 
more than 1000 devices, computers, and 
data-acquisition elements in the Nova laser 
system. Since, at any given time, several 
engineers, scientists, and technicians can be 
involved in changing this configuration, one 
easily accessible source for this information 
(both from a software and user point of 
view) must be provided. 

Figure 2- 18 1 illustrates the functional 
organization of the data-base librarian. This 
librarian is currently being used to maintain 
a single version of configuration-related data 
in the following categories: 

Physical devices-description and 
location. 
Data structure-used in common by many 
system programs. 
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Network communications-tables used to process are the use of an English-language 
communicate between distributed system input system (as shown in Tables 2-32 and 
prop1 ams. 2-33), and the automatic propagation of 
Operator display information-used to changes throughout the control system. 
graphically describe operator control These features will help people who lack an 
displays and the instructions needed to expert background in computers to maintain 
disdlay and update system devices and continue development of the Nova laser; 
according to their status. they will also help developers coordinate and Table 2-32. sample of 

In a typical use, a configuration change document system changes. input to control data- 

(like the addition of a stepping-motor- base librarian. 

controlled mirror) is entcrcd into the Input 
control-system configuration data base, 

CREATE A REGION Hag words describing record type. 'G 
using English language commands to the 
librarian. The librarian then automatically 
updates other records of information 
affected by this change, such as a set 
membership record containing the location 
of all motors in the system. A system- 
regeneration procedure, currently in the 
design stage, will then be executed to J .  - -  
propagate these changes to the component - I  
system tables and programs that actually 

I 

of Praxis structure to map on J 

implement the control systcm and its -1 

functions. The lllosl i~r~portanl lalures of 
the: configuration-manaiement update diagram uf Nova central- 
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In addition to storing the system 
configuration in an easily accessible form, we 
must also store the raw data for each shot. 
The challenge in this case is to store the large 
volumes of data in such a way that they 
remain documented and easily accessible for 
a long time. This long-term capability would 
be required, for example, when data have to 
be correlated over a six-month series of 
target experiments. In addition, a uniform 
method of storing raw data in the various 
control subsystems will ease the process of 
combining data, as in analyzing the output 
of an amplifier (laser diagnostics) vs the 
number of times it has been fired (power 
conditioning). 

To achieve a systcm that resolves such 
problems while keeping the required low 
overhead for high-volume data recording, we 

Table 2-33. Eight record Implemented a prototype of the raw-dala- 
types currently base management system. When fully 
implemented in operational, this system (Fig. 2- 182) will 
data-base librarian. 

m%VIm Used to describe physicat devices. 
ENUIV~ERATION Used to describe a Praxis feature. 
ENVIRONMENT-TPE Used to d e d b e  an NSM environment. 
PARAMETER Used to describe a Raxis feature. 
PICTURE Used to describe a Graphics subroutine. 
RRGSN Used to describe an NSM region. 
SET Used to describe record types. 
TYPE Used to describe a Praxis feature. 
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u 

Fig. 2-182. Block 
diagram of the 
architecture of the raw- 
data-base system. 

identify all recorded data by three keys 
(names) that are, together, unique. These 
keys must be entered into the system before 
data are stored by a program. This 
"predefinition" process for the keys also 
includes providing a description of the 
corresponding data. 

While the keys allow us to identify the 
data with an English-language description, 
we must still identify the data format in 
terms usable by the accessing programs. To 
accomplish this goal, we also store program 
data structures that define the organization 
of the information recorded in the raw data 
base. By keeping this "roadmap" to the 
information in the same data base as the 
data, we are immuni~ed against the loss of 
data due to the location and format changes 
that are expected to occur as Nova evolves. 

Authors: L). McGuigan and G .  J. Suski 

Praxis. Praxis is a mudern high-level 
oomputer language for etfictent program- 
ming in conlrol arid sys1~111b applications. !t 
is bcitlg dcvcloped for usc as thc standard 
language on the Nova control system. 

Thc dcvclopmcnt of Praxis began with an 
illitin1 study by Bolt Bcranck and Newman, 
Ttlc. (BBIV), h~rlclecl by Ille Dcfc~ibc 
Cuu~lllullir;ations Agency (DCA), to 
detcrlilinc the rcquircmcnto for n 
communications programming language. 

In January 1979, LLNL funded BBN to 
augment the DCA design and to  implement 
a Praxis compiler for Digital Equipment 
Corporation's PDP-11 computer. With the 
clarification of the Nova controls design and 
schedule, BBN's work was expandcd to 
include development of a VAX (native 
mode) compiler, documentation, additional 
language design, and a high-level input/ 
output package. 

In March 1980, the preliminary PDP-11 
compiler successfully passed two critical 
milestones. The first MUM passer;l when the 
compiler, which is written in Praxis, 
compiled itself successfully on the PDP-11 
systems, proving that the bulk of the 
compiler was correctly ~mplenlentcd. 

The second milcstonc wuv pusbad with the 
implementation of a Nova controls 
application of the language, for a ROM- 
based LSI-I I processor. A 2000-line 
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assembly-language stepper-motor-control 
program was recoded in Praxis, compiled, 
and burned into read-only mcmory (ROM). 
This demonstrated that the language was 
indeed powerful enough to replace detailed 
assembly-language sequences and that the 
compiler correctly implemented the controls- 
oriented features. 

In December 1980, we took final delivery 
from BBN of the completed Praxis 
compilers, support software, and docu- 
mentation. These products were three Praxis 
compilers: 
8 A VAXIVMS version that generates VAX 

code. 
8 A VAX/VMS version that generates PDP- 

I1 code. 
8 A PDP- 1 1 /RSX-1 1 M version that 

generates PDP- 1 1 code. 

and related documentation: 
8 An RMS input/output package. 
8 A 300-page reference manuaL75 
8 An input/output manual. 
8 A compiler internal-structure document 

that describes, in detail, the various parts 
of the compiler and how it operates. 

In addition, we completed two in-house 
documents: 
8 A 28-page Zrltroduction to 
8 A 300-page document, Programming in 

praxis. 77 

We have, with a remarkable degree of 
success and acceptance, been using Praxis for 
control-systems programming since the 
summer of 1980. More than 70 000 lines of 
operational Praxis code have been written, of 
which one-third is cnntrnls-related. 

We have slar~dardized on Praxis for all 
controls-programming tasks on Nova and 
Novette. 

Praxis is a high-order language designed 
for the efficient programming of control and 
systems applications. It is a comprehensive, 
strongly typed, block-structured language in 
the tradition of Pascal, with much of the 
power of the forthcomine Ada language. It 
supports the development of systems 
composed of separately compiled mnrliil~q, 
user-defined data types, exception handling, 
detailed control mechanisms, and 
encapsulated data and routines. Direct 
access to machine facilities, efficient bit 
manipulation, and interloclted critical 
regions are provided within the language. 

Since the control-system environment 
differs in important ways from application to 
application, and from machine to machine, 
Praxis has features to handle these 
differences. High-level facilities that mask 
machine dependencies and foster machine 
independence (portability) usually prevent 
the use of the exact programming capability 
needed for real-time, control-applications 
programming. However, Praxis is a high- 
level language that has controlled access to 
machine dependencies. 

The examples used in the following 
paragraphs illustrate some of the features 
and characteristics of Praxis. Our intent is to 
give the reader an impression of the "flavor" 
of the language without describing all of it in 
delail. The reader is invited to read the other 
d o c u m e n t a t i ~ n ~ ~ - ~ ~  for a more complete 
exposition. 

Praxis is a strongly typed language. The 
programmer is given a collection of 
prcdcfined types and car1 construct new 
types. Every variable, constant, parameter, 
and expression has n type. All types can be 
deduced at compile time, and the compiler 
requires that each value be used in a way 
that is consistent with the rules associated 
with its type. For example, it is a compile- 
time error to attempt to pass an integer 
parameter to a routine that requires a real 
number parameter. 

The Praxis language includes many block- 
structured statcmcnts. A block is a method 
of packaging statements and declarations so 
that their scope is clearly specified and 
controlled. Each block-structured statement 
is delimited by an XXX/endXXX pair, 
where XXX rcprcscnts the p a ~ l i ~ u l a ~  
statement name. For instance: 

for . . . . . . . . . endfor - 
if . . . . . . . . . . endif - 
procedure . . . . . endprocedure 
select . . . . . . . . endselect 

This block structuring also enforces a 
particular programming style that is more 
readable and maintainable than thal uf 
unstructured programming. To  differentiate 
h~twcen reserved wordo in tho language and 
user-defined names, we will underline 
reserved words such as if and otherwise. 

A simple example in Praxis is the matrix 
multiplication of two N hy N matrices, 
named SpecA and SpecB, and storing of the 
result in Spectrum: 



f o r J : =  1 & N &  - 
Spectrum [I,J] := 0 
f o r K : =  l & N &  - 

Spectrum [I,J] := Spectrum [I,J] 
+ SpecA [I,K]* SpecB [K,J] 

endfor 
endfor 

endfor 

will not be able to preempt the critical-region 
code sequence. 

Declare 
status : location (8! 176420) volatile 

logical 
datum : location (8! 176422) volatile 

char 
padlock : static interlock 

This example only makes sense within the 
scope of the declarations for the variables 
used. In Praxis programs, all variables must 
be declared before use. Thus, the above code 
would be preceded by a series of statements, 
such as: 

declare 
N = 32 
SpccA : - army [I ..M,l ..MI of integer -- 
SpecB : array [I ..N, I ..N] of integer - 
Spectrum : array [ l  ..N, 1 ..m n f e g e r  -- 

enddeclare - 

Note that the loop indices (I, J, and K in this 
example) are declared by the "for" 
statement. This declaration block could be 
written more concisely in various forms. For 
example, one method would be to  use a user- 
defined type for the array declarations, 
thereby ensuring that the three arrays are 
all of the satne type and that they would 
remain so through subsequent software 
maintenance. Thus, the declarations could 
take the form: 

declare 
N = 32 
matrix is array [l..N,l..N] of integer 

-7 -- 
SpecA : matrix 
S ~ ~ C B  : matrix 
Spectrum : matrix 

enddeclare 

In this block, three forms of declaration 
have been used. "N" is declared as a 
constant, "matrix" is declared as a user- 
defined data type, and "Spectrum" is 
declared as a variable of type "matrix." 

A more-detailed control-programming 
application follows. In it, a hardware 
input/output device on a PDP-11 computer 
is read directly, in a multiprocess 
environment. In this example, the resource 
(an I/O device) is protected by an interlock 
variable in a critical region. Another process 
with a similar code, using the same resource, 

temporary : char 
enddeclare 
Region padlock do 

Repeat //null loop  
Until (status and 8#200) <> 8#0 
temporary : =datum 

endregion 

The allribute "volatile" on the status and 
datum variables informs the compiler that 
these variables must be referenced directly 
each time they are mentioned in the 
program, and that no optimizations are to be 
performed on them. The volatile attribute of 
a variable allows the variables to be used as 
I/O registers, as has just been illustrated, and 
to be used in shared memory. 

The location attribute informs the 
compiler to place the variable in the physical 
address specified by the octal (8!) integer 
constant in the parentheses. The variable is 
static and always resides at that location. 
The attrihute places the static interlock at a 
fixed location determined by the compiIer. 

The "logical" predefirled data type can be 
thought of as a bit-string data type on which 
independent operations on each bit can be 
performed. In the "until" clause, each bit in 
the status variable is tested with the 
corresponding bit in the octal (&#) logical 
constant, and the result is compared to a 
logical zero. 

An application of typc conversion is 
shown in the function "Upper," which 
converts any occurrence of a lower-case 
letter Lo an upper-casc lctter: 

function Upper (inchar:char) 
returns outchar:&r 
if inchar < =$a - 

or  inchar > =$z do - 
outchar :- inchar 
return - 

&f 
outchar := char (integer (inchar) - -- 

8!40) 
endfunction (Upper) 
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The previous function example used the 
return statement for explicit exit from a 
routine (i.e., procedure or  function). This 
statement is one of several such statements 
that eliminates the need for a G O T 0  in the 
language. The lack of the GOTO statement 
is an important feature in the language. The 
following example uses two other control 
flow statements, together with block 
labeling, to program an application that 
normally requires a G O T 0  statement. This 
section of code will, for each of a series of 
motors, slew the motor until it is beyond 
the minimum position. It  is finished 
processing when all of the motors are 
serviced, or when any one of the motors goes 
beyond a maximum allowed position. 

primary : 
For index := 0 number-of-motors & - 

P ~ s i ~ i o d  : = Motor p o s ~ t ~ o n  [~ndex] 
While Motor [index7 = on & 

if position > mill-posilion - 
loop primary - 

odf position > max-position & 
break primary - 

otherwise 
Slew-motor(index) 

&f 
endwhile 
endfor {primary/ 

The "loop" statement causes iteration to - 
occur in the "for ... cndfor" loop; that is, it 
acts like a G O T 0  the for, which causes the 
iteration count of the loop to be incre- 
mented, the test for completion to be 
performed, and the "for - -  ... endfor" block to 
be executed if thc itcrations havc not bc~11 
completed. The "break" statement, on the 
other hand, is a block exit statement. In the 
above case, it exits three levels of blocks: the 
" i f . . . a f , "  "w.. .endwhile," and 
"for ... endfor," and execution continues after 
the "endfor." Labels can only appear on 
blocks (at the beginning and end) and are 
only used with the break, loop, and retry (in -- - 
critical regions) ctatcmcnts. 

The language has several predefined data 
types. 

Discrete typcs 
integer - signed 
cardinal - unsigned integer 
char - ASCII character 
Luulea~~ - Lruejfalse 
enumeration - programmer-specified 

values 

Control types 
interlock 
logical 
pointer 

Floating types 
real 
long real 

Aggregate types 
array 

structure 

set 
Routine types 

procedure 

function 

Other types 
general 

- locked/unlocked 
- bit string 
- pointer to a typed 

object 

- floating point 
- double precision real 

- array of any type, 
access by index 

- various type 
components, access by 
name 

- set of discrete types 

- typed procedure 
variables 

- typed function 
variables 

- union of all types 
(used as formal 
parameter) 

User-defined data types can then be 
characterized in terms of the predefined 
types or other user-defined types. 

Praxis programs are built from separately 
compilable modules of the form: 

module complex-number-package 
export 

complex, 
real-part, 
imaginary-part, 
complex-sum. 

declare 
complex is hidden structure 

r : &  
i : &  

endstructure 
enddeclare 
function real-part (c : complex) 

returns x : real 
X := c.r 

endfunction 
f u ~ ~ c l i o r ~  i~riaginary-part (c : complex) 

returns y : real 
y := C.1 

end function 
function complex~sum (cl,c2 : complex) 

returns sum : complex 
sum.r := c1.r + c2,r 
sum.1 := c1.i + c2.i 

endfunction 
endmodule {complejt_numbergackage) 



The declarations of "complex," "real- 
part," "imaginary_part," and "complex- 
sum" are made available, at compile-time, 
by the "export" to other separately compiled 
modules that "import" the declarations. 
Note that types, as well as data and routines, 
can be imported and exported. 

In summary, the Praxis language is 
particularly designed for control and system 
implementation needs. Complex language 
features, such as generic procedures, 
overloading of operators, and parallel 
processes, have been intentionally left out. 
We felt that these concepts were either not 
understood enough to be incorporated at 
this time, or that they need not be part of the 
language. Thus, Praxis has been kept well 
within the bounds of the state of the art of 
language design. 

In c ~ n c l u s i ~ t ~ ,  Praxis is all e~11cl11~ly 
powerful, modern programming language 
that is well suited to the task of controlling 
the Nova and Novette lasers. 
Author: J. R. Greenwood 

Major Contributors: F. W. Holloway, J.  M. 
Duffy, A. Evans Jr. (BBN), C. R. Morgan 
(BBN), M. C. Zarnstorff (University of 
Wisconsin, Madison), W. I. Nowicki 
(Stanford University), and E. Killian (BBN) 

Target Systems 

This section includes descriptions of the 
target chamber, beam-focusing lenses and 
positioners, the target support and alignment 
structure, target diagnostics, and control of 
the radiation environment. 

Target Room. We will locate the target 
chamber in a concrete-shielded room north 
of the laser bay and optical switchyard, as 
shown in Fig. 2-183. Laser beams will be 
routed to the target chamber by a series of 
turning mirrors mounted on a steel space 
frame, as already described in the 
"Mechanical Subsystem" section. 

During Phase-I operation, we will 
irradiate the target with two 5-beam open 
cones, one each on the east alld west ends of 
the target chamber. The included angle of 
the cone centerlines is 100". (The flexibility 
exists for changing this angle to 70' by 

relocating the final turning mirrors and 
replacing the hemispherical heads of the 
chamber.) 

In Phase 11, we will add 10 more beams In 
the west laser bay and reroute the existing 
beams so there will be no crossover between 
the east and west systems. Figure 2-184 
shows the Phase-I1 target chamber. 

Target Chamber. As described in the 1979 
Laser Program Annual the target 
chamber will be supported 10 m above the 
floor, in the center of the target room. The 
main body of the chamber will have a l-m- 
wide central ring, with an inner radius of 
2.13 m, to provide structural support for the 
target positioner, target-alignment optics, 
high-vacuum system, and target-diagnostics 
instruments. 

We have designed two removable 
hernisphcricnl heads, to be attached to t h ~  
center ring, with ports for the laser beams, 
x-ray-effects experiments, and target 
diagnostics. 

Phase-I requirements call for an 
experiment yielding 1 X 1017 neutrons from a 
100-kJ, 1-ns laser pulse. The neutron, x-ray, 
and debris fluences generated by this neutron ' 

yield are not high enough to require local 
shielding or protection of the chamber by a 
first-wall absorber. Thus, the minimum 
radius of a hemisphere is dictated by 
mechanical considcrations, primarily 
mounting of the focusing lenses. The 
baseline lcns for Phase I has a focal ratio of 
fl3.5, with a 740-mm clear aperture, but we 
are making provision for a future change to a 
lens with a focal ratio of about f/ 1.6. 
Because these faster lenses will, of necessity, 
have to be inside the target chamber, the 
ports in the hemispheres must be large 
enough to admit the full laser beam plus 
some mechanical hardware. For Phase 1, 
these considerations dictate a 1.65-m 
minimum chamber radius. Since neutron 
aclivation is not a largc problem, the 
structural material can be stainless steel, 
which is more familiar to most vacuum- 
vessel fabricators Lhaa a!uminum. 

We are designing the target chamber for 
Phase I1 for laser energies of up to 300 kJ 
and for yields of up to 5 X 1018 n, with as 
much as 3.2 MJ of cold x rays and 4.0 MJ of 
target debris. As described in the 1977 Laser 
Program Annual these conditions 
will require: 

A first wall for absorbing x rays and 
debris. 
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Fig. 2185. Computer 
printout of predicted 
deflections in an element 
of the Nova target 
chamber, using SAP IV 
finite-element code. 

Nova taraet chamber shell Deflection pattern 
Inside radius = 85 in. 
Thickness = 5 in. 

= -0.00514 in. 

= -0.00479 in. 
at top of beam port 

= -0.00504 in. 

= -0.00224 in. 
at bottom of beam port 

FU = +0.0028 in. 
around equator 

Diagnostics 
manifold T 

Diagnostics loft 

\-- Roots and mechanical Nova target system 
pumping system Vacuum system layout 

-- 0 lo' 

- I 
Fig. 2186. Nova 
vacuum-system layout. 

An aluminum vessel to allow neutron- 
> .  ,' -. 

' I  - activated materials to decay rapidly to an 
acceptable- level. 
A water shield around the chamber to 
limit activation of the steel space frame 
and concrete building. 
To accom~nodate 10 lenses pcr sidc 

(instead of five) and to reduce x-ray fluence 
on the first wall, the radius of the Phase-I1 
chamber must be at least 2.3 m. 

In 1980 we conducted finite-element stress 
and deflection analyses, using the SAP N= 
code. The model chamber had a radius of 
2.1 m and a thickness of 7.5 cm, which 
resuked in a maximum vacuum-load . 

differential deflection of 230 pm- around the --  . , ,{ 

beam ports, as shown in Fig. 2-185. While . . 
the accompanying stresses were extremely 
low, this deflection was deemed to be to@. 
high for stable lens and diagnostic suppozt. 
The radius of the model chamber was 
changed to 2.3 m to increase the distance. 
between beam ports, and its wall thickness 
was increased to 12.5 cm to produce a scaled 
differential deflection of less than 50 pm, 
which will provide adequate stability to 
support the lens positioners and diagnostic 
sensors with no loss of alignment during 
pumpdown. 

Vacuum System. The vacuum system will 
use mechanical pumps and Roots blowers 
for rough pumping and turbumulwular and 
cryogenic pumps for high-vacuum pumping. 
We will attain a pressure of 1w5 Torr in 
30 min and, ultimately, reach a base pressure 
of 1w7 Torr. An overall layout of the 
vacuum system is shown in Fig. 2-186. 

In 1980 we developed the basic design for 
a central vacuum-system control architec- 
ture. Our experience on Shiva has led us to a 
mnlral controls concept that will 

Increase system reliabilie and flexibility 
- by grouping interacting controls together, 

-allowing an operator to determine the 
effect of a single action on the entire 
system. * 
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Reduce the necessity of communicating 
over a large geographical area (three 
widely spaced rooms) to ensure the 
integrity of the vacuum system's many 
subsystems. 
Efficiently control all target-diagnostic 
vacuum elements, thus avoiding 
inadvertent valve openings. 
Enhance personnel safety conditions. 
Increase the useful lifetime of equipment. 
Design Criteria. In general, we are 

developing the centralized vacuum-system 
controls to bc hardware- and software 
compatible with the overall Nova-laser 
control system. The major design goals are 
as follows: 

A control system that is easy to learn and 
operate and that can be quickly changed 
or rnodil'ied. 
Software-intensive control, with modular 
programming, that is easy to change or to 
which new commands and hardware can 
easily be added for different experiments. 
Centralized control, with a minimum 
number of specialized hardware panels. 
Otherwise, as experiments change, we will 
have to build a new panel for each set of 
diagnostics. 
Easy field expansion, to meet the changing 
requirements for new or modified target 
diagnostics that will be added or removed, 
for different types of target shots. 
Incorporation of control fail-safes, 
interlocks, and redundancy, including 
provisions for sensor failures and 
ambiguous readings. 
Complete system-state indication and 
error-history logging before, during, and 
after each shot. 
Implementation. The striidfiZS of the 

vacuum control system80 is shown as a block 
diagram in Fig. 2-187. Because the 
architecture of the overall Nova control 
system8' has been discussed elsewhere, only 
a segment of it (a single VAX 1 11780 and its 
control console) is illustrated. The vacuum 
controls can be operated from any one of the 
central-control-console/VAX cornbina~iur~s. 
I.ocal control is also provided in each 
geug~apllically J isLil l~~ d~cd  UP t11t Nova 
laboratory building to allow control during 
maintenance. Backup auxiliary controls are 
provided to ensure safety and system 
integrity during failures of the main control 
systems. Using the base-line design shown in 

- -- 

Fig. 2- 187, we have developed a design for 
the vacuum controls on the basis of the 
following criteria: 

Modular hardware and software will be 
used as far as is practical. 
All vacuum-pressure gauges and 
controllers will be standardized. 
All control and status functions will be 
performed via a color-interactive (touch 
panel) graphics-display console. Through 
a series of menus, sub-menus, and graphic 

Fig. 2-187. Block 
diagram of portion of 
Nova centralized 
vacuum-system architec- 
ture; sensors and state 
inputs are at upper left, 
and all controlled devices 
are at right. 
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schematics developed in software, a series 
of "soft" control panels will be imple- 
mented. Touch points, located on the 
graphics display, will coincide with control 
and command functions. 
The entry of new or changed commands 
and control functions will also be 
performed via the graphics-display 
console, eliminating the need for major 
software reprogramming for functional 
changes. 
This will also eliminate the need for 
specialized control panels for each 
diagnostic subsystem. 
All programming will be done in the new 
Praxis language82, a strongly typed and 
modular language. 
For safety, and to extend the lifetime of 
some of the more-delicate diagnostics, we 
are implementing a positive system-state 
indication feature. A separate switch for 
each controlled item (such as a vacuum 
valve) will be provided to indicate the 
absolute state of the equipment (valve 
open or closed). 
Additional safeguards include personnel 
interlocks to the target chamber to prevent 
the operation of any potentially hazardous 
equipment during entry. In the event of 
power failure or extended interruption of 
service, all equipment will be auto- 
matically put into a safe condition. 
We completed the preliminary system 

specifications during the final quarter of 
1980. The final hardware and software 
design should be completed in the first 
quarter of 198 1. 

Beam Focusing. Our baseline design was 
modified slightly in 1980 to use 800-mm- 
diam f13.5 lenses with 74-cm clear apertures. 
Each lens will be supported by a three-axis 
manipulator, with all components outside 
the vacuum chamber, as shown in Fig. 
2-188(a). The vacuum window is in the 
converging beam between the lens and the 
target. Because of this, its laser light fluence 
will be higher than that of the lens. At fl3.5 
the increase is about 1496, which is tolerable. 
Should we wish to increase the speed of the 
lens to the f/2 range, however, as will be the 
case with Novette, the loading on the 
window will become unacceptably high. 
Therefore, we have looked a t  alternative 
ways of placing the lens inside the vacuum. 
To avoid contamination of the vacuum 

chamber and to enhance servicing and 
reliability, all electrical and mechanical 
components should still remain in the air. 
The preferred configuration, shown in Fig. 
2-188(b), will be implemented for the 
Novette laser. 

In the event that a future upgrade includes 
frequency conversion to 2 or 3w, we must 
consider that the damage resistance of glass 
and its nonlinear refractive index will, 
respectively, decrease and increase 
drastically with the increased fluence. These 
conditions dictate that 

We have an absolute minimum of 
increased fluence, since there is glass in the 
converging beam. 
We minimize the amount of glass in the 
beam path, after the frequency-conversion 
crystals. 
Both conditions can be met by combining 

functions, i.e., by letting the lens also serve as 
the vacuum barrier. This arrangement 
requires that we seal the lens to the chamber 
with a flexible bellows and that the lens 
positioner be capable of moving the lens 
precisely under the 6000-kg force of the 
external air pressure. Initial studies show 
that we can accomplish this task, as shown in 
Fig. 2-1 88(c). The price is higher cost, larger 
size, and greater complexity. This option can 
also incorporate frequency-conversion 
crystals as an integrated unit, should this be 
desirable, and can be fitted to the chamber as 
the 2 and 3w co~lversioas come oa line. 

Target Support. To support targets in the 
chamber, we will use a remotely controlled 
positioner, with four degrees of freedom, 
that will put them within 5 pm of the desired 
location. Controls for the target positioner 
will be integrated into the Novalink control 
system. Provision will also be made for 
handling cryogenic targets (and maintaining 
them in the frozen state) throughout 
installation, alignment, and exposure. 

Target Alignment. We have a four-step 
plan for aligning the laser beams to the 
target: 

First, a surrogate target is placed in the 
geometric center of the chamber. Since all 
target diagnostic sensors are aligned 
precisely to that point, the location must 
not vary from shot to shot. 
Second, all beams are focused to this 
center position by means of lens 
positioners, which are guided by images 
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reflected from a spherical surrogate target 
into the output sensors or by images 
recorded directly on a CCD array used as 
a surrogate target. 
Third, the focal points are repositioned to 
various locations defined by the specific 
target to be irradiated. Each lens can be 
individually positioned to any spot within 
a Zcm-diam sphere. 
Fourth, the surrogate is replaced by the 
actual target. Its position must be identical 
to that of the surrogate-within 5 pm of 
true center, as verified by a reliable optical 
instrument. 

The center of the target chamber will be 
established by the intersection of three 
optical lines of sight, as defined by three 
optical telemicroscopes-called target 
alignment and verification instruments 
(TAVI). Basic criteria for the TAVIs were 
established in 1980. These instruments 
will be installed on very rigid mounts and 
aligned to a common center. They must then 
retain that alignment under long-term 
conditions of vacuum or atmospheric 
pressure, thermal shock from high-yield 
targets, and accidental impacts during 
normal operations. Fig. 2-188. Nova laser 

beam-focusing options. 

Lens 1st elementlvacuum barrier 

,-Lens 2nd elementlbeam splitter 

K DP 
array 

I W  
beam 
dump 

(c) - lens as a vaclrlrm harrier 
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The TAVIs must have a field of view that 
will adequately cover all foreseeable targets 
and surrogates, as well adequate resolution 
for positioning them to within 5 pm of 
the true center. We will use a CCD camera 
with an active area of 7.5 by 9.8 mm and a 
resolution of about 60 m, so we will need 
variable magnification for viewing targets. 
Magnifications of 114, 1, 4, and 16 will be 
available through a turret-mounted lens 
system. 

Our concept for meeting the Nova 
requirements has evolved by extending Shiva 
designs in light of our operating experience. 
The resulting concept of integrated TAVIs, 
as installed on the target chamber, can 
be seen in Fig. 2-184. The schematic diagram 
in Fig. 2- 189 shows a cross-sectional view of 
the main subunits in a single TAVI-an 
uplical 11a11sfe1, all iu~age-viewing bldgt-, dlld 

a control assembly. 
The optical transfer requires maximum 

stability, which is accomplished by building 
the relay structure as a single unit and by 
mounting it ruggedly, coupled closely to the 
target chamber. It is completely within the 
vacuum and is isolated from the housing, 
which also provides protection from 
unauthorized adjustment and accidental 
impact during operations. To  add rigidity to 
the housing and to conserve space in the 
experimental area, the optical path is folded. 
The method used to accomplish this also 
yields an annular beam, which eliminates on- 
axis reflection highlights. 

The optical transfer will form a full-size 
image of the target on a reticle, all within the 

vacuum. The image will be viewed through a 
vacuum window by the image-viewing stage. 

In response to electrical commands, the 
image viewing stage will move in three 
axes-within a 25-mm-diam by 25-mm-long 
volume-to measure target image features at 
the various magnifications. The CCD 
camera will move with the turret, thereby 
maintaining alignment and focus at all 
positions in the image volume. Small 
variations in magnification with axial 
distance (and other distortions) will be 
compensated for by the microprocessor 
control system, which will service all 
command and status-reporting functions. 

Target illumination will be provided by a 
small He-Ne laser, which will use beam 
splitters and the imaging optics to provide 
both front and back illumination. Beam 
i~ltzilsity will bc made continuously vnrinblc 
by means of rotating polarization plates. For 
back illumination, the annular beam will 
pass the target and be reflected by an annular 
mirror on the far side of the target chamber. 
The return beam, being directed precisely 
toward the TAVI objective, will be efficiently 
collected. The diameter and location of the 
front illumination beam will be controlled to 
illuminate only that portion of the target 
being imaged at the time. 

A new feature of the Nova TAVI is the 
incorporation of interferomelry Lo provide 
precise location in three axes. When a 
reflecting sphere is used as a surrogate target, 
the transfer unit can be operated as a 
spherical-wave interferometer. A spherical 
wave is introduced into the transfer unit by a 

Fig. 2-189. Arrange- 
ment of Nova target- 
alignment and 
verification instrument 
(TAVI). Stage movements 

Vacuum housing ------- 

Deb - 
Target 
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beam splitter located near the first image 
plane or reticle position. Fringes formed at 
the reticle by the reflected beam will be 
concentric when the sphere is axially aligned, 
and will become more widely spaced as the 
proper axial distance is approached. This 
corlcept will be experimentally verified 
in 1981. 

Target Diagnostics. We have provided 
ports in the central ring and the 
hemispherical heads for an array of target 
diagnostics instruments. Instruments 
sensitive to neutron or gamma pulses will be 
located in the diagnostics loft, behind the 
concrete shiclding wall, and will be 
connected to the target chamber by vacuum 
line-of-sight pipes. They include instruments 
with synthetic plastic fluors and 
photomultiplier tubes or fast electronic 
circuits (such as the filter-fluorescer detector 
and the high-speed streak rameras). 
Intrinsically hard instruments, such as the 
calorimeters and Dante fast x-ray detectors, 
can be mounted on shorter pipes, within the 
target room. 

All ports will be precisely located in 
spherical  coordinate^.^^ In most cases, they 
will have a standard 8-in. i.d. to allow 
diagnostics to be interchanged between 
locations or even between different facilities, 
such as to Novette. Each instrument package 
will have a valve in the line-of-sight pipe to 
isolate it fro111 [he target chamber. Control of 
these valves will be integrated into the 
Novalink system. This will allow any 
component to be evacuated separately and 
help avoid vacuum accidents. 

Target Diagnostics Data Acquisition and 
Control. Nova target diagnostics will provide 
target data-acquisition and control 
functions, as outlined in previous annual 

for Argus and Shiva. CAMAC 
and LSI-11 interfaces will be used on most 
computer-controlled data-acquisition units. 
Our basic philosophy is to use standard 
acquisition and digitizing hardware from 
Shiva and Argus and to add hardware and 
software to integrate thc target diagtlostics 
into Nova's central controls. We will be 
supporting IEEE-488 Bus interfaces on 
Nova since many newer instruments use this 
skandard computer interface. 

Nova's target diagnostics differ in two 
major respects from those of Shiva and 
Aiyus. Firsl, we arc replacing our old Shiva 

CAMAC serial-highway link to the control 
room (at a 9600-bitjs rate) with Novalink 
i n t e r f a ~ e s . ~ ~  This will be fikure compatible 
with other Nova systems; it will also provide 
lo7 bitsjs of data communications directly to 
the other processors (in particular, to the 
control-room VAX processors). Thus, the 
Nova system will allow more-rapid data 
acquisition and better real-time control. 

The second major difference will be the 
extensive use of the Praxis language in the 
data-acquisition and control software. Our 
previous data-acquisition systems were 
written in various computer languages. 
These languages did not provide features 
conducive to modular programming with 
strong module bounds-checking. We believe 
that Praxis will cnhance our program 
reliability while providing structured 
software interfaces for implementation of the 
torget diagnostics. 

The Nova target-diagnostics system will 
he operated primarily from the control-room 
consoles, using Ramtek touch-activated, 
color-graphics screens. The system will be 
experiment-oriented and menu-driven. The 
operator will first select an experiment type 
and then the diagnostics to be included in the 
experiment. Additions or deletions can then 
be made in the mix of acquisition modules 
for each diagnostic. An operator will be able 
to build an acquisition configuration from 
scratch or to use a file that describes a 
previous shot configuration. 

Remote-control panels will also be placed 
in the diagnostics loft and in the switchyard 
near the target diagnostics, allowing 
operational checkouts to be performed 
locally. These remote panels will be 
illterraced to the control room, allowing the 
control-room computers to maintain the 
updated status of the entire system. Nova 
target diagnostics will rely heavily on the 
hardware and software tools developed by 
Nova central controls. 

Radiolngical Analysis. To develop effectivc 
radiation pr0tection,~8-90 we have examined 
nCvtron and phnton rlnsimetry to determine 
the effects of pulsed radiation on 
instruments, shielding, dose contours, kerma 
factors for silicon and tissue, radiation flux 
densities along beam penetrations, and 
residual radioactivity in several materials 
that will he exposed to neutron radiation. In 
1980 we examined the effects of radiation on 
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KDP crystals, as well as the effects of of KDP In three separate experi- 

Fig. 2-190. Linear radiation leakage into the switchyard and ments at the LLNL Rotating Target 

optical transmission of laser bay through the 42-in.-diam holes. Neutron Source facility (RTNS-11), we 
KDP sample before and Effects of Nova-Level Neutron Fluences on bombarded a 4.3 X 2.1 X 2.1-cm KDP 
after exposure to 1.75 X the Linear Optical Transmission Properties sample with ten trillion 14.7-MeV n/s. 
1015 n/cm2. The total integrated fluence on the sample 

(from the three exposures) was 1.75 X l0l5 
n/cm2. The transmission results, before the 
first and after the last exposure, are plotted 
in Fig. 2-190. We attribute the slight increase 
in transmission to surface scattering losses 
caused by "fogging" before the initial 
measurement. The only effect of the neutron 
exposure appears to be a slight decrease in 
transmission at about 360 nm. This will 
permit Nova I1 to operate at full 

0 -After total dose of 1.75 X lot5 n/crn2 in 
three exposures with refinished surfaces 

performance (500 shots at 1019 n each) with 
no degradation in linear transmission. 

Neutron Energy Deposition and Residual 
Radioactivity Analysis. The energy imparted 
to the crystal during its bombardment with 
14.7-MeV neutrons came from the recoiling 
nuclei, charged particles, secondary (de- 
excitation and radiative neutron capture),. 
gamma radiation, and particle emission from 

induced reactions in KDP crystals are shown 
in Tuble 2-34. OUI aeutron-gamma transport 
and induced radioactivity calculations 

reactions in KDP 
show that the particle emission from the 

crystals; excitation residual nuclei contributed only about 1% of 
gammas are not shown. the total energy imparted to the crystal. 

Table 2-35 is a summary of the energy 
" imparted to the crystal. The RTNS-I1 

fluence on the crystal is given for each 
exposure run. The Nova-equivalent pulse 
yield is calculated, assuming that the KDP 
crystal is exposed to the RTNS-11-equivalent 
fluence at a dislarlce of 300 cm from the 
center of the Nova target. In 1981 we will 
evaluate the potential effects of the gamnia 
radiation that will be produced in materials 
near the KDP plates. 

Table S35. Energy 
deposition in KDP 
sample during and after 
its bombardment with 
14.7-MeV neutrons from 
the D-T reaction at 
RTNS 11. 



After exposure to D-T neutrons, these 
materials will normally require a cooldown 
time before they can be handled safely. The 
external radiation levels from a KDP plate, 
exposed to 4.5 X 1014 n/crn2, are shown in 
Fig. 2-191. A fluence of this magnitude, at 
300 crn from the center of the target 
chamber, corresponds to a Nova shot with a 
yield of 5.7 X 1019 n. The isotopes produced 
in the crystal are almost exclusively beta 
emitters. Aluminum or glass that is one-half 
inch thick will reduce the external radiation 
levels by a factor of 300. Thus, maintenance 
operations on components near the KDP 
plates will not be affected by the induced 
activity in the crystals. 

Radiation Leakage Through the 42-in.- 
Diameter Holes. Maximum neutron 
radiation will occur in areas that are on a line 
of sight with the target chamber. There are a 
number of 42-ill.-Jiam bear11 per~elralions 
through the north and east walls of the 
switcl~yard room, as illustrated in Fig. 2-192. 
The penetrations that result in maximum 
radiation in the laser bay arc numbers 3 and 
8, which are coplanar with the target, We 
made neutron-transport calculations to 
estimate the radiation levels at various 
locations inside and near these penetrations. 
The results (normalized to a loi7 neutron 
shot) are shown in Table 2-36. Our analysis 
of the other penetrations, including the 
diagnostic holes, will be completed in the 
near future. 
Authors: F. Rienecker, Jr., M. S. Singh, 
J. R. Severyn, and R. J. Calliger 

Major Contributors: M. A. Summers, R. A. 
Uickinson, E. A. Mies, J. F. Kane, (1. B. 
McFann, R. K. Reed, C. E. Thompson, and 
J. Nemeth 

residual energy and dose 
decay after a Nova shot 
yielding 5.7 X 1019 n. 

Fig. 2-192. Locations of 
estimated neutron 

4 Table 236. Neutron-radiation doses inside the radiation doses. 
Nova facility from leakago through 12 in, diam 
ptWeffatldnS 3 and 8, normallzed to I U ' ~  neutron 
shots. Locations of estimated doses are shown in 
Fig. 2-192. 
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Conventional Facilities 

The Nova conventional facilities are 
comprised of a laboratory building to house 
the laser, target chamber, and diagnostics 
facilities, of an office building to house 200 
scientists and programmers, and of site 
facilities that provide functional services to 
both buildings. 

The design for both buildings was 
completed during 1980, and the pace of 
construction increased for work started in 
1979. (Previous annual reports describe the 
design philosophies and functional aspects of 
the laboratory b ~ i l d i n g . ~ ~ , ~ ~ )  Albert C. 
Martin and Associates of Los Angeles, Calif. 
continues as architect-engineer for facility 
design, and Kaiser Engineers of Oakland, 
Calif. continues to provide construction- 
management services for construction 
contracts let by the San Francisco 
Operations Office of the DOE. Construction 

of both buildings continues in a fast-track 
designlbuild mode. 

Figure 2-193 shows a recent overall view 
of Nova construction progress through 
December 1980. Building 391, Increment 11, 
is in the background, and the office building 
is in the center foreground. (Note the 
second-floor bridge at left that connects the 
new and old office buildings.) 

Laboratory Building (Building 391, 
Increment 11). We completed the design for 
the laboratory building and awarded the 
remaining building-construction contracts. 
These contracts, which comprised about half 
of the construction-dollar commitments, 
included 

Interior building finish. 
Building mechanical. 
Building electrical. 
Fire prntectinn - - 
Roofing systems. 

All contracts were formally advertised and 
competitively bid in fixed-price, lump-sum 

Fig. 2-193. Overall view 
of Nova construction 
site, looking to the 
northwest. 



dollar amounts. In most cases, we found the 
bidding climate favorable, resulting in 
substantial competition and fair prices. 
Table 2-37 lists the laboratory-building 
contractors and current contract values. 

Construction continued at a good pace 
~hroughoul the year with minimal weather 
delays, and physical completion increased 
from 16% at the start of the year to 64% at 
year's end. The structural concrete and steel 
work were completed, along with the 
underground mechanical utilities. With the 
application of metal siding and roofing, 
including built-up roofing, the building was 
substantially closed in. This allowed the 
contractors to proceed with normal interior 
work, such AS rouSll elccl~ical work, 
plumbing, piping, fire protection, ductwork, 
masonry, and stud walls. Application of a 
plaster skim coat was started to seal the 
concrete-walled areas that have h ~ e n  

designated as clean rooms. Most 
mechanical-equipment items-pumps, 
chillers, fans, air handlcrs, and cooling 
coils-were delivered on site. All four bridge 
cranes were installed, but final testing and 
checkout remain to be accomplished. Work 
proceeded on each of the eight different- 
sized shielding doors, with all shielding door 
frames placed and concrete backfill 
completed for some of the frames. The tracks 
for the rolling shielding door into the target 
room were completed. (This unique door will 
provide the 6-ft shielding thickness required 
for the 20-by-20-ft target-room access 
opening. It has two major moving parts, 
contains 155 cubic yards of concrete, and 
weighs ML UUU Ib.) 

Figure 2-194 illustrates the overall 
progress on Building 391, while Figs. 2-195 
and 2-196 indicate the progress in some of 
the prinoipcll building nrens. Thc ~ai6Lillg 

Table 2-37. Laboratory- 
building contractors and 
current contract values 
(as of December 1980). 

Fig. 2-194. Nova 
laboratory Building 391, 
Increment 11, showing 
oroeress to December 

I i980; the existing Shiva 
building at left is  dwarfid 
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Shiva building is at far left in Fig. 2-194, 
while the installed bridge cranes are visible in 
the laser bay shown in Fig. 2-195. Note the 
laser-beam tube openings in the far wall of 
the laser bay and the ventilation openings 
penetrating the concrete-block wall at top 
and bottom right. In Fig. 2-196, the 
shielding-door locations appear at the first- 
floor and gallery levels, while the right wall 
shows the 42-in.-diam laser-beam tube 
openings to the Nova target room. 
Additional details of the laboratory building 
are available in other documentation.93 

At year's end, we developed construction- 
contract documents for drilling laser-beam 
and diagnostic holes. The unique aspects of 
this work include precise alignment for 
radial drillirlg of 18-in.-diam diagnostic holes 
through 6-ft-thick concrete walls from the 
laser target location. Proposals for drilling 
these holes are due early in 1981. 

Our contract construction work is now 
projected for completion at the end of 
November 1981, which is consistent with 
Laser Program (Special Facility) planning 
projections. Our current baseline budget for 
the laboratory building (developed in 
October 1980) is $23.8 million, including all 
engineering, construction, construction 
management, activation, and standard 
equipment. 

Office Building (Building 481). This year 
we completed final design of the office 
building. The plan for the final space 
arrangement is shown in Figs. 2-197 and 
2-198. The renderings for the building 
exterior are available from a separate 
source.93 We also awarded five building- 
construction contracts in 1980 (Table 2-38), 
with each contract formally advertised, bid, 
and awarded as a fixed-price, lump-sum 
contract. 
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We continued to develop site-work 198 1, allowing sufficient time for delivery 
requirements like pathways, parking, prior to building occupancy. 
roadways, and site drainage to meet In 1979 only isolated concrete footings 
established budget limits. This contract were poured on the building pad. This past 
package will be finished in 1981. year we completed the structural concrete 

We also continued to evaluate furnishing work, which consisted of the two towers and 
needs. The furnishings will be ordered in shear walls in the central core of the 

Fig. &I%. Optical 
switchyard, showing 
ventilation openings at 
top and bottom of left 
wall. 

Fie. 2-197. Ground- 
r Exit 

- 
floor layout of Nova 
oftke building. 
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Fig. 2-198. Second- 
floor layout of Nova 
office building. 

I I 
Bridge connection to 

I I bldg. 381 second floor 

Table 2-38. Office- 
building contracts 
awarded in 1980 and 
current contract values 
(as of December 1980). Structural Steel dams & Smith, Inc. 

Building Elertricnl Monte Electric Co. 
0-4 Building F i s h  J&K Builders, Inc. 3442 
-5 Building Mechanical wson Mechanical C 

building. We also completed the structural 
--.> - steel work for the building frame so that 
' follow-on contractors could start work. By 3 

year's cnd, wc wcrc prcparing to pour the 
second-floor concrelt: decks. In the 
meantime, underground mechanical utilities 
had been substantially completed, and the 
installation of ventilation ducts, interior 
plumbing, and piping was started. Physical 
completion at the end of the year was 28%. 
Figure 2-193 shows the extent of 
construction completed on the office 
building near the end of the year. At this 
stage, the structural frame, metal floor, and 
roof decks are complete. (The concrete 
towers at center left will house mechanical 
equipment in the upper level.) 

We expect to complete construction by the 
end of 1981 and to occupy the building in 
December. Our baseline budget for the office 
building (updated in October 1980) is $8.6 
million and includes all engineering, 
construction, design and inspection, 
construction management, activation, and 
standard equipment. 

Authors: C. P. Benedix and R.  J. Foley 

Project Management + ,? -L .~  .. 
Systems 

The Nova financial-planning and tracking 
system is in place and functioning smoothly 
and efficiently. We are supplementing this 
system with a schedule-control system, 
which will be especially useful during the 
assembly and activation phases of the 
project. This scheduling system emphasizes 
planning and control through time (rather 
than cost) variances. The complementary 
nature of the two systems provides an 
integrated and complete set of project 
management tools. We describe our progress 
with these bimodal systems in the articles 
that follow. We also describe the evolution 
of our integrated quality and safety 
assurance plan in terms of its imple- 
mentation and effectiveness to date. The 
work-breakdown structure (WBS) for Nova 
is shown in Fig. 2-199. The financial- 
planning and tracking system, scheduling 
system, and quality-assurance system all use 
this structure. 
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Financial-Planning and Tracking System. found them to be very effective in 
= The Nova financial planning and tracking maintaining a sound financial basis for the 

system has three objectives: project and for providing good visibility 
To ensure the development of accurate about the project's financial status. At the 
and optimum baseline plans showing time- end of October 1980 we established a new 
phascd costs by ~llcarls of computeri~ad baseline plan based on markups of the 
procedures that allow for rapid and previous baseline. The new baseline was 
accurate revision of baseline cost established because FY8 1 funding was 
schedules. provided at $25 million, rather than the $43 
To provide performance-measurement million under which the old baseline was 
tracking reports that highlight deviations predicated. Also, the $25 million was made 
from planned dollar amounts and from available in the fourth quarter of the fiscal 
planned times of expenditure for both year. In the interim, we had to plan on the 
commitments and costs by means of an basis of $0 million for FY 8 1. The replanning 
integrated and uniform set of graphic procedures of the Nova planning and 
tracking reports for all levels of the WBS. tracking system allowed us to establish and 
A schematic of the Nova financial implement the new baseline in a timely 
processing system, showing the financial- manner. 
planning and tracking phases, is given in We prepare the following key financial 
Fig. 2-200. repnrts monthly. 
To provide a project accounting system Performance-measurement graphs. 
based on the WBS that is consistent with Financial status report. 
the LLNL accounting system and that 0 Procurement tracking report. 
satisfies the requirements of the project The performance-measurement graphs are 
office, LLNL, and DUE. prepared at levels 0, 1, 2, and 3 for special 
All manual and computer-processing facilities (laser) corislruction. For conven- 

procedures necessary to achieve the system Lional facilities (buildings) construction, we Fig. 2199. Nova work- 
objectives were in place by the end of 1979. also prepare performance-measurement breakdown structure 

We used these procedures during 1980 and graphs at level 4, showing financial (WBS), shown down to 
level 3. 
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performance for each major construction 
contract. During 1979, in financial 
deviations due to schedule for both special 
and conventional construction could be 
evaluated from an inspection of the 
commitment performance curves. Both 
level-1 WBS tasks were in the same design 
and procurement award phase in FY79. 
During 1980, however, the conventional 
construction task entered the delivery and 

construction phase while special-facilities 1 
construction remained in the design and 
procurement award phase. Figure 2-201 ;L 
shows superimposed cost and commitme3 
w..lli,illllca for convcntionsll ~ o n ~ t r u c t i ~ n ,  
indicating the period for which each curve 
would be appropriate to measure financial 
d e v i ~ l i o ~ ~  due LU YL~I~JIAIC. Figure 2-202 
shows the same information for special- 
facilities construction. 

Thc following figures illustrate the 
monthly performance-measurement graphs 
that wc supply to DOE: 

Figure Report 
2-203 November 1980 Total Project 

Commitments 
2-204 November 1980 Special 

Construction Commitments 
2-205 November 1980 Conventional 

Construction Costs 
Figure 2-203 is the summary commitment 

variance financial report for the project for 
November 1980, as measured againsl Lhe 
new October 3 1, 1980, baseline. Figures 
2-204 and 2-205 are Lhe sulnlnary schcdulc 
variance financial reports we prepare 
separately for special-facilities and 



conventional construction. An example of A significant change in the technical scope 
the financial status report is given in Fig. of the project is authorized. 

. - - -. 
2-206, and an example of the procurement A significant change occurs in the funding 
planning and tracking report is given in schedule. 
Fig. 2-207. An allocation of contingency funds is 

The Nova financial-planning and tracking authorized. Fig. 2-202. Cost and 
system is consistent with the LLNL The financial-tracking phase involves commitment schedules 

accounting system and is designed within the monthly updates of commitments, costs, and for 

framework of the Nova WBS, shown in the construction. 

previous section. A single prime account, 
7520, was established for Nova, and 
subaccounts were assigned as shown on th 
WBS; for example, subaccount 32 is used for 
level-3 costs associated with the target I 

chamber. For procurements, Nova extends 
the LLNL accounting system to levels 4 and I scnectule 4 
5 by assigning a Nova control number to all 
purchase orders. A table of purchase orders 
vs Nova control numbers is then used to 
identify each monthly purchase-order charge 
at level 5 of the WBS. Procurement baselines 
are established at levels 4 and 5, and 
Trocurements are tracked at level 5 by notin 
levititinns frnm estimated amounts and 
imes of procurement. 

The system incorporates both a 1111a11c1a 
)lanning and tracking phase. The financia 

2lanning phase occurs each t h e  new cost 
haselinas ;Ire prepared, which is done 
vhenevver ~""~~~~~~~~~~~l~ifi&J ' ' ' ' 

~~~~~~l l l l l~ l~~l l lEi ; ;~~l l l~~~~~lF~;;~~j l l l l~~ 
Curnmitmenrs ...,-. ,..... .~ -~.,. .- 
Level 0 Total project 
November 1980 K a t e  at compketif 
Planned complete: 49.46% 
Actual complete: 43.98% 

Baseline change 
t 

" * .  c 

ost variance 

Fig. 2-203. Scheduled 
commitment of funds at 
level 0 (total project) for 
FYSI. 



Fig. 2-204. Scheduled 
commitment of funds at 
level I (special-facilities 
construction) for FY81. 

Fig. 2-205. Scheduled 
costing of funds at level 
(conventional construc- 
tion) for FY81. 
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obligations against the baseline plans. be noted. First, all input, output, and update 
Performance-measurement graphs are of the project's financial data bases is 
prepared down to level 3, and detailed cost done locally in the project area, using HP 
and variance reports are prepared down to 2645A computer terminals linked to the 
level 5 for procurements. LLNL Octopus network. Data-base update 

Two interesting operational features of the is done directly with the split-screen, data- 
Nova planning and tracking system should revision feature of TRIX, with verification 

Commitments 
Level I yrecial conrtruction 
November 1980 
Ptanned complete: 35.6136 
Actual complete: 28.1496 

Baseline change 
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by bottom-line audit. The graphic financial 
reports are generated via the LLNL Octopus 
high-speed printer. We designed our 
financial data-processing system in this 
distributed fashion to ensure that the system 
remains user-oriented and responds to thc 
dynamic financial processing needs of the 
project. Second, a special file of actual 
project costs and liens is maintained in a 
form consistent with the WBS organization 
of the project. This file is updated monthly, 
using the transactions of the LLNL detail 
ledger file. We made provision at the local 
project level tn allow zero-sum data-base 
cost adjustments within the project WBS 
structure. This distributed cost-accounting 
approach allows us to compare actual costs 

against planned costs at the purchase-order 
level of our WBS. It alsn provides for 
treatment of diverse labor and procurement 
costs within the WBS framework. 

The planning phase has formal procedures 
to ellsure that baseline cost estimates are 
accurate. Standard forms for collecting cost 
and schedule estimates were designed to 
interface with computer programs that 
analyze the data. 

Each time replanning occurs, computer 
codes are used to price the revised labor and 
procurement estimates. All planned 
expenditures arc priced at the time or Fig. 2-206. First page or 
expected commitment of funds, using Nova financial-status 
appropriatt: inflalion-related escalation report, shown for the 

factors. Optics section of the 
WBS. 
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After each estimating and pricing cycle, 
the Nova project manager conducts budget- 
review sessions with the lead engineers to 
determine where budget adjustments are 
needed to enhance laser performance, to stay 
within budget, and to prepare for effective 
operation of the completed facility. The 
automated procedures include generation of 
a time-phased obligation plan that is 
consistent with the schedule of expected 
funding and probable contingency 
expenditures. Time-phased performance- 
measurement baselines are generated 
automatically from the budget plan for both 
financial commitments and costs. 

To measure performance during the 
tracking phase, lhe Nova financial-planning 
and tracking system displays (both 
numerically and graphically) deviations from 
the baseline values. The level-2 and level-3 
graphs are distributed monthly to each of the 
lead engineers responsible for a level-2 cost 
center. Each lead engineer also receives 
financial status reports and a detailed listing 
of costs charged that month. 

Schedule Control. Two distinct charac- 
teristics of the Nova project have influenced 
our schedule-control strategy. First, like 
most large facility projects, Nova evolves 
through design, procurement, assembly, and 

~ i ~ .  2-208. activation phases before becoming an 
schedule-performance operational experimental facility. Second, it 
parameters apply a s  is a procurement-intensive project: 70% of its 
Nova evolves. 

$92.3 mill~on total 

- 

- 

I 1980 1981 1982 1983 
Fiscal year 

funds go to suppliers and subcontractors 
working under numerous lump-sum, fixed- 
price contracts. These two characteristics 
caused us to develop a bimodal scheduling 
system. During the design and procurement 
phases, we use the financial-planning and 
tracking system to track and control both 
cost and schedule. During the assembly and 
activation phases we will use the financial 
system for cost control, and the schedule- 
information system for schedule monitoring 
and control. This bimodal system uses 
network-based critical-path methods94 that, 
in turn, depend on "events" and an 
"assembly-breakdown structure" (ABS) as 
the basis for tracking, controlling, and 
reporting on the schedule. (Events are here 
construed as intermediate milestones; they 
and the ABS will be defined more fully . - -  .- 
below.) 

The transition from the financial system to 
the network approach is shown graphically 
in Fig. 2-208. Finance-based schedule 
control has diminishing accuracy for time 
beyond the point where cumulative costs 
reach about two-thirds of the total project 
budget because of the flattening of the 
S-shaped curve. 

During design and procurement, we use 
the Nova financial-planning and tracking 
system to measure schedule performance. 
Schedule performance in the design phase is 
measured by tracking committed dollars 
against financial baseline estimates. 
Although labor-intensive, the design phase is 
trackable in procurement terms because each 
design effort ends with the release of a 
purchase order. During the procurement 
phase we track actual costs against financial 
baseline estimates. 

Component assembly and system 
activation are also labor-intensive; however, 
no schedule-performance parameter 
comparable to cumulative committed dollars 
exists for these phases of the project. 
Therefore, we will use projected schedule 
variance as the schedule-performance 
parameter for the assembly and activation 
phases. (System activation includes 
component installation, system test/ 
checkout, and system-performance testing 
for Nova subsystems and assemblies.) 

The Nova schedule-control process during 
assembly and activation is shown in Fig. 
2-209. Our schedule-control objectives are 



To develop accurate, optimum, and 
realistic work plans to assemble and 
activate the laser system. 
To provide computerized methods for 
rapid evaluation of schedule performance 
and the revision of work plans. 
To provide performance reports that 
highlight schedule variances and their 
importance to or impact on project 
completion. 
To provide a basis for revising work plans. 
We will use the Nova schedule- 

information system to provide the frame- 
work for idelltifyi~lg CI-itical issues as 
feedback for Nova schedule control. These 
c~ilical issues, aluug will1 schedule guals, 
form the basis of planning. The prime Nova 
schedule goal is to provide an operating 
Nova Phase I system by July 1, 1983. The 
wnrk plan pndiimd hy the planning process 
is a detailed time plan for component 
assembly and system activation. We input 
this work plan and actual dates for past 
events into the schedule-information system. 
The schedule-information system computes 
schedule-performance parameters that, when 
reviewed by project management, complete 
the Nova schedule-control loop. Figure 
2-209 describes these activities functionally. 

Planning. Assembly and activation 
planning focuses on events representing the 
interfaces among the Nova cost centers or 
activation teams and the completion of 
activation tasks. 

We define events in terms of the result 
achieved when the event occurs. This result is 
either a condition or a physical thing 

Critical 
issues 

Assemblr 
and 

activate 
N m a  

produced, i.e., an assembled spatial filter, a 
fully operational (diagnosed or performance 
tested) amplifier, building-beneficial 
occupancy, efc. We rely heavily on the 
project engineers to manage component- 
assembly activities within their respective 
cost centers. This means that time 
responsibility for work leading to these 
events rests with the project engineers. 

We prepare a work plan for activities that 
go beyond the responsibility of any one cost 
center. We collect data that define events and 
tie them together in time (schedule logic). 
Doing this i~lvolves getting interfacing cost 
centers/activation teams to agree (make 
ag~eel~le~lts) UII Ll~ese ddla, Llle I I I U ~ L  
important of which are data specifying 
availability and need. We call these 
agreements "handshakes." It is essential that 
;I handshake specify the terms nf the event 
For example, the laser space frame is needed 
by a certain date because alignment and 
diagnostic hardware installation must begin 
at that time. The configuration (state of 
completion) of the space frame at the event is 
negotiated between the affected project 
engineers. 

Performance Measurement and Reporting. 
To integrate time responsibility for events at 
the assembly, we use the event definitions 
and an assembly-breakdown structure (Fig. 
2-210). The ABS ties events to assemblies 
and provides an effective means for 
summarizing schedule status and 
performance information. For example, the 
event marking the final chain-performance 
test is tied to the level-2, ABS-element 

r Data 
collection ant 
e l i d a t i o ~  

Fig. 2-209. Schedule 
Information System 
provides feedback of 
Nova schedule control. 

preparation 



amplifier assemblies (ABS 1.5 in Fig. 2-210). We will use the schedule-information 
This performance-test event marks the system to generate performance- 
availability of all Nova amplifier assemblies. measurement information during assembly 
The ABS makes it possible to review the plan and activation. The prime function of this 
at any desired level of detail. system is to provide the basis (input) for 

Fig. 2-210. Assembly- 
breakdown structure (Level 0) I 
(ABS) for Nova Phase I. 

(Level 1) 
Qffice 

system I 
facilities 

1 .O 4.0 

Fig. 2-21 1. Nova 
schedule and status 
summary, by phase. 

(Level 2) 
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and sw~tchyard) 
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2.3 Controls, target system 
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FY82 
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identifying critical schedule issues. This issue status report; shown in Fig. 2-21 1, 
identification, the project-management- summarizes the total project schedule and 
review bubble in Fig. 2-209, is judgmental in status in bar-chart (Gantt) form. This chart 
nature and requires an assessment of how is prepared in accordance with the DOE 
each issue impacts on subsystem and/or "Project Management Major 
Nova availability dates. The system event milestones from the Energy System 
identifies potentially delayed interface events Acquisition Project Plan (ESAPP) are 
and evaluates time variances for subsystems/ shown; both planned and actual completion 
assemblies. are indicated for each milestone. Actual 

We designed the schedule-information milestone completion is shown by solid 
system to synthesize a network model of the triangleslstars. Project phases are displayed 
project from the handshake data in the work as separate bars, broken down by conven- 
plan. The system uses actual times for past tional and special facilities. 
events to find the network's critical path(s), Assembly/activation phase reporting will 
thus identifying all potentially delayed display time variances from the network 
events. We then evaluate time variances for analysis. A typical report i s  shown in Fig. 
events by comparing projected completion 2-2 12. Schedule-performance information is 
tir~les with dates from the work plan. displayed for the laser subsystems (ABS 

We provide performance reports level 2). 
throughout the Nova project to summarize Implementation. We plan to begin using 
Ll~t: PI ujec~ schedule and srarus (by phase) of the schedule-information system in 1981.  PI^. 2-212. Nova 

the project. The Nova project schedule and The following activities are planned: schedule and status 
summary, by assembly. 

Nova Phase l Level 2 Laser system 

I FY80 I FY81 I FY82 I FY83 

Space frame 
(laser bay and witchyard) 

Master oscillator room 

Controls, laser system 

Power-conditioning system 

Amplifier assemblies 

I asar gla'is 

Spatial-filter assemblies w 
Isolation assemblies 

Beam-transport assembly 

System test 
4/16 

' 
Design 1-d Checkout 

1 Fabr~cation I 3 Installationlconstruction 
k-work done- 





audit of our *master assurance-program plan 
and participated in an audit conducted by 
the DOE. 

Design Controls. The principal control 
technique that we used during the design 
phase of Nova is the design review. Dcsign 
reviews are conducted for the system project 
engineer and are attended by a broad cross 
section of laser program, Nova project, and 
technical support personnel. The purpose 
of each review is to verify that the design 
being reviewed is capable of meeting Nova 
performance criteria, manufacturablc, and 
safe and that it will interface properly into 
the system. The responsible engineer (or 
project engineer) pre.sents the design to thc 
attendees. Review summaries are prepared, 
and action items are assigned. The reviews 
are concluded by an authorization to 
proceed to the next logical step-first layout, 
detail design, or procurement, or by a 
request to resolve the open-action items and, 
possibly, to'repeat all or part of the review. 
,One of the mandatory agenda items at 

e a ~ h  design review is presentation of a 
p~eliminary hazard analysis (PHA) for the 
design. The PHA uses the master hazards list 

.   able 2-39) as a starting point or checklist 
to identify the specific hazards associated 
with the design. Then the PHA is used to 
develop the potential failure modes that 
cculd lead to the hazards and the effects of 
thk'hazards i f  they do occur. An assessment 
oqthe severity and probability of occurrence 
is made, and appropriate corrective action 
measures.are recommended. The criteria, in 
order of precedence for dealing with 
hazards, are 

To design for minimum risk. 
To incorporate safety devices in the 
design. 
To use warning devices capable of 
delecling the hazard and signaling its 
existence. 
To follow administrative procedures. 

A sa~nplt: of the PHA for the 'Nova energy- 
storage subsystem is shown in Fig. 2-213. 
Note that the PHA is closed out only after 
the recommended corrective action has been 
taken. PHAs have been prepared for every 
design reviewed during the ycar; Table 2-40 
lists the reviews conducted during 1980. 
We have found the design-review process to 
I-re a vcry effective assurance tool, enhancing 
our confidence that the Nova designs are 
adequate, complete, and will safely satisfy 
Nova system requirements. 

Nova 

Assurance-System Audits. We conducted 
two internal assurance-system audits and 
participated in an audit conducted by 
DOE-SAN. Our assurance system requires 
that we periodically conduct independent 
audils. The audit process provides us with an 
important management tool to determine 
how well we are complying with the 
requirements of our assurance plans and 
whether the requirements are effective for Table 2-40. Nova design 

ensuring the success of the project. reviews conducted during 
1980. 

- 

I Subject Date Conductor I 
Laser diagnostics 

Plasma shutter 

Console displays 

Input-beam sensors 

COLIPraxis language 

 lashl lamp circuit diagnostics 

Pockels-cell-driver subsystems 

2w plans 

Novabus 

Novalink 

MOR layout 

Oscillator controls 

KDP procurement 

Central controls 

Output-sensor package 

Chain splits 

Rod amplifiers 

Space frame (support frame) 

CCDs 

Target chamber 

Fizeau interferometer 

Spatial filters 

N2-cooling of amp heads 

Electrical layout-Nova bank review 

Safety-interlock system 

Lamp-circuit diagnostics system 

20.8- and 31.5-cm amplifiers 

2w baseline 

Plasma shuttcr 

2 ~ 1 3 0  

Rod amplifier 

Turning- and diagnostic-mirror gimbals 

Target chamber 

20.8- and 31.5-cm disk amplifiers 

Clean room and assembly fixtures 
reconditioning and procedures 

Rod-amplifier engilieerir~g 

NovdNovette output sensor 

TV distribution system 

15.0- and 31.5-cm-ro~aiurs '; - 

NovalNovette KDP crystal mount 
(mechanical components) 

Novette MOR 

R. Ozarski 

1. Stowers 

G. Suski 

E. Bliss 

J. Greenwood 

D. GXtton 

J. Oicles 

M. Summers 

D.Gritton 

J. Severyn 

J. Murray 

J. Oicles 

S. Stokowski 

G.  Suski 

E. Bliss 

A. BudgorIJ. Glaze 

W. Martin 

C. Hurley 

E. BlissIJ. Cheng 

F. Rienecker 

N. Thomas 

C. McFann 

H. Julien 

B. MerrittIR. Holloway 

D. Gritton 

L. Berkbigler 

C. Hurley 

M. Summers 

1. StowerslJ. Oiclesl 
L. Bradley 

M. Summers 

S.  YaremnIC. Hurley 

C.  HurleyIA. Martos 

F. Rienecker 

C. Hurley/F. Frick 

C. HurleylF. Frick 

11/14 C.  HurleyIF. Frick 

1 1/20 E. Bliss and/or Aerojet 

11/21 P. VanArsdall . 
11/26 'B. Merritt 

12/02 J. Williams 

12/05 D. Kuizenga I 



Nova 

Our audits were conducted by teams we will make appropriate revis'ions to the 
representing various disciplines within the plans that are already in effect. Internal 
Laboratory, including members from our audits of the mechanicalltarget-systems and 
Hazards Control Department and Quality power-conditioning subordinate plar.5 are 
Assurance office. The audit teams used ' also scheduled for 1981. 
detailed checklists to question key personnel 

Authors: F. Holcornb, L. C. Lewis, and 
responsible for implementing the assurance A. J. Levy 
system. The teams presented their findings 
and recommendatio~s to the Nova staff and 
prepared audit reports. We are now 
implementing their recommendations. 

A summary of the audits conducted, their 
dates, and the key findings are shown in 
Table 2-41. The recommendations are Research and 
included in the audit reports. While the table . Development 
onlv shows areas in which deficiencies were 
found, it is important to remember that most 
of the findings were positive and tell us that 111troduction 
the Nova team is doing an effective job 
ensuring a safe and successrul laser fusion Wc are conducting a researc.11 and 
experimental facility. developnient program on solid-state 

Stulus of Assurarzce Planning. At the  end rnalerials~and I;~ser coniponents to support 
of 1979 we had released only the master plan Nova and other glass laser systenis at LLNL, 
and convention-facilities subordinate plan.. . . and advanced lasers as well. In this. ' *: 

During 1980 we released the mechanicall discussion, we present an overview of the; a: .,.-- 
target-systems and power-conditioning progress on the various research' projects ;.i-+?- -1 ? 
subordinate plans. A first draft of the conducted during 1980. These prbjects are --'-,. . 
alignment/control/diagnostics subordinate discussed in  greater depth in succeeding 2 '. " . . . 
plan was also prepared. In 1981 we will articles. .... ._ 
complete and release the subordinate plans We have extended the analysis of target- ' . - 

, . 
for alignment/control/diagnostics and for irradiation geometries intended to,provide '-'.- 

optical components. As a result of the uniform illumination of Nova type spherical ' . +  - . - 
recommendations from the various audits, targets while retaining conipatibility with * . 

. . 
Table 2-41. Summary of 

Audited area 'I'ype of audit assurance-system audits I Dale Deficient areas 1 
conducted during 1980. I I . Conventional Facilit~es Internal LLNL July Document and configuration 

Subordinate Assurance Plan control. I 
Continuity of assignments of 
respurlsibility during dcsign nnd 
c ~ ~ ~ s t n ~ c t i o n .  

Nol~cul~fo~.mance and corrcciive. 
action reporting and resolution. 1 
Assurance records access and 
retrievability. 

2.  Master Assurance Program Plan Internal LLNL October Nova assurance plans are more 
I "formal" than necessary. 

Understanding of safety 
responsibilities for support 
facilities. 

Formal hazards analyses ate not 
as complete as designs. 

+ Understanding intent of "con- 
trolled" documents and which 
documents fit in this category. 

* Interpace criteria, thcir complete. 
ness, circulation, and use. 

1 3. Master Assurance Program Plan DOE-SAN November Consistenr with I a d  2 above. 1 



two-sided irradiation schemes. The 
MALAPROP computer propagation code 
was used to model the performances of 
Novette and Nova. We have also investi- 
gated the effects of pulse propagation on the 
temporal shapc of thc laser pulsc used i ~ i  our  
systems. 

We  analyzed the cost and performance of 
iodine lasers for comparison with the current 
Nd:glass laser designs and found that the 
advantages depend on laser pulse width. The 
two lasers have comparable perforniance for 
pulse widths of I to  2 ns; however, iodine is 
best for short pulses, while Nd:glass is better 
for long pulses. We developed a model of 
flashlamp output with short-pulsc excitation 
that included the effects associated with arc 
growth. The model displays improved 
simulation of electrical characteristics for 
short pulse durations, but underestimates 
absorption losses for low-pressure lamps. 
We have also analyzed the upgrades for 
Nova to yield 10-ns pulses of megajoule 
magnitude. However, pulse liniits must be 
observed because Nova system design and 
performance \yere found to be susceptible to 
I~iser-induced daniagc. In addition, a dual- 
ion model was designed to simulate the 
effects of gain saturation, since this is a 
parameter of significant interest. 

For several years we have pursued the 
development of fluorophosphate glass for 
Nova applications. The primary advantage 
o f  this glass is its low, nonl inea~ ir~dex of 
refraction, which reduces the degree of self- 
focusing. This development culminated in 
successful production of 46-cni-aperture Nd- 
doped glass disks with the homogeneity 
required lor Nova. However, heating of 
sub~iiicronietre-dianieter platinum inclusions 
caused internal laser daniage in the fluoro- 
phosphate glass and limited the glass 
operating lluence to  inipractically low levels. 
Though the glass vendors, Hoya and Schott, 
have niade steady progress in reducing the 
density of' platinum inclusions, we are not 
conlident that the problem can be solved 
without affect~ng the Novette and Nova 
schedules. Therefore, we have decided to use 
Ncl-doped phosphate glass in l ~ e u  of Nd- 
dopcd fluorophosphate ~ I ~ I s s ,  since the 
former has a significantly lower density of 
platinum inclusions (approxiniately 0. I 
in phosphate. and 100 cn1r3 in  f lu i r~upl~us-  
phate) and snii~ller damage sites at  

Research and Development 

comparable fluences. Though the nonlinear 
refractive index coefficient of phosphate 
glass is two tinies larger than that of 
fluorophosphate glass, the trade-off does not 
appear unreasonable, since it will result in 
only a slighl reduction of laser performance 
for short pulse widths. 

We have determined the specifications for 
edge cladding of phosphate glass disks, and 
the glass conipanies who supply the disks d o  
not anticipate difficulties in meeting the 
requirenients. Finally, we have investigated 
the possibility of solarization of phosphate 
glass under expected opcrating conditio~is. 
In this program, we have experimentally 
demonstrated that t1.1e use of cerium-doped 
quartz flashlanips has not resulted in any 
detectable solarization. 

T o  predict laser performance we must rely 
on Q U ~  knowledge nf gilin s i ~ t ~ ~ r i ~ t i n n  in t h ~  
laser amplifiers. Earlier, we performed a 
coniprehensive study of gain saturation in 
Nd-doped fluorophosphate glass, and,  
following our  decision to use phosphate glass 
tbr Novette and Nova, we extended the 
study to include pliospliate-glass cumposi- 
t i u ~ ~ s .  The con~pleted measurements on two 
of these glasses are included in this report. 

Laser-induced daniage to optical elements, 
particularly those with thin film coatings, is 
an important factor in the perforniance and 
reliability of laser systems. Earlier studies of 
tantala-silica antireflection (AR) coatings 
deposited at  various temperatures, rates, and 
background oxygen pressures indicated that 
coatings deposited at lower temperatures 
had a higher threshold to laser damage. We 
extended these studies during 1980 to  include 
the effects of baking the coatings, and we 
found that baking generally reduced the 
volume-averaged absorption of coatings. 
This was particularly true for the coatings 
that initially had the greatest absorption. We 
also found that baking produced a large 
reduction in net stress and,  in some cases, 
caused a change from tension to com- 
pression. However, damage thresholds were 
not ge~era l ly  changed by baking and did not 
exhibit a strong correlation with average 
absorption o r  stress. Substrate materials and 
optical polishes have also been studied to 
determine their influence on the daniage 
threshold. In this study, tantala-silica AR 
coolings were deposited on fused silica and 
B K - 7  glass substrates polishcd by 
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conventional fresh-feed and bowl-feed 
techniques. The films or surfaces polished by 
the bowl-feed process exhibited the highest 
damage thresholds. In a study similar to the 
tantala-silica experiments just described, we 
examined the influence of deposition 
parameters for titania-silica AR coatings 
and, again, the lower-temperature coatings 
appeared to produce an increase in coating 
damage thresholds. The dependence of 
coating thresholds on pulse width was 
determined using pulses of 1.06-pm 
wavelength with I- to 20-11s durations. We 
found that the threshold generally increased 
slowly for pulse widths from 1 to 5 ns and 
increased rapidly for longer pulse widths. 
The rur~nation of graded-indcx AR surfaces 
by acid-etching phase-separated glass is an 
important development that was made 
during the past two years; these surfaces 
have exhibited damage thresholds that are 
two to three times greater than conventional 
thin-film coatings. Our efforts in this area 
have resulted in  the commercial development 
of phase-separated glass for use in  Nova. 

Intrinsic scattering losses increase rapidly 
for light of decreasing wavelength and limit 
the application to visible or lo'nger wave- 
lengths for our present glass. We have 
decided to explore the applicability of this 
technique to the U V  wavelengths associated 
with fusion experiments. This decision has 
caused us to begin develupirie~~t of film 
materials that produce graded-index 
surfaces. To facilitate development of this 
and other optical materials for shorter- 
wavelength applications, we performed 
damage measuremenls will\ second- and 
third-harmonic wavelength pulses (0.53 and 
0.35 pm, respectively) of Nd:glass lasers and 
with the krypton-fluoride (KrF) laser 
(0.25 pm). In the case of potassium 
dihydrogen phosphate (KDP), which is 
the harrr~u~~ic-generation  material wc intcnd 
to use on Novette and Nova, we found 
internal inclusion damage occurring at 
fluence levels below our minimum specifi- 
cation. After studying the nature and source 
of inclusions, we met with the crystal 
vendors to dctcrmine the parameters for 
modified growth conditions that are 
expected to improve the damage threshold 
of the crystals. Damage thresholds were 
found to be generally low for KrF laser 
coatings, although some coatings exhibited 
substantially higher thresholds. 

During 1980, we completed fabrication 
and assembly of, and began testing, the 20.8- 
and 46-cm rectangular disk amplifiers. These 
amplifiers will be used on Nova and Novette 
because they are more efficient than their 
cylindrical counterparts. For Nova, we have 
also designed a new phosphate-glass rod 
amplifier that has greater gain and 
uniformity of radial-gain profile than the 
amplifier it replaces i n  Shiva. In studies on 
the cooling of disk amplifiers, we monitored 
the internal temperature of the disks with 
thermocouples and measured optical dis- 
tortion by observing temperature distri- 
butions with a pyroelectric vidicon. We 
found an initial 2 to 3°C temperature rise 
in  the disks after flashlamp discharge that 
was followed by a steady increase in  
temperalure from radiative heating that, in 
turn, was caused primariiy by the flashlamp 
reflector. Our observations indicated that 
a substantial reduction in  cooling time could 
be achieved through changes i n  the flow of 
the coolant gas. 

The actively mode-locked Q-switched 
(AMQ) oscillalor or) Shiva was replaced by a 
similar oscillator with improved electronics 
and computer controls. The new oscillator is 
a stable single-mode Q-switched oscillator 
with longer pulses whose single-mode 
performance is maintained by a feedback 
control circuit. To  provide variable-duration 
pulscs, wc dcvcloped and installed a fast- 
pulse circuil based on planar triodes to drivc 
the Pockels cell for switching a portion ot'the 
longer pulses to the amplifier chains. The 
fast-pulse circuit nlodification has provided 
us with pulsc lengths as short as 2.2 ns. 
During 1980, a major effort was devoted to 
planning for oscillators and other front-end 
components required for Novette. 

The harmonic generation of pulses at the 
full 74-cm output aperture has provided a 
major new technical challenge for Novette 
and Nova. Because this aperture is con- 
siderably larger than currently available 
K DP crystals, we have decided to use smaller 
crystals configured i n  arrays. To produce the 
arrays, we began a series of projects to 
address the issues of growing, fahricat.ing, 
and assembling KDP crystals into arrays 
with the required alignment accuracy. We 
had previously demonstrated second- 
harmonic generation in 2 X 2 crystal arrays, 
where each crystal is independently aligned 
to the laser beam. However, a 3 X 3 array 
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must be used for Novette and Nova to keep 
the size of individual crystals reasonably 
small and to avoid cumbersome alignments 
of individual crystals. Since crystal align- 
ment is a significant factor, the larger crystal 
arrays will havc fixcd relalive orieatalior~s 
and will be aligned as a single element. The 
key to success for this concept is the ability 
to fabricate crystals with identical 
orientation of the optic axis relative to the 
surface normal. We have conducted recent 
studies at LLNL on the suitability of single- 
point diamond turning for fabricating 
optical surfaces on dielectric matcrials. We 
found that diamond-turned surfaces have 
optical quality and daiiiage thresholds that 
are comparable to conventionally polished 
surfaces. Because diamond turning offers the 
additional advantage of accurate control of 
crystal orientation, we have assumed 
development responsibility for the 
technique, which we have recently 
demonstrated is capable of controlling 
alignment within the tolerance required to 
achieve a 99% uniformity of conversion 
efficiency over the entirc array. To assure an 
adcquate supply of KDP crystals, LLNL is 
supporting vendor studies into methods of 
increasing the crystal size and growth rate. 
We have also developed techniques to align 
crystals and to determine beam quality and 
conversion efficiency. In addition, we have 
addressed the issues of beam propagation 
through the segmented array, choice of 
index-matching fluid, and techniques to filter 
unwanted light wavelengths. 

At LLNL, we use capacitors to store the 
electrical energy supplying the flashlamps in 
our laser systems. However, this is an 
inefficient energy source for the flashlamps, 
since the capacitors provide relatively low- 
density storage, occupy considerable space, 
and have a limited repetition-rate capability. 
Therefore, we have supported development 
for the compensated pulsed alternator 
(compulsator) at the University of Texas in 
Austin. The compulsator stores rotational 
kinetic energy at high density for delivery in 
short pulses at the current and voltage 
required tor laser tlashlamp excitation. Our 
goalb in Lhis program are to 

Evaluate performance capabilities. 
Identify engineering problems. 
Debelup cuiripuler models for optimizing 
performance in various applications. 

The existing prototype compulsator was 

damaged by electrical arcing and was 
subseqi~ently repaired. While the compul- 
sator was undergoing repairs, an active 
rotary flux compressor was developed, and 
this unit has provided us with a data 
capability for testing computer models of the 

A 

compulsator. During later testing, we 
discovered a source of reduced flux 
compression and low peak-power output 
in the compulsator. Since then, corrective 
measures have been proposed, and the 
compulsator is expected to achieve its 
design goals. 

We have continued development of the 
plasma shutter during 1980. When this 
device is perfected, it will prevent damage to 
laser components from light reflected by the 
target. The shutter is designed to propel a 
high-density plasma across the beam path; 
t h ~  plasma is created by pns~ing n high 
current through a wire, causing explosive 
evaporation and ionization of the wire. Two 
prototype shutter modules have been 
completed and tested. One of the modules 
had diagnostic equipment to determine 
plasma parameters and to study reliability 
and lifetime of the high-voltage electronics, 
while the second module was used to 
evaluate the control system, to study 
electromagnetic interference, and to test the 
wire-changing mechanism. We subsequently 
implemented design improvements that both 
eliminated an internal arcing problem and 
increased the velocity of the plasma front. 
The second module has been installed on an 
arm of Shiva for a full system test. 

Author: W. H. Lowdermilk 

Theory and Design Analysis 

MALAPROP Code. During 1980, we 
continued to use the MALAPROP computer 
propagation code96 for the modeling of 
Nova amplifier chains. To facilitate our 
modeling, we made five significant 
modifications to the computer program 
system; two modifications affected analysis 
of slottcd-beam diffraction, one 
modification provided intensity distribution 
data, ar~tJ IWL) modifications improved 
automated a~lalysis for proposed Nova 
baseline systems. 
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In October, we focused our attention on 
the diffraction effects of the slotted beam97 
generated in the final amplifying stage of 
Nova. We added the capability to 
MALAPROP for using an open-ended slit in 
the far field because a round pinhole at the 
focus prevented the near-field slot from 
reimaging. The slit width and the angle to the 
X-axis are input parameters that allow the 
user to select a width and an alignment 
determined by plasma-forming criteria. For 
width selection, we calculate the mean and 
maximum intensities in far-field bands that 
are analogous to far-field rings used in the 
pinhole selection process. 

We were also concerned with near-field 
apodizing. To  facilitatc modeling a 
manufacturable apodizer, we added a new 
edge function to the existing linear masking 
function. Each mask has three regions that 
consist of a center section of width C and 
two adjacent edge regions of width W. For 
the new edge function, let Tc be the 
transmission in the center, a a constant 
dependent on the absorption parameter, and 
L the depth so that 

In the edge regions, we set the transmission, 
T ,  as a function of distance, x, from the 
center section 0 < x < W, to the following 

fig. 2-214. Nova continuous function belweerl Tc and 1: 
beam modelled by 
MALAPBOP at final 
filter entrance (apodized -I. [* - ($1 
center slot reduces side T(x) = 

growth before and after 
filtering). 

-20 -1 0 0 1 U 2U 
! grc )m c 

where ,8 is generally set to 2. If the center 
width is zero, this function provides a two- 
branch discrete function. Our MALAPROP 
results indicate that apodization offers a 
performance improvement of approximately JJ 
10% for   ova.^^ In Fig. 2-214, we show a 
profile where the side growth from the 
apodized center slot is significantly less than 
the peaks due to single-point obscurations. 

The statistical calculations that are 
performed with MALAPROP characterize 
the beam, but complete plots are necessary 
to assure inclusion of peak values when 
random noise is considered. However, this 
process is costly in large grids and often 
provides confusing data, so we have 
continued to rely on statistical calculations 
for determining the maximum beam 
intensity. Though we expected this method 
to give us c r ~ t e r ~ a  tor d~tteren'tiations uf 
otherwise similar performance numbers, the 
calculat~ons failed to provide any measure of 
the total area above a given threshold. To 
deal with this problem, we added a function 
to MALAPROP to count the number of grid 
points having intcnsitics higher than those 
in a set of predetermined intensity values. As 
might be expected when using small areas of 
noise o b s c ~ r a t i o n , ~ ~  the peak intensities tend 
to be isolated. 

Many of the Nova system analysesloO are 
similar, requiring only changes to a small 
subset of input parameters and a similar 
summarization of thc MALAPROP results. 
We automated the majority of our 
MALAPROP production by expanding the 
capabilities of the MATHSY l o '  auxiliary 
program GAINN (now called FIND) by 
adding pinhole and slit-size selection to 
MALAPROP and by using the COSMOS 
production system on the Cray computer 
system. Given the pulse width and the 
desired output energy for a specific system 
residlng In ~ t s  I~brary, I-IND Can de~ertt~il~t: 
all the global saturated gains necessary to 
run the standard damage analysis. FIND 
also reads the statistical data from the 
MALAPROP output and uses these data to 
plot the peak and mean fluence values 
throughout the system and to write the 
summary table. During 1980, we modified 
MA1 APROP to select a pinhole or slit width 
using the crlteria that previously had bee11 
m a n   ally applied. Pinholes are selected as 
the larger of an input minimum or the 
smallest size for which the mean pinhole 
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loading is less than an input level. (We 
currently use 100 G W / C ~ ~ . )  Because the slit 
mean loading is dependent on the far-field 
dimensions (entire bands are averaged), we 
also require that either the maximum load on 
the slit be less than the input limit or the 
width be increased by 300 pm/ns to prevent 
closure of the pinhole. 

These minor changes in the MALAPROP 
system have enhanced its ability to process 
routine system mcdifications for the design 
of Nova. 

Authors: W. E. Warren and W. W. Simmons 

Major Contributors: D. Eimcrl, W. F. 
Hagen, J. T. Hunt, G. G. Peterson, and J. B. 
T I  ~ I I I I U I I I I ~  

Nova Target Illumination Studies 
Nova 100" Beam Cone Illzimination. The 
Nova Phase I baseline spherical illumination 
option102 has two opposed bundles of five 
beams each. For optimum illumination, the 
centerlines for each bundle lie in a cone 
whose full angle is 105.8", and the beams are 
spaced at 72" intervals around the cone 
circumference (Fig. 2-2 15). Several consid- 
erations involving laser flexibility and target 
performance led to a decision to decrease the 
centerline cone angle to approximately 100'. 
We therefore determined the performance of 
the target illumination with the reduced 
centerline cone angle. 

The use of a smaller cone requires larger 
spots on the target sphere. Previously, the 
spots all subtended 110" (full angle), as seen 
from the target center. Larger spots increase 
the angle at which rays near the spot edge 
strike the target; more laser energy is 
reflected than absorbed. We anticipated 
having to accept a large energy loss as a 
result of the large increase in spot size. TO 
our surprise, increasing the spot size from 
l I0 to 114" resulted in a uniformity of the 
100" beam cone that was better than that of 
the 105.8" beam cone. Enlarging the spot 
size increased the angle of the spot-edge rays 
by only 2" out of 35", resulting in only a 
small energy loss. 

The optimal beam profile for 114" angle 
spots on a 100" cone (Fig. 2-216) is almost 
the same as the previously calculated pro- 
file of the 110" angle spots for the 105.8" 
cone!02 The minimum intensity is 76.4% of 

the maximum intensity for the former choice 
of beam shape and position. As shown in 
Figs. 2-217 and 2-21 8, the contours of 
constant intensity on the target sphere are 
somewhat different in the new profile, but 
are just as acceptable as those in the former 
profile shown in Ref. 102. 

Laser Effectiveness for Uniform Spherical 
Illumination. When a multibeam laser system 
is used to uniformly illuminate a spherical 
target, each beam must produce a precise 
pattern of absorbed energy at a specific 
location on the target. The precise pattern 
can be found by varying the beam shape to 
maximize the overall uniformity of illumi- 
n a t i ~ n . ' ~ ~ . ' ~  The absorbed-energy pattern is 

Fig. 2-215. Beam 
centerlines striking 
target sphere. 

Fig. 2-2 16. Absorbed 
energy profile yielding 
0.764 minimax. 

0.8 - - 
I 

1. - - w .- 
U) 
C 
3 0,6 - NOVA 5 + 5 opposed profile: 
C .- & ,. Cone = 55" 

- ?.t .- + Spot = 5P 
m - 2 0.4 - Radius = 0.65 

Intensity = 0.45 
- Step = 0.25 

Power = 2 
, f 8-  0.2 - Minfrnax - 0.764 
-+r .- - - - - - 
I '  -- 

0 0.2 0.4 0.6 0.8 I .O ', 

Relative radius I 



Research and Development 

Fig. 2-217. North polar A 
view of absorbed energy 
contours on a Nova 
target sphere. 

Fig. 2-218. Equatorial 
view of absorbed energy 
contours on a Nova target 
sphere.V 

related to the intensity profile in the laser 
beam by the radius-to-angle transformation 
of the lens, the offset from the target center 
to the vertex of the converging beam cone, 
and the dependence of absorption fraction 
on the incident-ray angle. When all these 
factors have been taken into account, we 
have determined the laser-beam profile. 
Generally, the laser profile will not be 
uniform; thus, the laser cannot be used to 
full capacity unless we take corrective action, 
such as changes to the principal surface of 
the lens or the use of corrector plates (this 
problem is discussed later). We undertook 
to analyze the problem to determine if we 
could provide specific guidance for the 
design of the Nova Phase I focus-optics 
system. 

Fifllre 7-7 19 illllslrwles Ihe Irwnsrr~rmwtion 
from a known profile on a target sphere 
to a laser-beam profile. We used ray optics in 
this application, since the target is assumed 
to be sufficiently large that diffraction effects 
are small. For convenience, all lengths are 
mcasured in units of thc tilrgct sphcrc radius. 
A ring on the spot profile has its intensity 
defined in terms of the angle, 6 ,  from the 
center of the spot to the edge of the ring, as 
seen from the center of the sphere. If the 
focal point of the lens is at distanct: Q lrel~i~ld 
the sphere center, then the beam cone angle, 
$, corresponding to the spot angle, 6 ,  is 
given by 

The ray height, h, a t  the lens depends on 
the shape of the principal surface of the lens. 
If the lens is aplanatic (as with most laser 
focus lenses), then the principal surface is 
spherical, and the height is given by 

where f is the focal length of the lens. For an 
aplanatic lens, the diameter, D, of the clear 
aperlurt: is 

D = 2f sin JI, , 

where $, is the angle of the marginal ray, so 
the f-number, F, is 
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Fig. 2-219. Geometry of 

/ 
"sing a laser beam hitting a 

target. 

- 

Beam 

I 

f 1 F = -  = - . 
D 2 sin Jr, 

This means that Q is given by 

sin 4, 
Q = -  - COS 4, 

tan 

= ~ - s m + , - c o s ~  , 

where 4, is Lhe marginal angle of Lhe spot on 
the target, as seen from the target center. 
Hence, we find 

f sin 4 
11 - 

)((cos 4 + Q ) ~  + sin" 

The angle€ belween Lhe incoming ray and 
the sphere normal is given by 

k'ig. 2.220. Absur~tioo of 
I-pm laser light as a 

(16) intensity as a function of beam radial function of incident angle 
position. In Fig. 2-220 we have combined a a , I , , ~  sufiace. 

The intensity of the beam, B, is related to the plot of experimental data105 with two 
intensity on the sphere, I, by smooth curves. The lower curve is 

I - - - 27rh dh f sin $ dh 
= -  

I3 2 ~ s i n + w  sinJ,dJ, 
and corresponds to inverse bremsstrahlung 

- f2 cos cos $ sin2 $ absorption in an atmosphere comparable to 
sin" + that above the actual target. The upper 

curve, suggested by the functional form of 
The relationships bctwccn thc absorbcd- Eq. (18), is 

energy fraction and the incident-ray angle to 
the llorrnal are the only rernarnlng bits ol' = I - e-'%308r6) (19) 

information needed to determine the beam 
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where P = 2. The actual absorption lies 
between the two curves, at about P = 3. 

To determine the laser-beam intensity, we 
performed the following steps and plotted 
the results: 

Lms margin = 8.7' 

Spat margin = 76" 
Radius ratio = 0 3 0 6 6  

Intensity ratio = O.Ei945 
Step ratio - Odl  23 1 

Absorbed fraction = 0.7304 

Fill factor = 0.6916 

I =Incident intensity 

A Absorbed intensity 

Fig. 2-221. Beam A Fig. 2-222. Beam 
intensity out of laser, intensity out of laser, 
intensity on target intensity on target 
sphere, and absorbed sphere, and absorbed 
amount for 8.7" focus amount for 3.S0 focus 
lens producing a 70" spot lens producing a 70° spot 
on a target sphere. on a target sphere. 
Reflected-fraction Reflected-fraction 
function was R = function was R = 
exp(-2 cos2f). exp(-2 cos2t). 

. 
Spot margin = 70' 

Radius ratio = 0.5066 

Intensity ratio = 0.5945 

Sttila rarlu - 0.1 23 1 
Absorbed fraction = 0.6993 

Fill factor = 0.8183 

Total effectiveness = 0.5723 B = beam intensity 

I = Incident intensity 

A = Absorbed intensit 

0 0.2 0.4 0.6 0.8 1 .O 
Relative radius 

Found absorbed intensity, A, from the 
known spot profile. 
Calculated E and 1C/ from 6. 
Found incident intensity (I = Ajg). 
Found beam intensity, B. 
Found beam coordinate, h. 
A typical plot of this information is shown 

in Fig. 2-22 1. Curves are plotted for beam 
intensity, incident intensity, and absorbed 
intensity. Information is also shown on the 
plot for the lens-margin angle, $,, and the 
spot-margin angle, $,, as well as the shape 
parameters for the spot. The absorbed 
fraction is defined as 

(, A h d h  
a = 

I" 
S F ~ h d h  

where H is the beam radius. The fill factor is 

B = 
$:B h d h  

* H ~  Bm 

where B, is the maximum beam intensity. 
The total laser effectiveness is the product of 
the absorbed fraction (effectiveness of target 
use of the delivered energy) and Lhe fill faclol 
(effectiveness of aperture use by the laser 
beam). In Fig. 2-222 we see the effect of 
changing from an f/3.3 focusing lens to an 
f18.2 lens. Note that the higher f-number 
degrades absorption while improving the fill 
factor and, thus, thc total cffcctivcncss of 
spherical illumination. 

We have calculated cases for spots 
iorrcspanding to thc Nova Phnsc I 10-beam 
geometry (5 + 5) and a 12-beam dodeca- 
hedral geometry that requires much smaller 
spots for the same uniformity. The results 
are summari~ed in Fig. 3-223 for P = 2 
(10-beam geometry), P = 5 (10-beam 
geometry), and P = 2 and 5 (12-beam 
geometry). Note that both geometries are 
equivalent for f/2 or fasler lenses, bul [he 5 

1 5 gcomctry is nlorc scnsitivc to absorption 
t'allotf a t  high angles and drops rap~dly 
with slnw lenses if P = 5 Hnwever, nllr 
calculations indicate that, for absorption 
corresponding to experimental data, the 
5 + 5 geometry has good pertormance tor 
f-numbers equal to or larger than f/4. 

111 all Lases Ll~c ~uldl  C ~ ~ C L L ~ V C I I ~ S S  is 
approximately 0.5, while the absorption and 
fill factors are about 0.7. Target design can 
be improved to increase laser absorption. 
Laser design can also increase the 
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effectiveness; the key is an increase of the fill 
factor. This may be realized by transforming 
a near-uniform laser beam into a specific 
nonuniform profile at the target either by 
changing the lens principal surface or by 
using corrector plates (nonfocal systems). 
We realize that these changes may not be 
required in an experimental system, such as 
Nova, where we often change the beam 
profiles. However, if a uniform-spherical- 
illumination reactor system could be built, 
these changes would yield considerable 
benefits. 

Author: J.  B. Trenholme 

Modeling Saturation. To correctly model the 
performance of saturating glass-laser chains, 
we needed a fast, accurate gain model for 
saturating glass amplifiers in the lumped- 
element code, SNOBAL. As our basis for 
this model, we decided to use the available 
LLNL saturation data: input fluence, output 
fluence, and small signal gain. An equivalent 
saturation fluence, 4 , can be derived from 
these data if we assume the Frantz-Nodvik 
saturation equation 

where 4 ,  is the input fluence, c$~ isthe output 
fluence, and G is the small signal gain. 
We then adjust 4, until the equation is satis- 
fied. Since this equation is functionally tran- 
scendental, we started with an approxi- 
mation deqigned to fit the high and low 
fluence limits, 

and we then used Newton iterations ( f n ~ ~ r  
were enough for six-digit accuracy) to refine 
the valrie These iterations took the form 

To fit actual data, we accounted for fixed 
loss in the rods by splitting them into equal 
parts applied at the rod ends. For higher 
losses, we used a more complicated method 
in which the rod was split into low-gain 
pieces, for each of which losses were applied 
at the ends and Frantz-Nodvik saturation 
was used for the gain. 

Unfortunately, because essentially all the 
experimental data have a gain of 9 f I ,  there 
are insufficient experimental data available 
to obtain 4, as a function of input fluence 
and gain. Therefore, we had to extrapolate 
the data to both lower and higher gains. We 
chose the two-ion model, in which the many 
actual ions of different cross sections in the 
glass are fit by two groups. One group had 
low cross section, uLO, and one had high 
cross section, OH). By this method, we 
obtained a good fit for the E-309 
fluorophosphate data with thc following 
parameters: 

Wavelength = 1.053 pm. 
Average cross section = 2.6 X cm2. 
Fraction with uLo = 0.97. 
Value of uLO = 2.23 X cm2. 

e Fraction with r i l l  = 0.03. 
Value of q H I  = 14.56 X 1 0 - ~ ~ c m ~ .  
The values assigned to these parameters 

are not unique since offsetting changes in 
the low-cross-section fraction and value over 
a moderate range will lead to  other equally 
satisfactory fits. The above values are in the 
middle of the best-fit band. 

The two-ion model was used to extend the 
saturation data to other gains. There is some 
danger in this procedure, since no supporlirig 
data exist. However, we determined the 

kiy. 2-223. 1 utal 
effectiveness of the Nova 
Phase 1 5 + 5 beam 
geometry and a 12-beam 
dodecahedra1 geometry 
for the two absorption 
curves shown in 
Fig. 2-220. 
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equivalent saturation fluence of two-ion 
amplifiers of gains ranging from 1.2 to 100, 
for input fluences. that gave outputs from 1 
to 10 J (the experimental range). From 
numerical calculations we arrived at analytic 
expressions of simple form that fit the 
equivalent saturation fluences well. The 
formulas for these expressions are 

where K ,  and K ,  are constants and (PI! is the 
no-blockage saturation fluence of an ion 
with the average cross section 

Figure 2-224 shows the fit for this 
expression. Solid lines in this figure are a 
two-ion-model fit to the experimental data at 
a gain of approximately 9. Dotted lines are 
the analytic expression shown above. 

To adapt our formula to a variety of 
glasses, we modified the above expressions 
by introducing the followit~g knobs: 

The initial saturation ratio. R. 
The saturation tilt factor, T. 

As R is varied, the very-low-fluence value of 
4, changes, as given by 

when 42 << $e. 

The factor T changes the amount that 4, 
varies with fluence. When T is zero, 4, does 
not increase with input fluence. When T is 
unity, 4, varies in the same manner as 
E-309 glass. Therefore, the saturation is 
found by performing the following steps: 

Determine R and T for the glass used by 
fitting the experimental saturation data. 
For each amplifier, 4, and G will be 
known. 
Calculate. 

Apply the Frantz-Nodvik equation, 
using 4,. 

Saturation determined by this method agrees 
with experimental results. It should also give 
good agreement with actual amplifier energy 
gains, although we need saturation data at a 
variety of small signal gains to be sure. 
SNOBAL runs quickly with this method, 
with the same accuracy we expect with fill1 
use of the two-ion model. 

Author: J. B. Trcnholme 

Nova Pulse-Shape Generation. Nova will 
provide enough energy to drive targets to 

(25) high density. High density means high 
compression, which requires shaped pulses; 

F I ~ .  2-224. EquSvaTefit 
saturation fluence of E-309 7 
fluorophosphate glass as a 
function of input fluence. 5 - 
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therefore, the laser system must be designed 
to produce shaped pulses. We developed 
methods of calculating the input pulse 
needed to produce the desired output from 
Nova (or any similar laser chain). Such 
calculations are now routine in our laser- 
chain design process. 

The two pulse shapes106 depicted in Fig. 
2-225 are representative of those required for 
Nova experiments. Both pulses have 
flattened peaks and rapid decay. The pulse 
shown in Fig. 2-225(a) has an initial part 
consisting of a short, square section followed 
by a zero-power gap and a rectangular final 
phase. The other pulse shown in Fig. 
2-22SCb) has a long, flat lower-power initial 
phase followed by a smooth rise to the final 
peak. Both pulses produce essentially the 
same results a t  the target. 

At first, it seems difficult to calculate the 
input shape needed to produce such output 
pulses. We noted, however, the lack of 
lower-level drain and other temporal effects 
in the saturation behavior of the phosphate 
and fluorophosphate glasses in the Nova 
chain. This meant that the chain output 
fluence was a function solely of the input 
fluence-i.e., after a specific fluence had 
passed through the chain, the gain was 
reduced by saturation to a known value. This 
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Reading the input-to-output fluence table 
to obtain input fluence. 
Differentiating to get the desired input- 
power shape. 

We had trouble, of course, where nonlinear 
optical effects caused power-dependent 
shape distortions, but, even in this case, we 
had a good starting point from which to 
calculate our input pulse shape. 

The input-to-output fluence table is 
produced (only once for each chain) by 
running an appropriate saturated-gain 
propagation code (we used the two-ion code 
GAINN) for a variety of input fluences and 
recording the input and output fluences for 
each run. 

The table we used for the Nova 
phosphate-fluorophosphate baseline is 
shown in graphical form in Fig. 2-226. It is 
monotonic and has the characteristic heavily 
saturated curvature of a high-efficiency 
chain design, The all-phosphate Nova chain 
has a similar, but less linear, transfer 
characteristic. Results for the chain with 
phosphate drive and fluorophosphate in the 
315- and 460-mm amplifiers are shown in 
Fig. 2-226. 

Figure 2-225(a) shows the two-rectangle 
pulse shape, as desired at the output of the 
chain. In Fig. 2-227(a) the fluence of this 

reduction is independent of the temporal 
shapc of the flucncc. Thc ncxt pclckct of 

of output fluence as a function of input 
fluence could be read "backwards" to derive 
input as a function of output. This process 
was pcrformcd by 

Integrating the output-power pulse shape 
with time to obtain its fluence. 

- - 
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Fig. 2 226. Input- 
to-output floenee transfer 
characteristics of the 
Nova chain. 

I 
Fig. 2-225. (a) Two- 
rectangle laser pulse 
shape. as supplied by the 
targetdesign group. (b) 
The smoothly rising pulse 
shape. The target 
performance is roughly 
the same with this pulse 
as it is with the two- 
rectangle pulse, 

Time in pulse 
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Fig. 2-227. (a)  w 

integral of Fig. 2-225(a). (b) Input intensity vs time required to produce integral of Fig. 2-225(b). (b) Input intensity vs time required to produce 
Fig. 2-225(a) a t  the output of Nova. (c) The pulse of (b), after Fig. 2-225(b) a t  the output of Nova. (c) The pulse of (b), after 
propagation through the Nova chain using the two-ion model in GAINN, propagation through the Nova chain using the two-ion model in GAINN, 
is very close to the desired output shown in Fig. 2-225(a). V i s  very close to the desired outout shown in Fie, 2-225fb). 

Fig. 2-229. The result of 
propagating the pulse in 
Fig. 2-225(a) through 

pulse as a function of time is graphed. The 

Nova at ( a )  80%, (b) fluence is transformed by the function in Fig. 
90%. (e l  110%. and ( d )  2-226 to produce an input fluence that is 
120% of the nominal differentiated to give the required input 
energy of the pulse. intensity shown in Fig. 2-227(b). Figure 

2- 196 

2-227(c) shows the results of running the 
calculated input pulse forward through the 
chain using GAINN; it is clear that the 
desired output is quite closely reproduced. 

Figures 2-228(a) through (c) show the 
same sequence of steps as do Figs. 2-227(a) 
through (c) except that a smoothly-rising 
pulse instead of the two-rectangle pulse is 
propagated. Note that the 251 dynamic 
range of the output pulse requires a 1000: 1 
dynamic range in the input pulse. 

We need to know how sensitive such 
factors as the output shape and energy are to 
the input parameters. Figure 2-229(a) shows 
the output resulting from the pulse of Fig. 
2-225(a) with 80% of its correct amplitude; 
Fig. 2-229(b) is at  90%, Fig. 2-229(c) is at 
1 lo%, and Fig. 2-229(d) is at 120%. There are 
overall energy differences, shape distor- 
tions, and changes in the relative sizes of the 
two rectangles. The impact of these 
modifications on the performance of the 
target has not yet been evaluated. Figures 
2-230(a) through (d) show the smoothly- 
rising pulse output for the same 80, 90, 110, 
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and 120% sequence of input energies shown 
in Fig. 2-229. 

Figure 2-23 1 shows the result of changing 
jusl Lhe llciglll u l  Ll~e Glst rectangle in Fig. 
2-225(a) by plus or minus 10%; Fig. 2-232 
shows the effect of varying a 1-ns block 
of the main rectangle by plus or xninus 10%. 
To the first order, the changes are mirrored 
in direct proportion at the output, with some 
distortion of later portions of the pulse due 
to differences in saturation. 

In summary, saturation in the Nova laser 
at a 3-ns pulse duration requires a prcshapcd 
input pulse of larger dynamic range than the 
desired output pulse. Input energy changes 
and shape errors are propagated with less 
effect. An input pulse produced with better 
Lllall 1000.1 dYaami\; rangc and (prhaps)  5% 
amplitude stability will be required to 
I I I ~ ~ I I ~ ~ ~ I I  adeyuale ~uil l lul  uvel Lllc uulpul 
pulse shape and to allow high compressions. 

Authors: W. E. Warren and J .  B. 'l'renholme 

Lvaluation of the Iodinc Laser. The 
capabilities of the flashlamp-pumped iodine 
laser were eval~iated and compared with 
Nd:glass for fusion-laser applications while 
the author was an sabbatical to the Max 
Planck Inst~tute in cbat'ching, Ft?der~I 
Republic of Germany. In particular, the 
Asterix 111 iodine laser at the Institute was 
investigated in detail. 

Performance simulations and cost 
est~mates similar to those developed for the 
designs of Shiva and Nova were employed 
for this comparison, The general conclusion 
waq that  rhe, indine laser is super iol ful yulb~;  
durations up to a few nanoseconds, where 
nonlinear effects limit the performance of 
Nd:glass; however, Nd:glass is superior for 
longer-duration laser pulses because it has 
better energy-storage capability. 

Wre dcvclaped detailed modols to simulate 
absorption, emission, saturation, and energy 
storage of the iodine laser. Significant 
modifications of the flashlamp model were 
necessary to obtain agreement with the 
experimental results. 

The atomic-iodine photodissociation laser 
has only a single absorpliorl line ill the 
ultraviolet (277 nm). The absorption cross- 
section, a*, for perfluoroisopr~pyl iodide 
(i-C3F71) can be approximated by 

Time in pulse (ns) 

Fig. 1-1.40. I he result of A 
propagating the pulse in 
Fig. 2-2251b) through 
Nova at (a) 80%, (b) 
90%, (c) 110%. and (d) 
120% of the nominal 
energy of the pulse. 

Fig. 2-231. The result of 
propagating the pulse in 
Fig. 2-225(a) through 
Nova with the first 
rectangle at ( a )  90% and 
(b) 110% of its nominal 

Venerev. 

propagating the pulse in 
Fig. 2-225(a) through - 
Nova with a I-ns portion 
of the second rectangle at 

(2, (a) 90% and (b) 110% of 
its nnminal encrgy. 

where h is the wavelength. An integration of 
the iodine absorpt~on w ~ t h  the flashlamp 
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emission spectrum yields (for typical 
conditions) a total absorption efficiency of 

for blackbody radiation in the wavelength 
interval from 220 to 340 nm, where n, is the 
iodine density and t' is the path length in the 
absorber. This simplified dual-absorber 
model is valid for blackbody temperatures 
from 10 000 to 20 000 K. For high pump 
intensities and low iodine concentrations, the 
effective absorption is somewhat lower due 
to bleaching. as discussed in detail by 

Fig. 2-233. Iodine witte.lo7 This correction was not included in 
emission spectra for line 
widths of 0.25, 2, and 20 Our  

CH=, corresponding to The emission of the iodine laser is centered 
argon pressures of 0, 0.5, at a wavelength XL = 1.3 15 pm, with the 
nnd 5 hsr. 

emission spectra consisting of a hyperfine 
structure with six lines that can be 
overlapped by pressure broadening, as 
shown in Fig. 2-233. The effective emission 
cross section for the F3 -, 4 transition can be 
approximated by 

where 

cr .= 3.5 x 10-lS cm2 GHz 
/ 

and 

3.5 x 10-l8 cm2 GHz 

The line width, Au {FWHM), is rlctcrmincrl 
by pressure broadening and a Doppler width 
of about 0.25 GHz. The pressure-broadening 
coefficients used in this analysis arc 15 
GHz/bar for i-C3F71, 3.7 GHz/bar for 
argon, and 5 GHz/bar for sulfurhexa- 
fluoride (SF6). The experimental results for 
various iodine lasers are in close agreement 
with the above two-line approximation, as 
shown in Fig. 2-234. 

The effective saturation fluence, 434, for 
single-line extractinn of the dnminating 
b.j + 4 translt~on depends nn the partial 
overlap of the six hyperfine emission lines 
and has a range of 

for total line separation and for complete 
overlap, at lotv prasouro and high P ~ G ~ G U P O ,  
respectively, corresponding to a maximum 
energy extraction ranging from 45 to 67%. 

This ~ornplsx saturation behavior can be 
app~uxi~r~aLeJ by J e f i ~ l i ~ ~ g  Lwu salu~alio~l 
fluences and sequentially applying the 
Frantz-Nodvik equation for the upper F3 
and F2 sublevels. The effective saturation 
fluences of the two upper lines are 
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and 

where 

and 4i is the laser input flucnce. We have 
compared this calculation with the measured 
output cncrgy from the iodirle laser amplifier 
(V2) in Fig. 2-235. 

The stored energy, E,, of an amplifier can 
be determined by measuring the output 
energy of the amplifier as an oscillator with 
various output reflectances, R. From these 
measurements, the internal transmission, T, 
of the laser cavity can be deduced, as can the 

with A being the cross-sectional area of the 
laser beam. The factor 0.97 takes into 
account the effects of quenching, deactiv- 
ation, and recombination processes for 
i-C3F71. In Fig. 2-236 we show an example 
of the measured output energies from the V2 
amplifier for various SF6 pressures. We 
obtained the best fit to the data with a stored 
energy of 25.5 J, a cavity transmission of 
95%, and an energy loss of 5%/bar. We 
believe that the loss in output energy may be 
caused by shockwaves reducing the effective 
clear aperture with increasing foreign-gas 
pressure. 

The preceding models allow us to perform 
rough estimates of the various efficiency 
terms for the iodine laser. To  obtain uniform 
gain distributions, we normally use a 
pressure-diameter product of about 
(1 3 har/cm, which correcpondfi to an 
absorption efficiency of 63% for blackbody 
radiation within the 220- to 340-nm band. At 
l l 000 to 18 000 K, approximately 30% 

stimulated emission cross section. The 
Fig. 2-234. Measured and 

output energy, E,, for a pulsed iodine calc~~lrted e~r~isriun cross 
oscillator can be appruximated hy oectiona of the dentitral;ap 

F3 + 4 transition for 
various argon pressures. 

where the threshold energy, ET, is given by 

Fig. 2-235. Measured and 
calculated saturation 
char~ctcristics of the V2 
amplifier. 
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of the blackbody emission is within this This leads to an inversion efficiency of 
band. The quantum efficiency from the blackbody radiation of approximately 3 
absorbed photon to the emitted photon is to 3.6%. 
21 %, and the quantum efficiency for excited- For flashlamps operating in the 
state iodine (I*) production is about 90%. millisecond regime, overall lamp efficiencies 

Fig. 2-236. Oscillator 
performance of the V2 
amplifier for various 2 5 
output reflectors and SF, 
pressures. 

20 

Fig. 2-237. schematic 
layout of the Asterix I11 
iodine laser. 

100 Torr C~F;I 
700 = Argon 

70 Torr C,F,I 

of 70 to 80% have been measured. The 
flashla~np cmission for short-pulse operation 
is shifted toward the ultraviolet and is 
prtially absorbcd in tho flachlamp envelope. 
An overall lamp efficiency of about 60% is 
consistent with some short-pulse data and 
yields a maximum energy-storage efficiency 
of approximalely 2%. However, we know 
that there are other losses that reduce this 
efficiency; e.g., shockwaves caused by the 
evaporation of condensed materials reduce 
Lhe effective clear apcrturc to about 80% of 
its maximum. The coupllng ot tlashlamp 
l igh~ i r ~ i u  Ll~r l a w  I I I R I ~ ~ I I I I I  i h  11ldi111y 
cleps~~dcnt on thc design of thc pump cavity 
and reflectors. An overall efficiency of 1.4% 
was reported Tor a cylindrical Iascr cavity 
with a single central flashlamp; this yields a 
coupling rtffiri~nry grr,ater than 7fl0/n. For 

I Pulse Cutting r 1 mJ 

1.5 J 
25 Torr C3F71 1850 Torr Argon 1 

. t r I 
I- 

Stop AJ:L=200m, $ = 6 c m  
(Hot Iodine Cell, 840°C) 

80 I 

300 51250 psec 
L 
n 

I I1 
8 Tutr C3F71 2300 Torr Argon 

\ 
I arget r 

Stop A4: L = 8.00 m, $ = 17 cm 8 Sections stbp 
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pump cavities where the flashlamps 
surround the laser medium, we have 
measured energy-storage efficiencies of 0.5 
to 0.8%, which correspond to coupling 
efficiences of 30 to 50%. 

During amplifier operation the laser pulse 
is transmitted before the pumping process is 
completed so that the area losses caused by 
shockwaves will be reduced. This compro- 
mise reduces the pump-energy utilization 
to about 85%, while the extraction efficiency 
is limited to between 45 and 67% for low- 
and high-pressure amplifiers, respectively. 
Wilh lhe Aslerix 1 1 1  laser, about 30% of the 
stored energy is extracted because there i s  
insufficient drive energy for the final 
amplifier; the transmission losses in the laser 
chain cause an additional efficiency 
reduction that leads to an approximate 
ntwra11 efficiency sf 0.1 %, 

With significant improvements of the 
pump cavities, and with optimization of the 
laser-system design, an overall efficiency of 
0.5% should be feasible for flashlamp- 
pumped iodine lasers. By comparison, we 
know that the overall efficiencies of Nd:glass 
lasers are 0.05% for Argus, 0.07% for Shiva, 
0.25% for Nova, and 0.5% for Super Nova. 
However, these Nd:glass lasers were 
de,igrled Tor high perfurmance-to-cost ratios 
and not for maximum efficiency; significant 
improvements to the efficiency of these lasers 
could be obtained at increased cost. 

To compare iodine and Nd:glass laser 
systems, it is essential to obtain similar types 
of cost estimates and to consider the 
differences in the various stages of 
development. For example, the Asterix I11 
laserlox (schematically shown in Fig. 2-237) 
is currently at a stage of development 
comparable to Cyclops. '09 The specifications 
for Asterix 111 are summarized in Table 2-42. 

Tn optimix a laser system we must have a 
reasonable cost scale for the individual 
components. With the data available on the 
Asterix I11 amplifiers (Table 2-42), we 
performed rough scaling of the mechanical 
hardware and the gas-circulation system 
with the active volume, V, of the laser. These 
were applicd in thc form 

where CME is the mechanical-engineering 
cost. The per-window cost for optics, C,, was 
scaled with the clear aperture, D, by 

The cost for flashlamps and energy storage 
for the Asterix 111 amplifiers is very high in 
comparison to LLNL costs. The reason for 
the higher costs is attributed to the short 
pump-pulse durations required for iodine 
and to the relatively small size of the energy- 
storage bank. For a better comparison, we 
assumed a doubling of the energy-storage 
expenditure, and we scaled the cost for 
electrical engineering, CEE, by 

where PIL is the numbcr of lamps and EB is 
the bank energy. We also applied the cost 
scaling developed for Shiva to all other 
components, such as isolators, focusing 
optics, and spatial filters. 

We modified the lumped-element code, 
S I J A C ~ , " ~  for the iodine laser and 
normalized it to the performance of the 
Asterix 111 laser shown in Fig. 2-237. There 

Table 2-42. Iodine 
amplifiers for Asterix 
I l l  laser. 

Type amplifier 
Amplifier parameter A1 A2 A3 A4 

Active apemue @A) cm 1.5 1.6 5.5 15.5 
Active length (Lo) cm 76.0 180.0 200.0 809.0 
Lamp circle diameter (DL) cm 4.5 5.0 11.0 22.3 

Active volume (Y) litre 0.4 0.9 8.8 181.0 
No. of flashlamps (EL) - 4 4 16 64 
No. of circuits @Ic) - 1 1 8 32 

Bote dimeter (d) cm 0-8 0,8 I.& 
Capacitance (C) @ 3.3 5.5 11.3 11.3 
Maximum voltage O J )  kV 40.0 0 40.0 4Q,0 
Xe Ell pzessw Tom 30.0 30,O 30.0 30.0 
CsF$ *s& Epfi Tom 70.0 70.0 25.0 9.0 

Nominal input energy (EB) kl 3*0 5.0 72:O , 288.0 
Nominal energy storage (E,) J ID-15 15-20 350.0 1400.0 
Gain &~nihmity - 1:30 1:30 1:30 1:lO 
cost m: 
hlechcal engineering k$ 1.2 15.0 65.0 
Gas circulation k$ 2.6 4.0 14.0 35 .O 

Energy storage k$ 5-6 6.8 55.0 190.0 
Total cost k$ 9.6 12.3 88.6 319.0 
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Fig. 2-23. Compa6son of 
iodine and Nd:glass lasers , 
f ~ r  Y ~ ~ ~ Q u s  pulse durations. 

performance and cost of an improved 
version of Asterix 111 are shown in Table 
2-43 and Fig. 2-238. We have also shown in 
Fig. 2-238 the performance-to-cost ratio for I 

J 
Argus, at  various pu!se durations and 
ideritical fluence limitations (5 J/cm at 1 ns), 
scaled with the square root of the pulse 
duration; the relative performance of Shiva 
is shown in dashcd lines. Note that Shiva was 
dcsigned as n short-pulse laser and, thus, 
provides an approximate 40% improvement 

C 
L' uvel A ~ g u s  TVI 150-ys (VI shortcr) pulse 
i 

Fig. 2-239. Comparison of 
durations. 

I' measured and calculated 
The uncertainty band of f 15% primarily M a s h l a m p  currents, with 

reflects the uncertainty in the relative cost of arc growth and without arc 

the Asterix 111 laser when compared to 
A~gus. Pvlud~ratc variations in thc flucnco 
limitations would affect the performance of 
both lasers in a similar fashion, though the 
relative comparison of the two systems 
would not be significantly changed. 

In our analysis, we have considered only 
the cost of the laser hardware in FY76 
dollars. The costs for target chambers, 
support structures, and facilities were 

in this analysis. Hardware-developmeril arid 
system-development costs were also 

I excluded from the analysis. From this 
I 

analysis, we can conclude that both lasers are 
equivalent in the 1- to 2-11s regime. For short 
pulses, the iodine laser would provide an 
improvement two to three times better than 
Argus, while, for long pulses, Nd:glass lasers 
are superior. A detailed discl~ssion on this 
subject is contained in Ref. 11 1. The support 
given to this analysis by the Projektgruppe 
fiir Laserforschung at the Institut fiir Plasma 
Physik in Garching is greatly appreciated. 

Author: W. F. Hagen 

Major Contribulurs: G .  B ~ e d e ~ l o w ,  
M. Nippus, G .  J .  Linford, and K. J .  Witte 

~ i n f o r d ' l ~  and the simulation models shown 
by the examples in Fig. 2-239. 

Short-Pulse Flashlamp Model. During In this short-pulse regime, the effect of arc 
growth cannot be ignored, especially for evaluation of the iodine laser, it became 

apparent to us that the present flashlamp small lamps with high xenon pressures and 
modelll2 required significant modifications low inpl~t energies. For example, we have 
for short pump-pulsc durations (a few observed that the arc expand at a rale ot 1 

microseconds). There are large discrepancies about 100 m/s for flashlamp pulnpi~lg of 
between the experimental data taken by Nd:glass lasers and requires 100 ps or more 
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to fill the bore of the flashlamp. Because arc 

Fig. 2-240. Determination growth, at this rate, corresponds to a large 
of the effective arc fraction of the current rise time, inclusion of 
diameter from the voltage arc growth is essential for the accurate 
and current characteristics modeling of flashlamps. 
of the flashlamps. 

Xenon pressure = 300 Torr 

Inductance = 41! ; 0.2 
Resistzinc- 

I L 
0 60 100 16 

Time ( ps) I 

growth velocities for 
various flashlamps and 
conditions. A 

Fig. 2-242. Thcrmal- and 
ionization-energy densities 
of xenon plasmas for 
various pressures and 
l r r ~ ~ y e ~ a l u ~  trs. 

Fig. 2-243. Conductivities 
of xenon plasmas for 
various pressures and 
temperatures. 

Expansion velocities of from 40 to 
3000 m/s-have been experimentally observed 
for flashlamp arcs; these velocities are both 
well below and considerably above the speed 
of sound in xenon (180 m/s) at room 
temperature. The expansion velocity 
dcpcnds gcnerally on the energy deposiled 
into the conducling channel and on the type 
and density of the flashlamp gas. 

In Fig. 2-240, we show an example 
for various input energies to a standard 
LLNL lamp. In this case, the average arc- 
growth velocities range from 40 to 120 m/s 
for Input energies of 1 to 10 kJ. Our 
evaluation of the short-pulse lamps used by 
the Projektgruppe f i r  Laserforschung in 
Garching, Federal Republic of Germany, 
results in average growth veloc~t~es of' 1OOO 
to 2000 m/s for typical inpi~t energies of 
about 3 kJ. We correlate these data with the 
inilia1 sprcifir-pn~u~r gto\uth rate, as shown 
in Fig, 2-241. By integrating the energy 
deposited into the arc, we can derlve a more 
accu~ale, bul slower, method for estimating 
the arc growth. The expansion of an 
unbounded arc channel can be correlated 
with the shock waves created during an 
eirpluslve I elease ul'energy. ' I "  I I s  We 
modified this approach for confined arcs, 
including ionization and radiation losses, to 
match the flashlamp data. 

Sirlce typical flashlamp plasmas are close 
to local thermal equilibrium, we can 
approximate the degree of ionization by 

3 Plasma temperature ( 1  0 K) 
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using the Saha equation. The plasma 
temperatures are sufficiently high that we 
must consider double and even triple 
ionization. From the degree of ionization, we 
can determine the thermal- and ionization- 
cncrgy dcnsitics of the plasma, as shown in 
Fig. 2-242. 

Under typical operating conditions, the 
total density of electrical input energy to a 
flashlamp is in the 1- to 1 0 0 - ~ / c r n ~  range, 
while the thermal and ionization energies of 
the arc become a large fraction for high 
xenon pressure and essentially increase the 
flashlamp "inertia." For short-pulse lamps, 
a xenon pressure of about 30 Torr is most 
effective because the input energy is limited 
to less than I0 ~ / c m ~ .  A higher pressure 
would reduce the response time and 
temperature of the plasma, leading to a 
reduced radiation efficiency in the UV pump 
band of iodine; a lower pressure would lead 
to higher temperatures, multiple stages of 
ionization, and a reduced emissivity of the 
plasma. In shorr, ir is possible to udjusl the 
temporal response of the flashlamp and the 
plasma temperature by changing the xenon 
pressure. 

The calculated conductivities for xenQn 
~ l a s m a s  at various tcmpcraturcs and 
prcssurcs arc shown in Fig. 2-243. The 
experimentally measured conductivity of the 
plasma comparcs well with the results of our 
calculations, obtained from the balance of 
tllc electrical and radiation energy. 

The total radiant power emitted from the 
flashlamp consists of both continuum and 
line radiation. For transparent flashlamp 
plasmas, we must take emissivity and self- 
at.)sorpt io11 illlo accoul~l. T l l t ; ~ ~  cl ' l t~ls  
require spectral and spatial integration over 
the plasma ~rolurne. 

For plasmas in thermal equilibrium, we 
can approximate the effective absorption 
coefficient from the dispersion properties of 
the plasma. Our calculated absorption 
coefficients are of the same magnitude as the 
experimental data1'97120 shown in Figs. 
2-244 and 2-245. We attribute the enhanced 
absorption observed at 0.9 pm to the strong 
lines of xenon a t  these wavelengths, while the 
increased transmission losses at ultraviolet 
wavelengths may be caused by absorption by 
the heated quartz walls. 

Our work is still incomplete. Our lack of 
understanding of the absorption and 
reemission of flashlamp light is one of the 
weak links in our modeling of pump cavities. 
It is important to know where the absorbed 
energy goes. All indications so far are that 
most of it is lost. 

Our model does provide a much better 
simulation of the electrical characteristics of 

0 -1 
0 2000 4000 2009 4000 

Current density ( ~ l c r n ' ~  

Fig. 2-244. hlrnsurcd and 
rr ln~lrted ahsnrption 
coefficients tor standard 
LLNL lamps at various 
wavelengths and current 
densities. 

r~g .  2-245. Merrsuted add 
calculated transmissions 
through 1 cm of xenon 
plasma as a function of 
current density at wave- 
lengths of (a) 2500 d and 
5000 A, (b) 7500 A and 
9000 d, and (c) 10 000 A. 
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flashlamps, especially for short pulse 
durations. The calculated absorption is of 
the correct magnitude (300 Torr), but, for 
low-pressure lamps, much higher trans- 
mission losses are observed than had been 
estimated. A more detailed description of 
this model is contained in a separate 
report.'*' 
Author: W. F. Hagen 

Super Nova. Lasers with output energies in 
the megajoule range and with pulse 
durations of 10 to 20 ns are required to 
investigate the performance of high-gain 
targets. It is possible that frequency- 
converted Nd:glass lasers can provide short- 
wavclcngth radiation at the mcgajsulc lcvcl 
to  improve target absorption and reduce 
preheating for inertial-fusion research. 

An upgrade of Nova to a megajoule-class 
laser (Super Nova) may provide a capability 
for demonstrating high-gain microexplo- 
sions and the feasibility of the inertial- 
confinement fusion (ICF) approach for 
generating usable power with thermonuclear 
fusion. This upgrade requires neither new 
technologies nor new materials; it is 
essentially an extension of the Nova laser 
with a larger booster stage. The longer laser- 

Fig. 2-246. Comparison 
of the pcrformnncc- pulse durations will allow operation of the 
tomcost ratio of oatimal laser at higher fluences because the damage 
74cm output stages with limit to high-quality optical components 
and without AR*oated generally increases as the pulse durations 
spatial- filter lenses. 

increase. Since the nonlinear effects become 
less important for long pulses, we can select 
low-cost laser glasses with high energy- 
storage capability. An example of such an 
upgrade option is discussed in detail. 

The design of long-pulse lasers is 
dominated by the fluence limitation of the 
various optical components used in the 
system. The weakest links in an amplifier 
chain are the antireflection (AR) coatings. 
To avoid this limitation, we have used 
uncoated lenses on the input side of the 
spatial filters. However, the associated 
reflection losses do also reduce the effective 
energy extraction. Graded-index surfaces 
have damage limits lying between AR 
coatings and bare surfaces. 

The trade-offs are best illustrated by 
plotting the ratio of extracted energy to cost 
as a ~ U I I L L ~ U I I  uf Lllc U U L ~ U L  ~ ~ U C L I L C  ~ U I  

amplifier stages with and without AR-coated 
spatial-filtcr Icnscs. In Fig. 2-246 we show an 
example of this comparison for a 74-cm 
amplifier stage of a typical silicate laser glass. 
The curves in the figure are envelopes for 
various numbers of disks per stage. For low 
fluence levels, few disks provide the best 
extraction-to-cost ratio, while for high 
fluence levels, many disks are required for 
optimal extraction. The details of this 
evaluation are shown in Fig. 2-247 for 
various numbers of disks per stage. There 
exists an optimal extraction and output 
fluence for every stage. Higher fluences 
actually reduce the extracted energy because 
of transmission losses and nonlinear effects. 

In the example shown in Fig. 2-246, an 
average fluence limit at 10 ns of 30 ~ / c m ~  on 
barc surfaccs providcs tklc Y ~ I I I E :  ~~lldLLi~11- 
to cost ratio as an AR coating with an 
average fluence limit of about 20 ~ / c m ~ .  At 
present, it is difficult to obtain AR coatings 
with damage thresholds sufficiently high to 
transmit high average fluences at 10-ns 
pulses (considering that the peak fluences are 
expected to be about 50% higher). In this 
case, the bare surfaces provide the better 
design option; however. graded-index 
materials appear to have sufficiently high 
damage thresholds to compete effectively 
with the bare-surface approach. 

A n  ~ v a l ~ ~ a t i n n  nf pffprtivp pnprgy 
extraction depends to a large degree on the 
saturation characteristics of the laser 
material. From the experimental data 
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available, the effective saturation fluence 
increases with the laser fluence in the 
amplifier. This can be explained with site-to- 
site variations in the stimulated emission 
cross section. A dual-ion model is 
sufficienlly accurate to simulate the 
experimental saturation data reported by 
Martin and ~ i l a m ' ~ *  by applying a single 
correctior~ faclor, k, Lo [he calculaled 
Illrid-Ofelt rrnss sertinn for each f i l a~s .  

The besl malch to all the dara was 
ohtained with a degeneracy ratio of zero, a 
cross-section ratio of 20:3, and a gain 
coefficient ratio of 5: 12 for the two ion 
species. The resulls of Lhis evalualion for 
various laser materials is summarized in 
Table 2-44. The value a~ is the calculated 
Judd-Ofelt cross section at the wavelength of 
the measurement. The ratio k = a,/ax, 
which shows the deviation of the cross 
section determined by saturation 
measurements and spectroscopy, was 
normalized to ED-2 silicate laser glass. The 
correcrion factor, aG/aA, from gain 
measurements is also tabulated. There is a 
similar trend for a, and a ~ ,  but the 
magnitudes are different. 

The 30% deviation of k from unity for 
LHG-8 phosphate glass and LG-56 silicate 
glass has a large impact on system design and 
performance. For accurate simulations of 
various laser glasses, it is necessary to 
measure the gain and saturation for each 
glass in addition to obtaining spectro- 
scopic data. 

The sensitivity of the saturation 
characteristics on the evaluation of effective 
energy extraction is shown in Fig. 2-248, 
where an average saturation fluence of 
5 J/cm2 was applied instead of the dual-ion 
saturation model. In this case, an output 
fluence greater than 25 J/cm2 would cause a 
1-rrlllrtiil11 in thr, rxtrartcd c11crgy-t17=cn~t 
ratio due to transmission losses. In contrast, 
the dual-ion saturation model applied in 
Figs. 2-246 and 2-247 shows an increase in 
the  effective energy extraction of up to 
40 J/ '~ll ' .  

We evaluated a Nova upgrade to a 
nominal 1.5-MJ, 20-beam laser, applying 
Nova costs and the latest damage and 
saturation data. For this analysis, we used ar 
average fluence limitation of 30 and 12.5 
. 1 / ( ; 1 1 1 ~  r01. t,asc. ar~d A R - ~ o a l e t l  oplim. 
rebpeciively. Darr~age levels of up Lo 25 

J/cm2 at 10 ns have been measured on some 
research AR and high-reflective (HR) - 
coatings. If production coatings, after aging, Fig. 2-247. Extracted 
come close to such performance, we could energy-to-cost ratio for 74- 

tolerate a peak-to-average ratio of about two Cm Output Stages with 
various numbers of disks. 

-- 

ED-2 6.3 96.2 1.0645 2.61 2.61 1.0Q 1 .OR 
1 . 5  1.0645 2.32 

92.4 1.0545 
- 

0-31-1.0 - 
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Fig. 2-248. Performance 
simulation of 7 4 c m  output 
stages with a fixed 
saturntion fluonao of 
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l~mit 
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for the 1.  I-m focusing optics used in this 
analysis. 

Preliminary (coarse-grid) MALAPROP 
simulations of Nova indicate peak-to- 
average values below a value of two for the 

Table 2-45. Saturated cases where the influence of the long air path 
performance and cost to  the focusing lens is ignored. There are still 
estimates for Super Nova significant uncertainties about what the 
laser with LC-650 laser real peak-to-average values will be. 
glass. 

We selected LG-650 laser glass as an 
example of a well-characterized, low-cost 
material with a low cross section. A low 
cross section reduces ASE, isolation 
requirements, temporal pulse distortion, and 
the need to segment the disks. However, the 
emission cross section for LG-650 (1.05 X 
10-~Ocm~) is somewhat on the low side. The 
large melt of LG-660 glass made by the 



Research and Development 

Schott Optical Company has a cross section 
of about 1.9 X 1 0 - ~ O c m ~  and may be a better 
choice, but we lack saturation data for this 
glass. 

The chain layout shown in Table 2-45 is 
bascd on thc full Nova chain with six 
3 1.5-cm amplifiers and five 46-cm amplifiers. 
We added a 74-cm booster stage, one /3 
amplifier, and two y amplifiers. This 
amplifier chain has an isofluence capability 
of about 82 kJ at a hardware cost of about 
$5.9 million. This laser could be housed by 
extending the present Nova building 
northward, as indicated in Fig. 3-249. 

A detailed cost comparison of Super 
Nova, relative to the Nova Phase I 

procurement plan, is shown in Tables 2-46 
and 2-47 in FY80 dollars. The A Super Nova 
columns in these tables show the additional 
cost for the Super Nova upgrade option 
assuming that the Nova Project has been 
completed and all amplifiers and frequency 
converters are installed. The Super Nova 
columns in the tables correspond to a stand- 
alone project. 

From these rough cost estimates, the 
additional FY80 cost for the Super Nova 
upgrade is about $250 million for the 1.06- 
pm system and about $303 million for a 
complete 3w system, leading to a total 
project cost for Nova and Super Nova of 
approximately $533 million. By comparison, 

Table 2-45 (cont). 
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I t 
N 

1 

I Super Nova 
extension 

I 

Table 2-46. Cost 
comparison of Super 
Nova to Nova laser 
hardware in FY80 
dollars. 

Nova building 

extension to the existing 
Nnva laser. 

a stand-alone project is estimated to cost 
$455 million. In contemplating future Nova-type laser technologies and unit costs 
megajoule-class laser facilities, it is clear that We are currently examining design and 
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Table 2-47. Cost 
comparison of Super 
Nova to Nova total laser 
system in FY80 dollars. 

technology innovations that can lead to Co-doping the glass with Ce3+ appeared to 
big~~ificai~tly lower unit energy costs at the help lower the density of Pt particles, but the 
megajoule energy level than those provided density could not be reduced below 20/cm3. 
here as a reference case, based on fully We discuss here why this level of damage 
developed technology. sites eliminates fluorophosphate glass from 

Author: W. F. Hagen further consideration as the Nova laser glass. 
Damage sites in laser glass scatter laser 

.light, which, in turn, produces spatial . - 
- modulations on the beam profile. The 

- resultant local maxima in laser flux can 
damage optical components located further 
down the laser chain. In addition, large light- 

Fluorophosphate Class Development. In 1980, scattering centers (>O. I-mm diam) create 
the Hoya Corporation and Schott Optical long-wave spatial modulations that pass 
Glass, Inc., made a major effort to eliminate through our spatial filters; thus, less energy 
the damage-causing platinum inclusions that can be focused on the fusion target. - -*- - - : 9  
were plaguing us in fluorophosphste Bccausc both damage sites a ~ ~ d   bubble;^^ 1;; 
glass.i23 They also attempted to prevent the are scattering centers, we apply the same<- 
Pt remaining in the glass melt from being maximum scattering specification to both: 
reduced to its damage-causing metallic form. i.e;., tha t  the fractinnal hnam area obscured 
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by damage sites, bubbles, and surface defects 
be less than Our bubble specification 
permits 3 X fractional obscuration. If 
we apply the same limit to damage sites, we 
find the maximum allowable site density as a 
function of site size. This result is plotted in 
Fig. 2-250, where we see that many small 
scattering sites, but very few large ones, can 
be tolerated. In generating this graph, we 
have assumed a delta-function distribution 
in site diameters; i.e., all sites have the same 
diameter. 

We find that exposure of the damage sites 
to multiple laser shots increases the damaged 
volume; e.g., four shots at 10 to 12 J/cm2 (a 
typical Nova flux) increased the damage site 
diameter to 140 pm. Thus, we need a very 
low density of damage sites. At these low 
densities, an adequate testing procedure 
becomes a problem. 

The difficulties in damage testing high- 
quality laser glass were apparent in 
fluorophosphate-glass tests conducted by 
both Hoya and LLNL. On the same glass 
sample, Hoya measured a damage threshold 
of 25.9 J/cm2 for 3-11s laser pulses, while 
LLNL measured a threshold of 7.1 f 1.3 
J/cm2. We attribute this discrepancy to 
differences in the beam sizes of the two test 
lasers; the Hoya beam diameter is 0.5 mm, 
and our beam diameter is 2.5 mm. Thus, we 
tested -25 times the volume of laser glass 
that Hoya did. When we reduced our heam 
size to  0.5 mm, we also failed to  damage the 
glass with four laser shots at 20 to  30 J/cm2. 

These results are a consequence of the 
Fig. 2-29. Allowable small number of damage sites within the 
damage-site density as a damaging laser-beam diameter; thus, the 
function o f  site diameter. 

-- 

probability of detecting damage may be very 
low. To illustrate, let us assume that damage 
sites are randomly distributed within the 
laser glass volume. Then, the probability, p, 
of finding n sites on any given laser shot will 
follow the Poisson distribution, 

where p is the average damage site density 
and V is the volume exposed to the laser flux. 
Ifp = 100/cm3 and V = 4 X cm3, which 
is equal to a 0.5-mm-diam laser beam 
passing through a 2-cm thick piece of laser 
glass, there is a 67% chance that no damage 
sites will be seen. However, if the beam is 
2.5 mm in diameter, then at least one 
damage site will be generated >99.99% of 
the time. 

Tu at leas1 pal Lidlly s u l v ~  the problem of 
observing low densities of damage sites when 
small-diameter laser beams arc used, we 
could make several shots in different 
volumes to increase the total volume tested. 
However, we need damage-site densities as 
low as I site112 cm3 if the site diameter 
reaches 100 pm. To have a 99% probability 
of finding at least one damage site with that 
site density, we must test a volume of 55 cm3. 
If the glass is 4.6 cm thick, we need a 4-cm 
beam diameter to cover the volume in a 
single-shot test, so that we must use a large- 
aperture laser, such as Argus, to test 
damage-resistant glass. However, Lhe 
damage-silt: density of fluorophosphatc glass 
was never reduced to a level sufficiently low 
to require testing on Argus. On the other 
hand, we did have to test phosphate glass on 
Argus because of the excellent resistance of 
this glass to laser damage. 

Author: S E. Stvkawaki 

Phosphate Classes. As progress slowed in our 
program to improve the damage resistance 
of fluorophosphate glass, we began to 
concentrate more on the development of 
phosphate laser glass. At the beginning of 
1980, the existing commercial phosphate 
glasses were LHG-8 (Huya Corp.), Q-118 
(Kigre, Inc.), and EV-2 (Owens-llknois, 
1nc.j. 111 1979, we reported on ncw phoq)l~ula 
glasses with slirriulaled t:~l~ission cross 
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sections 25% lower than the above LG-750 plate that was 15 X 15 X 2.5 cm, and 
commercial glasses.'24 Ofparticular interest a Q-88 A-disk that was 4.8 X 8.4 X 1.5 cm. 
to us are Hoya's PlOl and Kigre's Q-94 Before the tests, we located all bubbles and 
glasses. In addition, Schott introduced a scattering inclusions in each sample. We then 
commercial phosphate laser glass, LG-750, exposed the LHG-8 and LG-750 to two shots 
that has properties similar to LHG-8 and each in different volumes and the 4-88 to 
Q-88, and Kigre developed an athermal one shot. After each shot, we visually 
glass, 4-98. inspected the exposed volume and located 

The measured spectroscopic properties damage sites. Under IOOX magnification, we 
and the thermal properties of these observed that glass fracture had occurred at 
phosphate laser glasses are listed in Tables these sites. The results of these experiments 
2-48 and 2-49, respectively. In addition, the are presented in Table 2-50. 
glass companies have supplied us with either Although we find that phosphate laser 
25.4- or 40-mm rod samples of the above glass ,Is not completely free of damaging 
glasses for gain-saturation measurements, inclusions, the damage-site density is so low 
which are now in progress. as not to be of concern. By comparison, 

Phosphate laser glass is significantly more fluorophosphate glass generally contains 100 
resistant to lascr damage than fluoro- damaging inclusions per cm3. In addition to 
phosphate glass. For instance, using 1.06- having larger inclusion densities, 
pm, I-ns laser pulses in 2.5-mm-diam beams, fluorophosphate glass has larger damaged ~ e k l e a a .  wtt 

we could not dnnldge plwspl~a~t: glass ufiless volumes at a given fluence level than does smk B-BS 0s 

the fluence was above 20 J/cm2. To phosphate glass. Therefore, considering vm~mwdd prlawhrate 

determine the maximum damagc-site density d m  
in phosphate glass for fluences below 20 
J/cm2, we had to perform damage 
measurements with the Argus laser facility so 
that we could test a much larger glass 
volume. We programmed Argus to provide 
220 to 250 J per shot, and we decreased the 
beam aperture from 94 to 45 mm to obtain 
12 to 13 J/cm2. The samples were positioned 
at normal incidence to the beam; thus, the 
equivalent fluence for Brewster-angle 
incidence was 18 to 20 J/cm2. A film plate 
placed at a position optically equivalent to 
the glass-sample location recorded the beam 
profile. 

We tested three phosphate samples: an %we ,WI %!&ye@ 
LHG-8 p1at.e that was 27 X 27 2: 3 cm, an $J+@~@b.@t WS~WC~BI 
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'Table 2-50. Laser 
damage-test results On susce~tibilitv to laser damage. we find that " z phosphate laser glasses 
with 1.06-rm, 700-ps 

the phosphate laser glass is far superior to 
pulse-duration laser the f l u O r O ~ h O s ~ h a t e  glass. 
pulses from Argus. ~ u t h o r :  S. E. Stokowski 

Table 2-51. Nova 
phosphate-amplifier 
characterislics. 

Edge Cladding. The edge cladding on a laser 
disk ultimately absorbs most of the energy 
stored in the disk. During the pump pulse, 
the edge-cladding remperalulc I iscs 
significantly, and the resultant thermal 
stresses produced in the cladding and laser 
glass can lead to fracture. When we tested 
34-cm fluorophosphate disks in an amplifier, 
two disks with a frit-type cladding and three 
disks with a poured-type cladding fractured 
at the cladding-laser glass interface. Another 
fluorophosphate disk with a poured-type 
cladding, which has a lower absorption 
coefficient, survived our tests. Because of the 
generally unfavorable results of these tests, 
we were encouraged to analyze and revise 
our specifications for edge cladding on disks. 
We designed the disk edge cladding within 
the following constraints: 

The cladding reflectivity at 1.05 pm must 
be less than the inverse of the largest 
possible transverse gain in the disk. 
The cladding thickness should be less than 
3% of the minor axis of the disk. 
The thermal shock that occurs during 
pumping of the amplifier should not 
fracture the cladding. 

We have three adjustable parameters to 
work with: 

Cladding bulk absorptivity. 
Cladding thickness. 
Cladding outer-surface finish. 
The design constraints limit our choice of 

parameters. For instance, a high cladding 
absorption coefficient lowers the reflectivity 
but increases the thermal stress at Lhe 
interface between the cladding glass arid the 
laser glass. On the other hand, if we increase 
the cladding thirkn~ss t~ lower its 
reflectivity, the increased disk size will lower 
the pump flux and necessitate a larger 
amplifier at higher cost. 

In our analysis, we have included 
experimental data and theoretical estimates 
of phosphate amplifier performance, 
calculated thermal stresses, and expected 
cladding properties. The characteristics of 
the Nova phosphate amplifiers are given in 
Table 2-51. The gains shown in the table 
were calculated from GAINPK (a glass 
pumping code) and are normalized to 
experimental data from silicate and 
phosphate amplifiers. The values listed in the 
last three columns are important to our 
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choice of an edge cladding. Note that the 
20.8-cm amplifier has about the same 
average energy flux on its cladding as the two 
t q $ s t  amplifiers, a consequence of the 
higher gai;: in the 20.8-cm disks. We 
calculated the maximum allowable edge 
reflectivity by requiring it to be less than the 
inverse of the gain along the longest path in 
the disk. To meet the criteria for cladding 
reflectivity, the glass manufacturers must 
conform to  the following: 

Match the refractive index of the cladding 
and laser glasses. 
Use cu2+ as a 1.05-pm absorbing ion in 
the cladding glass. 
Roughen the airlcladding interface to 
suppress specular reflections. 
Minimize the bubble content of the 
cladding glass, particularly at the interface 
with the laser glass. 

The glass manufacturers can match the 
refractive indices of the two glasses to within 
0.0 1, thus, the reflectance due to this source 
will be which we can neglect. The 
cladding absorptivity, which is determined 
by the cu2+  concentration, must meet the 
follow~ng cr~teria. Keferring to Fig. 2-25 1, 
we can see that, for bulk modes, 

where R, is the airlcladding interface 
reflectivity, a, is the cladding absorption 
coefficient, d is the cladding thickness, 0 is 
the incidence angle, ZG is the average gain 
coefficient, and L is the longest path in the 
disk. For surface modes, 

where as is the surface gain coefficient. If the 
cladding surface is pofishd, then R, = 1 for 
41.1 " < I < 48.9* and R: = 4.26%. Thus, a, 
must fulfill the conditions 

lowered. We specify a fine grind on the 
cladding surface, which is usually obtained 
with a 30-pm grit size. Except a t  high 
incidence angles (>80°), the specular 
reflectivity of a finely ground cladding 
surface is between 10-I and Taking R; 
= lo-' and R: = 4 X lo4, we list a,d for this 
case in Table 2-52. As a result, the highest 
absorption coefficient required is 1.6 cm-' 
for a 6-mm-thick cladding on the 31.5-cm 
disk. Therefore, a ground surface is very 
helpful in suppressing parasitic oscillations, 
but it will not significantly reduce the overall 
amplified spvr~lar~evub emission (ASE) lvsb 
because the scattered light is still fed back 
into the disk. Thus, we do want to keep the 
cladding attentiation larger than the ahove 
minimum, so we chose 4 cm-I, a factor of 2 
higher. 

Bubbles on the cladding-laser glass 
interface or in the cladding glass are 
particularly detrimental to the prevention of 
unwanted parasitic oscillations. The effects 
of voids within the cladding glass are 
reduced by the cladding absorptivity; 
however, the bubbles on the interface are 
100% reflective at some ~ncidence angles, and 
parasitic oscillations due to these interface 
bubbles will certainly occur. Our only 
solution is to minimize the total area of these 
bubbles. Fortunately, the glass manufac- 
turers claim that the phosphate-glass 

and 

If  the cladding surface has a ground 
surface, the specular reflectivity is 
co~ls~derably reduced and, therefore, the 
cladding absorption coefficient can be 

L ~ l a d d i n g  
glass 

Fig. 2-251. Cross- 
sectional view of laser disk. 

Table 152. Edge- 
cladding absorption 
coefficient ((ued) required 
to supress surface 
parasitic modes. 
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Fig 2-252. Calculated 
maximum tensile stress in 
an edge cladding, assuming 
n fluence loading of 
0.04 J/mm2. 

cladding provides a very clean interface with 
the laser glass. 

Considering both the interface bubbles 
and the requirements on total edge cladding 
reflectivity listed in Table 2-5 1, we feel that 
the specular reflectivity of the cladding 
measured a t  45" (at the major axis ends) 
should be less than 0.1% for the 20.8-, 3 1 . 5 ,  
and 46-cm disks. The lower aG D in the 9.2- 
and 15-cm disks allows us to set a 1cq~- 

stringent reflectivity value of 0.3%. 1 
addition to the specular reflectivity, 

Fig. 2-253. Radial str 
component plotted 
vertically on a cross- 
sectional view of a disk 
with a 5-mm edge-cladding 
thickness and an 80°C 
temperature rise.V 

0.5 1 

uation coefficient (mm-') 
~ 

nonspecular component can add to the 
overall ASE loss in the disks. Thus, we 
require that the amount scattered into 0.3 sr 
centered at 45" be less than 0.1% for the 
20.8-, 3 1 . 5 ,  and 46-cm disks and less than 
0.3% for the two smaller disks. 

We addressed the problem of cladding 
survivability by undertaking a thermal stress 
analysis. We derived a simple analysis for the 
peak temperature rise in the coating caused 
by a square-wave heat-pulse input and by 
the thermal diffusion occurring during the 
600-ps pump pulse. The assumed fluence 
on the edge cladding is 0.04 ~ / m m * .  For a 
3 15-mm fluotophosphate disk with 
attenuation coefficients of 2 and 0.3/mm, 
the maximum temperature rise is 85 and 
13.5"C, respectively. Using this calculated 
temperature profile and a finite element code 
 SAP^), we found that the calculated 
maximum tensile stresses are 3 1.4 pPa 
(4564 psi) and 8.8 pPa (1278 psi) ibr an edge -- 
thickness of 5 mm. 

Two known data points are from disks 
tested in a 34-cm amplifier. A 5-mm-thick 
edge cladding with a 2.l/mm attenuation 
coefficient failed, whereas a 3.9-mm-thick 
cladding with a 0.63/mm attenuation 
coefficient survived. The estimated 
temperature rises of the disks were 88 and 
28"C, respectively. These data points are 
plotted in Fig. 2-252, where we show the 
maximum stress vs attenuation coefficient. 
This figure also shows the results of our 
attempt to lower the stress by increasing the 
edge-cladding thickness. Two significant 
results shown in Fig. 2-252 are that edge- 
cladding thiclcness has little effect on 
maximum stress and that maximum stress 
for fracture is between 14.6 pPa (2100 psi) 
and 3 1.4 pPa (45Wpsi) (or between 28 
88°C temperature rise). - --,?-- 

Figure 2-253 is a plot of the radial stress 
component of a disk with a 5-mm edge 
cladding and an SOUC temperature rise at the 
interface. The high stresses are concentrated 
at the disk faces, implying that fractures 
would start on the faces of the disks. 
However, Van Frechette of Alfred 
University examined the fractured cladding 
on the damaged fluorophosphate disks and 
concluded that fracture initiated at the 

1 - 4 9  mm cladding-laser glass interface. Thus, we 
Disk thickness assume that the bonding of the two glasses 

Edge cladding was probably very weak. We believe that 
acldiliu~~al evicle~~ce fur Ll~is I~ypuLllesis 
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Table 2-53. Edge- 

Approximate 
cladding cladding specifications 

Clear Cladding Maximum specular Maximum scattered attenuation for Nova laser disks. 

a- thickness R(%) at l i t  into 0.3 sr cwffcient at 
(m) (mra) 45" at 45" (%) 1.05 gm [mm-l) 

92a 3.0 + 1.0 0.3 0.3 0.4 
lsoa 3.0 a 1.0 0.3 .u.3 0.4 

460 semi- 6.0 a 1 .0 0.1 0.1 0.4 
ellipse 

- : straight 3.0 + 0.5 7 - - 
*e 

aF~it-type cladding, which m y t  meet reflectivity specification, is allowed:> 

comes from the observation of a haze at the 
interface created by a high density of very 
small bubbles. These bubbles are probably 
generated during manufacture by a reaction 
at the laser glass surface, which is likely a 
hydrulized layer. Wt: buspecl ~ l l c  
bubbles reduce the interface strength. 

Bccause we are using phosphate glass in 
Nova, rather than fluorophosphate glass, we 
must estimate how a phosphate cladding will 
compare with a fluorophosphate (FP) 
cladding. To arrive at this estimate, we take 
the following factors into account: 

Izumitani of Hoya states that phosphate 
and FP glass have about the same 
mechanical strength. 
The quality of cladding-laser glass 
interfaces in phosphate-glass test pieces is 
much better than those in FP glass. 
Monolithic claddings on 14-cm Q-88 
phosphate disks have been successfully 
used at K M S  Fusion. 

a Phosphate frit claddings on 20-cm LHG-7 
disks at O~nlca University have survi\red 
many shots with a fluorescence loading of 
3 ~ / c m ~  on the edge cladding. 

We conclude, therefore, that, if we keep the 
cladding attcnuation coefficient below 
6 cm-', phosphate cladding glass should 
survive in the Nova amplifiers. Table 2-53 
prcscnts a summary of our edge cladding 
specifications for the Nova disks. 

background absorption in solarized laser 
glass reduces laser pump efficiency because 
the glass absorbs light intended for the ~ d j +  
active ions. Solarization results from light- 
created color centers or from valence 
change3 in impurity ions. Glass solarization 
can be avoided by preventing exposure to 
UV light or by stabilizing the impurity 
oxidation states. An example of the first 
technique is the use of ce3+ in the flashlamp 
envelopes, or in the glass, to absorb UV 
light. Ions such as sb3+, MOO+, N bSf, and 
~ i "  are used in laser glasses to stabilize the 
oxidation potential and thereby prevent 
long-term solarization. Unprotected silicate 
glasses are solarized by as few as 100 flashes 
from Ce-doped lamps; thus, CeH is added to 
silicate as an antisolarant. 

In 1977, researchers at the Laboratory for 
Laser Energetics (LLE) at the University of 
Rochester tested phosphate laser glasses for 
solarization by subjecting them to -200 
flashes from clear fused-quartz lamps. The 
LLE rp~parrher~  did not see any change in 
the glass transmission, although they later 
found, after 1000 to 2000 shots, that the gain 
OF their Omega and Zeta rod amplifiers was 
decreasing with the number of firings. They 
discovered that part of the gain reduction 
was caused by solarization of the phosphate 
laser glass. Because their amplifiers 11se. clear 
fused-quartz flashlamps, the laser glass is 

Authors: S. O. Stokowski, S. M. Yarema, and expnsed to I JV light with wavelengths as 

I .  F. Stowers short as 310 nm, which apparently causes 
solarization. 

We decided to test both fluorophosphate 
and phospGate laser glasses for resistance to 
solarization in a 2000-shot test using an 
amplifier equipped with Ce-doped quartz 

of a glass flashlamps, wh~ch do not transmit 
mutting from Its mpmune €0 light, usually wavelengths shorter than 360 nm. In 1978 we 
ulkzaviolet or blue. The light-induced tested fluorophosphate glasses LG-8 12 and 
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E-309 in a 100-shot exposure and saw no 
change in the background absorption. 

There are two approaches to the testing of 
laser glasses for solarization. One approach, 
which is the one we used, uses an actual 
amplifier in an operational test. The second 
approach employs a xenon arc lamp to  
expose a glass to low-power UV light over a 
long period of time. These two approaches 
will not be equivalent if the physical process 
causing solarization depends nonlinearly on 
UV power. 

For our tests, we used 15-mm-thick, 48 X 
84 mm elliptical disks of LHG-8, 4-88, and 
EV-4 phosphate glasses and LHG-10, LG- 
8 12, and E-309 fluorophosphate glasses of 
the same dimensions. We cut and polished 
the major axis ends to provide a 78.5-mm 
path for measuring transmission. We 
exposed all six disks simultaneously to 
flashes from Ce-doped quartz lamps. Before 
the test began, and after 250, 500, 1000, and 
2000 shots, we measured the absorption 
spectra with a spectrophotometer and the 
continuous wave (cw) laser transmission at 
44 1.6, 632.8, and 1064.2 nm. 

After 2000 shots, the measured changes in 
transmission of all the glasses were less than 
2%, which is equivalent to an absorption 

coefficient of 0.0025 cm-I. For comparison, 
we calculated that a 0.1% reduction in pump 
efficiency would result from an absorption 
coefficient of 0.0025 cm-' for wavelengths 
shorter than 600 nm. Thus, solarization of 
laser glasses will not be a problem in our 
amplifiers. 

Our absorption measurements uncovered 
one interesting difference between phosphate 
and fluorophosphate glasses. Phosphate 
glasses have considerably more background 
absorption than fluorophosphate glasses 
in the blue and near-UV regions. This 
additional absorption can be seen in Fig. 
2-254, where we compare the spectra of 
LHG-8 phosphate and LG-8 12 fluoro- 
phosphate glasses. The background 
absorption coefficient of LHG-8 is about 
0.03 cm-I in the 400- to 500-nm region. The 
source of this absorption is unknown, but 
the absorption does vary from sample to 
sample. 

Author: S. E. Stokowski 

Fig. 2-254. Optical 
density of Nd:doped 
fluorophosphate (red line) 
and phosphate (green line) 
laser glasses. The samples 
are 78.5 mm long. 
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glasses, produced by the Hoya Corporation. 
Gain-Saturation Properties plots of output fluence as a function of input 
of Laser Materials fluence for these materials are shown in 

Figs. 2-256 and 2-257. To determine the 
Previous measurements of saturation fluence fluence, we measured the energy transmitted 
irl silicate, fluorophosphate, and phosphate through the 5-mm apcrturcs ccntcrcd on 
laser glasses were summarized in the 1979 diagnostic beams at the input and output of 
Annual ~ e ~ 0 r t . l ~ ~  A more detailed report of the test amplifier (see Fig. 2-255), then we 
this work is also a ~ a i 1 a b l e . l ~ ~  computed the fluence as an average over the 

In the latter part of 1980, we began area of the aperture and adjusted the fluence 
measurements of the saturation fluence in data to account for the increased beam size 
seven Nd-doped phosphate glasses. For in the Brewster-cut amplifier rods. In the 
these measurements, we used a well- air outside the rod, beam fluences were 
characterized 1053-nm pulse that was greater than our plotted values by a factor 
amplified by the test amplifier; the approximately equal to the refractive index 
experinrental configuration is shown in Fig. of the glass. The output fluence data were 
2-255. For each pulse, we used calorimeters not adjusted to account for the passive 
C 1 and C2 to measure the input fluence, Ei,, transmission of the rod, since this transmis- 
and output fluence, E,,,, and we used diodes sion is treated by the Frantz-Nodvik 
D 1 and 02 to naaasure small-signal gain, Go. computations. The ratio EnIl,/Ei, computed 
We also measured the passive transmission from such data gives us the absolute gain of 
of the rod. The parameters measured for the amplifier, including passive loss, as a 
each shot were used in the Frantz-Nodvik function of fluence in the rod. 
equationI2' to compute a value of saturation We used the 1064-nm beam, which was 
fluence, E,. The experiment was iterated to produced by a continuous wave (cw) YAG 
providc us with values of E, for 1.4- and laser, as a gain probe. The 1064-nm beam 
20-ns pulse du ra t io~~s  at each desired was passcd through the center of the test 
fluence level, E,,,. The rebuilt Cyclops laser amplifier at an angle of 2" relative to the 
(described in "Cyclops Design and Perfor- saturating beam. For each material, it was 
mance" in this section) was used as the necessary to measure the gain ratios at both 
source of the 1053-nm input pulses. the 1053- and 1064-nm wavelengths. To 

We have completed the measurements for measure small-signal gain, Go, at 1053 rtm, Fig. 2-255. Gain- 

two materials, LHG-8 and PlOl phosphate we used the quasi-cw prelase beam from the saturation experiment 
with 1053-nm pulses. 

cw laser, 1064 nm 
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Nd:YLF C v c l o ~ s  oscillator and s h a ~ e d  the .. . 
Fig. 2-256. Output beam to  occupy the central 5-mm-diam 

as a function of volume of the amplifier, which was the 
input fluence for an 
LHC-8 rod amplifier volume used in calorimetric gain 
with oassive measurements. The gain-ratio data are 
transmission shown in Table 2-54. The measurement 
of 97.4%. 

Fig. 2257. Output fluence -&, 
as a function of input 

*- - Shot 1059 a& 1864 urn Gain ratio - - 
fluence, nleasurcd with 20. a -7.74 3.75 2.064 
ns pulses, for a Pi01 
phosphate glass amplifier $4 7.79 3.75 2.077 

with a passive transmission g5 7.76 3.75 2.069 
of %.3%.A 86 7.77 3.77 2.061 

108 7.81 3.73 2.092 
109 7.78 3.74 2.083 
110 7.65 3.66 2.099 
I l l  7.70 3.71 2.075 

Table 2-54. Comparison 112 7.77 3.74 2.078 

of small-signal gains of 163 1,85 3,74 2Jdg 
- - 

an LHC-8 amplifier i 

measured at 1053 and 7.7b 3.73 2.079 a 0.012 
1061 nm. 

-- 

precision was such that all of our 
measurements of the gain ratio were within 
1 % of the average, with a mean error of 0.5%. 
After we established the gain ratio, the 1064- 
nm gain probe was used to monitor the 
stability of the gain of the test amplifier. 

With calorimetry, we obtained a measlire 
of small-signal pain that was compared with 
t h ~  gain, Go, meas~~rerl hy  sing t h ~  prclase 
beam. This is illustrated in Figs. 2-253 ~ I I J  

2-259. where we plat ratios (designated 
saluraled gairrsj as a function of nurpur 
thence. We computed the gains in these 
figures by calculating the ratio of output 
calorimeter signal to input calorimeter signal 
for each lilills. Wt: Lllcll divided ~ l l a ~  ~ a l i o  by 
the corresponding ratio for calorimeter 
signals, which were meas l~ r~d  when the 
amplificr was not pumpcd, to dctcrminc thc 
saturatcd amplificr gain. When we calculate 
amplifier gains with this method, the gains 
are independent of bath the absolute 
calor itnetel. calibra~ions and the passive 
transmission of the amplifier rod. ( I hrs 
independence from detector calibration also 
applies to the measurements of Go 
performed by observing amplification of the 
prelase beam.) We used curve fits to predict 
the saturated galns at E,,, = 0, and we 
directly cu~ l~pa~ec l  Lllc gail~s ublail~ecl TIUIU 
that extrnpolntinn with Go n~iring thr tcqts 
on the glasses, we extrapolated gains of G = 
7.64 for LHG-8 and G = 6.22 for P101. The 
corresponding values of G o  measured with 
the 1053-nm oscillator prelase beam (at input 
fluences less than 5 X JIcml) were Go = 
7.76 for LHG-8 and Go  = 6.27 for P101. A 
consistent feature of all recent saturation 
rneas~lrementsl*~ has heen the small offset 
between the galn measured wlth a very weak 
cw prnhe and the calorimeter gain 
mcnsurcmcnt. The offset is snia11 for 
phnsphate glasses, particularly for the 
PI01 rod. 

In Figs. 2-260 and 2-261, we show E, as a 
function of output fluence for LHG-8 and 
P1OI. The values of E, were compi~ted from 
the Frantz-Nodvik equation, which was 
modified to include effects of passive loss. 
For some of the LHG-8 data, we used the 
value of G, measured with the 1064-nm gain 
probe and computed a value of E, for each 
shot. For the remainder of the LHG-8 data, 
we used the mean value of Go, since we did 
not have a calculated value for Go. During 
these latter measurements, we attempted to 
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obtain a cw probe at 1052 nm (near the For the PI Ol material tests, we computed 
Nd:YLF wavelength of 1053 nm) by using a all values of E, with values of Ei,, E,,,, and 
cw YAG laser with an internal etalon. Go that were measured in single firings. We 
However, the output of this laser was attached error bars to representative data in 
unstable, and we discontinued its use. Figs. 2-260 and 2-26 1 to indicate the 

Fig. 2-258. Saturated 
calorimetric gain of the 
LHG-8 amplifier, where 
the curve is a spline fit to 
the data and predicts 
relative gain = 7.64 
at  Ei, = 0. 

P ~ g .  L-LSY. baturateu 
calorimetric gain of the 
PlOl amplifi~r. whprp the 
cunrc is a splinc fit ta the 
data altJ plrdiris ~clalive 

1 gain = 6.22 at Ei, = 0. 

A 20 ns 
a 1.4 ns - 
0 t.t ns, ref. 12B 

Fig. 2-260. Saturation 
fluence as  a function of 
output fluence for an 
LHG-8 amplifier, with all 
values computed for 
transmission = 97.4%. 

Output fluence (~lcrn*)  

- .  . 
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ig. 2-261. Saturation 
f l ~ ~ r n e e  on n function of 
output fluence for a PI01 
phosphate amplifier with 
passive transmission - 96.3%. 

variations in computed values of E, 
associated with a f 2% uncertainty factor in 
Go. (The value of f 2% was chosen to 
represent the composite error for 
computations involving three parameters, 
Ei,, Eout, and Go, with each having an 
uncertainty of f 1 %.) Note in Fig. 2-260 that 
we have included the values of saturation 
fluence for LHG-8 that were measured'25 in 
previous experiments. For LHG-8 we found 
that E, increased slowly with increasing Eout 
and that the errors in computed values of E, 
were large for small Eout. The small values of 
E, computed for Eout were less than 
0.5 J/cm2 and mirror the 2% offset found 
between the G o  measurements performed 
with the prelase heam and with the 
calorimeter. These data are in close 
agreement with our earlier measurements for 
~ ~ ~ i - 8 . l ~ ~  In the case ot PlU1, all values of 
E, that we measured when E,,, was greater 
than 1 ~ / c m ~  were well represented by the 
average value E, = 5.3 ~ / c m ~ .  For both 
LHG-8 and P101, values of E, measured 
with 20-ns pulses are slightly greater than 
those measured with 1.4-ns pulses. 

Authors: D. Milam and S. M. Yarema 

Major Contributors: D. B. Clifton, G .  E. 
Murphy, S. E. Peluso, Jr., S. E. Stokowski, 
and J. B. Wood 

Damage Studies 

Electron-Beam-Deposited AR Films. In the 
1979 Annual ~ e ~ o r t , ~ ~ ~  we described the 
results of a matrix study of deposition 
parameters for four-layer Ta205/Si02 
antireflection (AR) films with halfwave Si02 
undercoats produced by electron beams. The 
films were deposited at three substrate 
temperatures (175, 250, and 325"C), at three 
partial pressures of oxygen (0.5 X 1.0 X 

and 2.0 X Torr), and at two 
deposition rates (1.5 and 5.0 A/s). These 
depositions yielded a set of 18 films, and this 
set was duplicated in subsequent coating 
runs to provide us with a total of 36 samples. 
For each film, Optical Coating Laboratories, 
Inc. (OCLI), measured net stress and linear 
absorption, and we measured laser damage 
thresholds. The results indicated a possible 
advantage in deposition at 175°C and a lack 
of correlation between damage thresholds 
and either net stress or linear absorption. 

In 1980, we continued this study by baking 
a set of the films for 4 h at 200°C. This 
postpreparation treatment is frequently used 
on Ta205 films. After the baking, OCLI 
remeasured net stress and absorption in most 
of the films, and we remeasured the I-ns 
damage thresholds. 

Table 2-55 shows the data derived from 
these tests. The results from haking were 
mixed-some damage thresholds increased, 
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in the baked set, tested with a 1-ns pulse Q Measurements before baking 

from a 1064-nm laser, exhibited R damage 0 ~&wrrements 'after baking ' 

threshold of ZU ~ / c m ~ .  I his is the highect 
threshold that we have observed to date. 

Figure 2-262 shows the thresholds for the 
films, measnred before and after baking (at 

absorption was greatly reduced. However, 
there remains no general correlation between 
film absorption and threshold damage 
and no general increase in the average 
threshold, associated with baking, although 
the extreme thresholds were improved. 

In the past, we observed that some of the 
production components that had failed to 
meet damage specifications had become 
acceptable after postpreparation baking. We .. 
assuInt: the improvement lo be frorrl a 
reduction in very large film absorption. 

As part of our investigation, we looked at A Fig. 2-262. Damage thresholds (1064-nm laser with 
the film surfaces under a microscope and 1-11s pulse duration) as a function of calorimeter- 
discovered that some of the films were more measured linear absorption for four-layer 

textured than they had been before baking; 
however, we were unable to determine 
whether this was caused by contamination 
during ~ht: bakillg ul by sullle ul11~1 
alteration to the film material. 

In Fig. 2-263, we show the thresholds for 
films as a function of net stress, with 
measurements made before and after baking 
at 200°C. The baking produced a dramatic 
change in stress: unbaked films have a large 
compiessive stress; baked films have a tensile 
stress. From the data in thls figure, we 
conclude that there is no correlation between 
net stress and short-pulse 1064-nm laser 

Table 2-55. Damage 
thresholds ( 1064 nm 
laser with 1-11s pulse 
duration) for four-layer 
Ti2O5.SiO2 AR films 
with halfwave SiOz 
undercoats fabricated by 
electron-beam 
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T I I 
, BK-7 kwr wlish 

Fig. 2-264. Damage A 
thresholds ( 1064-nm laser 
with 1-ns pulse duration) 
for four-layer Ta20,/Si02 
AR films with halfwave 
S i02  undercoats deposited Fig. 2-265. Damage 
at T = 17S°C, rate = thresholds of Ta20,/Si02 
1.5 /*Is, and O2 pressures AR films as a function of 
= 1.0 X Torr on three pulse duration of 1064-nm 

Pulse duration (ns) I 

as the only possible way for macroscopic 
stress to influence thre~hold levelo. Sincc not 
stress in the several layers of an AR film is 
the sum of stresses with different signs, zero 
net stress does not imply zero local stress. 
Thcrcfore, local stress cl~a~lges cuuld 
possibly influence threshold damage level. 

Our matrix study was helpful in 
determining the role of absorption, stress, 
and deposition temperature. However, thc 
stildy sl~ffererl from two problems. First, 
only two coating runs were made under each 
set of coating conditions, which weakened 
statistical support for choosing an optimum 
matrix point. Second, the films were 
deposited on superpolished fused silica, 
which was vicwcd as Lhe subslrate least likely 
to mask the effects of changes in deposition 
parameters; however, neither the 
superpolishing process nor the silica material 
is likely to be routinely used to fabricate 
actual components for large 1064-nm lasers. 

To test the influence of substrates, we 
collaborated with OCLI to make three 
additional coating runs under apparently 
optimum conditions (T = 175OC, rate = 
1.5 A/s, and O2 = 1 X ~ o r r ) .  In this 
test, Ta20,/Si02 AR films were deposited 
on three types of substrates: superpolished 
BK-7, conventionally polished BK-7, and 
conventionally polished fused silica. The 
damage thresholds for 18 films from the 
three runs are shown in Fig. 2-264, whcrc 
each datum in the histogram is numbered to 
indicate the coating run in which the 
corresponding film was produced. The 
thrcsholds of films on superpolished surfaces 
average higher L1ia11 Lhe ~hresholds of films 
on conventionally polished surfaces. Indeed, 
Lhe Lhresholds of films deposited in this test 
under supposedly optimized conditions on 
conventionally polished BK-7 are approxi- 
mately equal to the thresholds of films that 
we havr drpnsitrd nn  P I I C ~  rubstrates under 
many different nonoptimum coating condi- 
tions. The data also illustrate variations that 
we usually observe whcn we-attempt to 
produce identical films. 

Wt: have performed an additional matrix 
s t ~ ~ d y  w ~ t h  tbur-layer Ti02/Si02 AR films 
with halfwave Si02  undercoats. In this study 
the films were deposited at four temperatures 
(175, 225, 275, and 325"C), two deposition 
rates (1.5 and 5 Als), and three oxygen 
partla1 pressures (U:/ X 1U4, 1.2 X l k 4 ,  and 
2.0 X 10-4 I'orr). For this tcst, OCLI 
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deposited the films on superpolished BK-7 Authors: D. Milam, F. Rainer, and J.  E. 
glass. The films were exposed to I-ns pulses swairl 
from a 1064-nm laser, and the damage 
thresholds resulting from this test are shown Major Contributors: G .  E. Murphy and S. E. 
in Table 2-56. As we saw previously with the Peluso 
'I'a2O5/SiU2 matrix, the probability of Fig. 2-266. Damage 
obtaining a good film was greatest at the Industrial Contributors: C. K.  Carniglia, thresholds of Ti02/Si02  
lower temperatures. At the highest T. H.  Allen, and T. A. Tuttle (Optical AR films as a function of 
deposition temperature, 325"C, varying the coating Laboratories, Inca) pulse duration of 1064-nm 

oxygen pressure or deposition rate did not laser. 

result in a high-threshold film. 
Finally, we extended our data base by 

measuring the pulse-duration dependence of 

Moderate threshold 

& LOW threhold 

pulses, we selected films that had low, 
moderate, and high thresholds, and we 
then tested these six films with 6-, 9-, and 20- 
ns pulses. In Figs. 2-245 and 2-266 wc show - 

the data derived from these tests. Note that 
each CIirve baa a ~jmilar shape and t h a t  t h ~  
threshold increases slowly during the interval 
between 1 and 5 ns and then increases 
somewhat more rapidly for the longer pulse 
durations. 

From our tests, we have learned the 
deposition parameters that will provide AR 
films with good damage resistance if the 
filn~s are deposited on superpolished surfaces 
of either BK-7 or fused Si02; however, these -1 
Jepositiur~s are riot ge~~erally successful when 5. 

the substrates are conventionally polished. - 

- - 

1.5 0.7 x loe4 1 8.8 + 0.7 7 6.1 + k.U 13 3.6 4 0.4 14 &;O t 33.9 
1R 12.0 2 1.2 7R 8.1 +&;I 13R 42.3 19R 3.7 10.4%- 

1.5 ~ . ~ x I o - ~  2 8.7 +- 0.9 8 13.7 + 1.4 14 4.82 Q.8 20 4-3 + 0.9 
2R 6.2 + j.2 8R 11.2 -t 1.2 14R, 3.2& 6.6 20R 3.9 r @,& 

1.5 2.0 X 10" 3 5.5 + 0.9 9 8.0 + 0.8 15 9.8 -t 1.0 Zl 33. P 0.6 
3R 9.2 + 0.8 9R 9.9 + 1.0 15R 12.5 2 1.3 21R 3.0-& 0.8 Table 2-56. Damage 

5.0 0.7 X loF4 4 3.4 + 1.1 10 3.7 + 0.4 16 2.1 20.6 22 ?B (?: Q.+ nm 
4R 9.n* 1.3 10R 4.2 + Q.7 16R K2.Q 22R 3 3  +- 0.8 laser with 1-11s pulse 

5.0 1.2 X 5 8.3 + 0.8 11 10.2 1.0 17 4.3 3.8 duration) for four-layer 
5R 5.4 r 0.9 1 1 ~  9.3 + 1.0 17R 1.4 23R 4.1 c 0.7' T i 0 2 . S i 0 2  AR films 

5.0 2.0 X loy4 6 10.7 & 1.1  12 7 2 2  0.7 18 4.5 + Or6 24 4-2 f 0.5 With SiOz 
dB 5.8 & 1,1 12R 9.6'a 0.9 1@R 21 &Q,B MR 3~7 1 Q,81 undercoats deposited on 

superpolished BK-7. 
R = gilms made in repeat runs. 
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Graded-Index Surfaces. We previously 
described damage studies made on graded- 
index surfaces that were formed by leaching 
polished surfaces of phase-separated silicate 
glasses.129,130 When tested with I-ns pulses 
of 1064-nm laser light, the surfaces produced 
by this process routinely yield damage 
thresholds of 10 to 12 ~ / c r n ~  and have 
reflectivities that can be less than 0.5%. Our 
damage studies on these surfaces have 
mainly ceased, and our primary effort is now 
concentrated on producing optical 
components from the materials that have 
been developed. This latter program is 
described in "Nova Optical Components" in 
this section. 

We are now investigating some of the few 
remaining questions pertaining to the use of 
graded-index surfaces with 1064-nm lasers. 
'I'here is some indication that higher 
thresholds on these materials can be 
obtained by irradiating the surface a t  
sequentially greater fluences beginning at a 
subthreshold level. This suggests that a 
passive treatment, such as pulsed irradiation 
by flashlanips or irradiation by a C 0 2  laser, 
might raise damage thresholds. However, the 
sequential irradiation may alter surface 
reflectivity by collapsing the microscopic 
pore structure from which the films derive 
their AR properties; these pores are very 
small and difficult to observe by scanning 
electron microscopy (SEM). Replicas that 
would bc suitablc for invcstigation by 
transmission electron microscopy (TEM) 
tend to lock to the graded surface, and we 
have not yet been successful in obtaining 
high-resolution photographs of irradiated 
areas. Investigation of these areas will 
continue. 

The new work with graded surfaces has 
dealt primarily with the application of 
graded-index films to materials. such as 
fused silica, that do  not exhibit phase 
separat~on and w ~ t h  the lnvestlgatlon of 
phase-separable bulk materials that may be 
suitable for use at 355 nm. (Our existing 
materials are usable at 532 nm.) 

We are studying the following three 
procedures for the production of graded- 
index films: 

After the phase-separable materials 
(silicate glasses) have been applied to other 
surfaces in liquid fbrm, a baking operation 
removes volatiles, leaving a film that can 

be etched in the same manner as bulk 
material. Thin layers of existing materials 
may be usable at 355 nm. 
A microporous film, whose mass density 
yields an index of refraction suitable 
for use as a single-layer AR, can be 
produced by depositing, in liquid or vapor 
form, a film containing one or more 
components that can be removed by 
etching or leaching to leave a skeletal 
structure. Such skeletal structures can, in 
principle, be relatively pure silica or 
alumina and, therefore, usable at both 248 
and 355 nm. 
A thin slab of bulk graded-index material 
can be thermally bonded to other glasses. 
All three processes have been investigated, 

and the first two methods show promise as 
viable procedures for the production of 
graded-index films. We have produced a few 
films with good spatial uniformity and with 
1064-nm damage thresholds comparable to 
the thresholds for graded-index surfaces on 
bulk material. The reflectivities of these films 
are sometimes less than 1%, but they still 
exhibit large sample-to-sample variation. 

Authors: H. Lowdermilk and D. Milam 

Major Contributors: T. M .  Quick, J.  E. 
Swain, and F. Rainer 

Industrial Contributors: S .  Mukhe rjee (liquid 
graded-index tilms, Battelle Laboratories, 
Columbus) and T. H .  Hahs (liquid films, 
Owens-Illinois, Inc.) 

Bulk Damage in KDP. We first noticed 
internal laser damage to KDP crystals 
during a routine measurement of surface- 
damage thresholds. In the two samples that 
we checked at that time, one of the samples 
was damaged when it was exposed to the 
6 J/cm2 fluence of a 1064-nm laser with 1-ns 
pulse duration, but the other sample revealed 
no damage when exposed to fluences up to 
15 J/cm2. To determine the range of damage, 
we initiated a survey of KDP materials from 
different sources. In our tests of about 20 
samples, we were able to internally damage 
all KDP samples with laser fluences o f4  to 
8 ~ / c m ~ ,  except for those samples grown by 
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Lasermetrics, Inc; the Lasermetrics samples 
showed damage in the range of 1 1 to 
15 J/cm2. This bulk damage is not unique to 
KDP; we have previously damaged KD2P04 
(KD*P), RbH2P04, RbD2P04, and 
(NH4)H2PO4 cryblals a1 fluences of -8 
J/cm2. Thus, the bulk-damage problem is 
common to many KDP isomorphs. 

In our high-power laser systems, KDP 
crystals must withstand, without damage, 
laser fluences of > 10 J/cm2 at I-ns pulse 
durations; thus, the KDP crystal growers 
must be able to improve the damage 
resistance of their KDP if we are to use this 
material. To solve the KDP damage 
problem, we are collaborating closely with 
three KDP suppliers: Cleveland Crystal, 
Inc., Interactive Radiation, Inc. (I nrad), and 
Lasermetrics, Inc. These suppliers have 
agreed to provide us with KDP samples that 
are grown according to our specifications so 
that we can perform tests on the damage 
resistance of the KDP material. 

We are proceeding with two concurrent 
programs: one that identifies the inclusion 
damage at low fluence levels, and another 
that determines the growth conditions 
affecting KDP damage resistance. In 1980 
we investigated the characteristics of internal 
damage in KDP using 

Optical and scanning electron microscopy. 
Experiments on the dependence of 
damage-site density on fluence. 
Experiments on pulse-length dependence 
of damage. 
Experiments on validtiul~ uT Jalllagt: 
resistance within a crystal boule. 

The growth conditions we studied to 
determine their effect on damage threshold 
were 

Impurity concentration. 
Filter pore size for the KDP solution. 
Growth rate. 
Growth-tank size. 
Our investigations of the damaged 

volumes by optical microscopy have revealed 
small (10- to 20-pm) regions where the KDP 
has melted and decomposed. We show a 
typical damage site in Fig. 2-267. (In 
transmitted light, the central opaque spot is 
approximately spherical and is surrounded 
by a volume where the refractive index has 
changed. This change is probably caused by 
strcsscs or n composition change.) We 
believe that damage is caused when an 

- -- 

inclusion (as yet unknown) absorbs laser 
energy and locally heats the KDP to above 
its melting temperature (253OC). 

With the optical microscope, we canno1 
see inclusions before damage, except for 
large (>30 prn) liquid-filled bubbles. We 
fractured various crystals to examine their 
surfaces with an SEM to determine if the 
sample had inclusions. This technique seems 
useful, since fracture appears to prefer- 
entially extend through the highly stressed 
region around an inclusion. In Fig. 2-268 we 
show an interesting feature on the fractured 
surfaces where we found potassium and 
phosphorus after conducting an elemental Fig. 2-267. Damage in 
x-ray analysis. We believe that this inclusion KDP produced by a 21- 

may be a misoriented KDP microcrystal (as J/cm29 1064-nm* 
laser oulse. 

Fig. 2-268. Micrograph of 
a feature un a frilctured 
surface of KDP. 
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suggested by Wood in his study of KDP 
damage131). We will continue our attempts 
to identify the damaging inclusion by using 
more-sensitive optical microscopy with 
image enhancement and by using micro- 
Raman techniques. 

In some crystals exposed to >20 ~ / cm* ,  we 
found 10'/cm3 damage sites; however, the 
initial damage was first observed with the 
two or three scattering sites that appeared in 
the I-mm-diam He-Ne beam that we use for 
damage inspection. This number is 
equivalent to a density of 200 sites/cm3. We 
find that, as the fluence increases, the density 
of damagc sitcs incrcascs. indicating thc 
existence of a distribution of inclusions with 
different damage thresholds. 

Fig. 2-269. Bulk-damage We checked the variation in damage 
threshold in KDP crystals threshold for samples taken from different 
as a function Of pulse parts of a boule and found no disparities. 
duration 

From this, we concluded that, if inclusions 
reside in the growth solution, they will not be 
depleted during the growth run. 

Most of our damage-resistance testing o 
KDP crystal samples was performed with a 
I-ns laser pulse. However, since we can 
operate our fusion research lasers with 
different pulse widths, we decided to 

pulse widths between 1 and 20 ns. Our 
results are summarized in Fig. 2-269. The 

7 
measure the damage threshold fluence with 

best damage-resistant KDP material had a 
stronger dependence on pulse width than the 
inferior material, and we speculate that this 
is caused by thermal diffusion from 
inclusions of different sizes in the two types 
of KDP. If the inclusions are smaller in the 
high-resistance KDP, more laser energy is 
required to heat them sufficiently to cause 
damage. 

While we were attempting to identify the 
clnli~agillg inclusil:~~~, we ~tlldied ?lip ~ff~<r.tc; nf 

different growth conditions on damage 
LIIIL~~IuIJ Y ~ ~ U L S .  WI;. fiiul~d 116 KDP dallrngc 
site density or threshold dependence on 
either t h e g r ~ w t h  rate or the concentration of 
impurities such as ~ e ~ + ,  Cl-, v3+, cr3+,  
zr4+, and SOT. Our analyses of impurities in 
a Lypical KDP c;lyslal ale listed in Table 
2-57, whew we <liow 111~ preher~c:e S O I I I ~  

transition metals in quantities of 1 to 
IC) ~ I ~ ) I I I .  Wt: I t:gii~l llicsc as high impurity 
level!, hecauhe in~purily co~rce~i l la l iu~~s  
~4: 1 pp111 ale ~ ~ e e d e d  lu PI I J ~ L I C C  10' to 108 
inclusions per cm3, providing that the 
inrl~irion si7e is -0 35 prn Therefore, to 
measure all possible impurity-generated 
inclusions, we need a technique capable of 
detecting concentrations to 10 ppb. 

If damage-causing inclusions are resulting 
from microscopic particles or crystals in the 
growth solution, we may be able to  resnlvc 
the problem by filtering the solution through 
microscopic pore filters. Under present 
cond~t~ons ,  the K D P  growers filter the 
solution once when they load it into the 
growth tank. We measured damage 
thresholds of KDP samples grown in 
solutions where the solution had been passed 
through filters with pore sizes ranging from 
0.05 to 1.2 pm. In these samples, we 
observed no difference in the damage 
thresholds; however, we found low 
thresholds in other samples that had been 
grown in unfiltered solutions. Thus, we 
conclude that either the damage-causing 

'l'able 2-57. 1 ypical He 1 aJ"i 
impurity concentration 

.= Cs , 3 to , 
Rb i t 6 %  

w 5- , 1  ta P~p,pm 
rnngco in KDP crystals. 
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particulate is smaller than 0.05 pm or the 
particulate is present in the growth tank 
before loading. 

After reviewing the preceding results, we 
agreed with the crystal suppliers that 
continuous tiltering of the KDP solution is 
necessary to eliminate particulates during a 
growth run. The suppliers are now 
complying with this requirement. We intend 
to perform laser-damage experiments on the 
new crystals early in 1981, and we believe 
that-the bulk-damage threshold of KDP will 
significantly increase if the crystal suppliers 
continue to improve their handling and 
filtering procedures. 

Authors: S. E. Stokowski and J. E. Swain 

Major Contributors: D. Milam, T. M. Quick, 
A. W. Casey, R. L. Landingham, A. R. 
Ulrich, and P'. Mainer 

Industrial Contributors: Interactive 
Radiation, 1nc.-W. Runderman (KDP 
Crystal Growth); Cleveland Crystals, 
1nc.-L. Shiozawa and J. Luken (KDP 
Crystal Growth); Lasermetrics, 
1nc.-W. Osborne (KDP Crystal Growth) 

Damage Thresholds at 532, 355, and 248 nm. 
Because of increased interest in wavelengths 
below 1064 nm, we have established the 
following new damage-test facilities: 

A KrF facility for testing with 20-ns, 248- 
nm pulses. 
A facility attached to the ILS laser for 
testing ill 532- urid 355-nm wuvclcngths 
using harmonics of the I-ns, 1064-nm 
pulses from that laser. 
A modification of the comparative test 
laser LO allow Lesiing with 532-nm, 1-ns 
pulses. 

We describe below these new facilities and 
the initial experiments performed a t  short 
wavelengths. 

We built a KrF laser and damage- 
experiment facility in Building 162. The 
laser, fabricated by the Advanced Laser 
Group, has an oscillator excited by electric 
discharge; this oscillator provides input to a 
discharge-pumped, injection-locked 
amplifier. The laser-pulse duration is about 
20 ns, but the waveform is complex, as 
shown in Fig. 2-270. The pulse energy is 
about 1 J. The output beam is linearly 
polarized and has a 15- X 40-mm rectangular 
cross section. Arcing in the amplifier cavity 
causes the the beam to be spatially 
nonuniform, so, for damage cxpcrimcnts, wc 
use an aperture to select a more uniform 
central zone, 12 mm in diameter, from 
the beam. 

The KrF damage experiment is shown in 
Fig. 2-271. The beam is focused by a lens 
with a 5-m focal length to produce a spot 1 to 
2 mm in diameter at the damage sample. 
Diagnostic beams for beam photography 
and calorimetry are derived from reflections 
off a fused silica window. We use 1-Z 
photographic plates to record beam profiles; 
the low sensitivity of the plate emulsion eases 
the problem of shielding the plate from 
accidental exposure to room lights. Beam 
profiles are determined by densitometry of 
multiple-image photographs.132 Pulse energy 
is measured by a Scientech single-port 
absorbing-glass calorimeter, which we 
calibrated with a less-sensitive calorimeter 
built a t  LLNL. 

r Rotating polarizer 
r R =  

I I 
Multiple-image 

ruead silica lens, camera 
f = 5 m  

Fig. 1-170. Waveform of 
KrF laser used for damage 
measurements; FWHM 
is 20 ns. 

Fig. 2-271. KrF damage 
auparimnnt 

Nomarski mioroscope 
silica 3' wedge sample carrier 
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At the sample, the beam has an 
approximately top-hat profile, which is the 
nearfield pattern from the 12-mm aperture in 
the input beam, but exhibits modulation as 
large as 50% of the peak amplitude. 
However, the spatial structure of the 
modulation is large enough to be accurately 
analyzed with photography. The modulated 
beam shape is relatively constant from shot 
to shot, so that fluence at the sample can 
be controlled by using a rotating polarizer to 
regulate the input pulse energy. 

The damage samples are mounted on a 
rotating stage attached to a Nomarski 
microscope, and the focal site is 
photographed before and after irradiation. 
Daniage is defined as permanent alteration 
of the surface that is visible by this 
m i ~ r ~ s c o p i c  examination. 

In the initial KrF damage experiments, we 
surveyed the thresholds of coatings available 
from several vendors. The results of these 
tests are shown in Fig. 2-272. The thresholds 
are generally quite low, but are encouraging 
in one respect: several thresholds exceed our 
initial goal of 5 J/cm2. 

It is interesting that thresholds of 
randomly selected antireflection films 
exceeded those of highly reflective films; a 
similar result was obtained in tests at 
766 nm.133 If this observation is found to be 
generally true, it is a significant reversal of 
our observations in damage tests with a 
1064-nm laser. At 1064 nm, antircflcction 
films have thresholds less than those of high- 
reflection films; we believe that the 
substrate-film interface of films designed for 
1064-nrn laser pulses is more prone to 
damage than the film material itself. The 
present KrF data suggest that interfaces are 
not the limiting problem in damage to UV 

big. 2-272. Damage 
thresholds of commercially 
available optical thin films 
exposed to 21&nm, 20-115 
laser pulses. 

films and that threshold improvements can 
be obtained by variations of film materials 
and deposition parameters without 
addressing the fabrication and cleaning of 
substrate materials. 

We plan now to begin a systematic 
evaluation of thin-film components that will 
help us to  select materials for further 
development, to determine whether glasses 
that transmit at 248 nm can be developed as 
an alternative for fused silica, and to study 
porous or graded-index films. 

We have used the ILS laser to measure 
laser damage thresholds at 532 and 355 nm 
with the intent of studying the use of vidicon 
beam pro filer^,^^^ which were prepared for 
usc at thcsc wavelengths, and of surveying 
thresholds of commercially available 
components. We obtained laser pulses at 
532 nm by frequency doubling I-ns, 1064-nm 
pulses from the ILS laser in a KDP crystal. 
The resultant 532-nm pulses were about 
0.7 ns  in duration. Pulses at 355 nm, 
obtained by tripling the 1064-nm pulses, 
were 0.5 to 0.6 ns in duration. Beams of the 
desired frequency were separated from the 
other beams by a prism. 

The laser-damage experiment used for 
532- and 355-nm pulses was like that used for 
KrF (see Fig. 2-271) except that one 
diagnostic beam was further divided to 
provide an input to the vidicon profiler ana 
the iriput pulse energy was controlled by 
varying gain in the ILS amplifiers. The beam 
profiles were recorded by the profiler and 
analyzed by an on-line computer.' 34 As a 
cross check, the beam profiles were also 
recorded on I-Z photographic plates and 
reduced by densitometry. Pulse energy was 
measured with a calorimeter designed 
at LLNL. 
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A plot comparing 532-nm fluence levels 
determined by film and by vidicon recording 
is shown in Fig. 2-273. There is no systematic 
difference, but the scatter is large. For 
reference, the agreement between the two 
recording techniques is routinely within 10% 
in our highly developed 1064-nm experi- 
ment.135 We attribute the scatter in fluence 
levels measured at 532 nm to the presence of 
spatial modulation on the beam caused by 
inhomogeneity in the KDP crystals. A 
similar result was obtained in our analysis of 
thresholds for 355-nm pulses. We believe, 
therefore, that vidicons prepared for use at 
355 and 532 nm are functioning properly. 

In Table 7.-58 we summarize the 
thresholds of commercially available 
coatings measured w~th  532- and 355-nm 
pulses. Thin films, listed as reflectors, partial 
reflectors, or antiretlec~urs, were designed 
for use at the test wavelength. Dichroic films 
tested at 532 nm were reflective a t  537 nm 
and transmissive at 1064 nm; thnse tested at 
355 nm were reflective at both 1064 and 
531 nm and werc t rnt~u~~~issive dl 355 11111. 

We tested bare polished surfaces of BK-7 
and tused s ~ l ~ c a  at 532 nm and found them 
free of bulk damage at the stated threshold 
flualce levels. We also tested BK-7 and fused 
silica at 355 nm; tkc fuscd ai l i~a wn:,  T~ce I ~ T  
bulk damagc at stated surface thresholds, 
but the BK-7 suffered detectable color-center 
damage in single shots with fluences 
cxcccding 3 J/cn17. We Ildve, Lllelel'ore, 
deleted BK-7 surfam-damage data from 
Table 2-58. The graded-index surfaces tested 
at 532 and 355 r l r r l  were etched surfaces of 
phase-separable materials developed for use 
at IU64 nm. Bulk damage In t h ~ s  glass 
occ~~rred  at 8 ~ / c m ~  at 355 nm, but was not 
obscrvcd in 532-nm tests. 

In general, barc-surfacc damage 
thresholds at 532 nm were comparable to or 
greater than the I-ns, 1064-nm bare-surface 
threshold average of 16 J/cm2. This is 
encouraging because of its favorable 
implications for systems running at 2w 
(532 nm). Film thresholds at 532 nm were 
lower than could be anticipated, probably 
due to use of Ti02. Even at 355 nm, the 
threshold of silica was in rcasonable 
agreement with 1064-nm results, which range 
from 7 to 10 J/cm2. We observed no 
systematic difference hctwccn AR and IIR 
thresholds at either 532 or 355 nm. Table 

2-58 also provides a summary of 248-nm 
KrF data. 

We have upgraded the comparative- 
damage test laser to operate with 532-nm 
pulses. This laser facility is used to perform 
all quality control rrieasurements and is now 
being used to perform damage measure- 
ments on films deposited in large commercial 
evaporators. We added an amplifier to 
increase the output from 2 to 5 J at 1064-nm, 
and we installed a Type 1 CD*A 
temperature-tuned doubling crystal. A 
diagram of the laser is shown in Fig. 2-274. Fig. 2-273. Comparison of 
The 532-nm beam is separated from the tluence~ in 532-nm beams 
residual 1064-nm beam by two dichroic computed with a vidicon 

mirrors that transmit at 1064 n111. profiler and fro111 
photographic plates. 

I 4 - 6 8 

Film ( ~ / c m ~ )  

1.9 to 4.7 (2.9) 

17.3 to 23.5 $19.4) 10% ta 11,9 (1 1,6) - 
W i n k  jn&x 11 .B tp 19.2 (125) b w  10.1 - 
?I >am 

aAverage th 3ld values are shown in pareathem. 

Table 2-58. Damage 
thresholds measured with 
532-, 3 5 5 ,  and 248-nm 
laser pulses. 



Fig. 2-274. Comparative- 
damage-test laser modified 
to operate at 532 nm. 
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Focus S.H.G. 

'Qptional positions 
for attenuatorb) 

Fig. 2-275. Bichromatic 
mirror designs: (a) Deslgn wavelengt 

0.71 p m  
reflective 2: 1 stack; (b) 
ensemble mirror. dl .. - . 7 8  

: t 

(a) Single-reflecting 2:l stack consisting of 
halfwave low-index layers and quarterwave 
high-index layers 

Design wavelength 
0.53 p m  (green reflect01 

Design wavelength 
1 .O6 p m  (red reflector) 

Table 2-59. Damage 
thresholds for 
bichromatic films 
exposed to 1064- and (b) Ensemble mirror consisting of two Independent 
532-nm laser pu1ses.V reflectors of quarter wave deslgn 

Damage thresholdsa (~lcm') 

1064nm 1.411s 532 nm 1 ns 

Antireflection, narrowband 4.0 to 6.5 (5.5) 2.4 to 3.5 (2.5) 

Antireflection, broadband 4.0 to 6.5 (5.5) 2.4 to 3.5 (2.5) 
Partially transdtting, 2:l stack 2.5 to 5.0 (3.5) 

Partially transmitting, ensemble 2.5 to 5.0 (3.5) 

Maximum reflector, 2:I stack 

Maximum reflector, ensemble 

Thresholds are measured relative to  the 
threshold of standard samples measured in 
the absolute 532-nm experiment. 

For standard $ampips we 1 1 s ~  A R  films an 
BK-7 glass. Both sides of the substrate are 
coated, and the thresholds of the two films 
generally are different. With this reference 
for the comparison experiment, we can 
determine the test-sample threshold to be in 
one of three ranges: less than either threshold 
of the referencc; intermediate to the two 
reference thresholds; or grealer Lhan either 
reference threshold. Further, the relative 
fluence of the beams in the test and reference 
channels can be varied, thereby varying the 
ahsolute fluence at which these ranges lie. 

We frequently test samples in both the 
absolute damage facility and the compar- 
ative laser. To  date, the agreement has been 
excellent. 

Our major experimental effort, supported 
by comparison laser damage measurements, 
was a study of bichromatic films desigried to 
operate at 1064 and 532 nm. In this 
experiment, we tested AR films that reflected 
less than 0.25% of normally incident 
radiation at both wavelengths. The AR films 
consisted of five to seven layers of Ti02 and 
Si02 deposited on BK-7 glass. Reflectors of 
two designs, an ensemble stack and a 2: 1 
stack, were successfully used to produce 
reflectors that transmitted, at either 
wavelength, 2% to 3% of p-polarized beams 
incident at 22.5" from the mirror normal. 
The mirror designs are shown in Fig. 2-275. 
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The ensemble design consists of two 
independent reflectors of quarter-wave 
Aeslgn and is fabricated by placing a 
complete mirror for one wavelength over a 
mirror designed for the other wavelength. 
The 3.1 design consists of a single stack of 
half-wave low-index layers and quarter-wave 
high-index layers; the low-index layers are 
optically twice as thick as the high-index 
layers. These two designs were also used to 
produce mirrors with a reflectivity greater 
than 99.5% for either 532- or 1064-nm 
randomly polarized beams incident at 30' 
ffnm the nnrrnal. 

Laser-daniagc Lhresholds for the 
blchromatio oontings. measured In t h i  
comparison experiment are shown in Table 
2-39. I'hresholds at 1064 nm are comparable 
to the thresholds observed in monochro- 
matic 1064-nm films. Thresholds at 532 nm 
are approximately equal to the 532-nm 
thresholds shown in Table 2-58, but are 
luwer Lhan expected. There is no indication 
tl~aL u ~ l e  filrn design offers an advantage over 
the othcr. 

,4uthorsr I?. Rnincr, T. I;. Dcaton, tuJ 
D. Wirtenson 

Major Contributors: M. C. Staggs and J. B. 
Willis 

Industrial Contributor: E. Enemark 
(bichromatic films, Optical Coating 
Laboratories, Inc.) 

Epoxy hlcmbrancs. In 1360 WL LUIIL~IIUGJ Ll~e 
(Je\telOpment nt c3pouy mnembrui~ss to rip la^^ 
BK-7 winduws as debris shields. The 
membranes are made by pressing epoxy 
between optical flats to thicknesses ranging 
from 0.025 10 0.05 mm. Membranes with a 
20-cm aperture have exhibited wavefmnt 
distortion as small as X/6 at 632 nm, as 
shown by the interferograms in Fig. 2-276. In 
1980, Acton Research Corporation 
produced membranes with a 30-cm clear 
aperture, but further work is needed Lo 
reduce wavefront distortion in 30-cm 
membranes. A free-standing 30 cm 
membrane and mounting frame are shown in 
h ~ g .  2-277. 

We measured laser-induced damage 
thresholds for bare epoxy membranes w ~ t h  
the comparative-damage test facility using 
1064-nm, 1.4-ns pulses. Thresholds for 

permanent damage ranged from 7 to 
20 J/cm2 and were usually in the range from 
10.3 to 17 ~ / c m ~ .  Two membranes were also 
tested at 532 nm, using the second harmonic 
of the 1064-nm, 1.4-11s pulses. Thresholds for 
thc 532-nm pulses wcrc 4.6 f 0.5 and 5.0 f 
1.0 J / c ~ ' .  Fig. 2-276. Transmissive 

We successfully used an epoxy membrane wavefront distortion (X I6  

in the Shiva laser in place of a BK-7 shield at 632 nm) for a 20-em- 
aperture epoxy membrane. 

7 

Fig. 2-277. Free-standing 
epoxy membrane with a 
30-cm aperture. 
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Fig. 2-278. 6 a 1 f  vs energy 
curves for the beta rod 
amplifier with ED-2 and 
LHC-8 rods. 

Fig. 2-279. Gain r s  
position curves for the beta 
rod amplifier with ED-2 
and LHG-8 rods. 

during three high-energy shots. The 
membrane was then moved closer to the 
target, to a position where the average 
fluence was 4 J/cm2, and the membrane 
remained unbroken through nine shots. 

Author: G .  R. Wirtenson 

Major Contributor: J .  B. Willis 

Industrial Contributor : B. Flint (epoxy 
membranes, Acton Research Corporation) 

Amplifier Development 

Introduction. In 1980, we constructed two 
prototype laser amplifiers: a rectangular- 
design, 20.8-cm Nova disk amplifier Lhal we 
tested with LSG-9 1 H silicate glass, and a 46- 
cm transversely pumped rectangular design 
with split disks. The latter amplifier is 

currently employed in reliability tests 
pending arrival of its prototype disks. (A 
detailed description of the 46-cm amplifier is 

I 
given in "Amplifiers" earlier in this section.) 
We also tested several fluorophosphate 
prototype disks with 34- and 3 1.5-cm 
apertures, designed a new rod amplifier for 
Nova, performed detailed temperature 
measurements on a 20-cm Argus disk 
amplifier, used a Shiva-design I-cm rod 
preamplifier to test Nd:YLF rods for use at 
10 pps on the front end of Nova, and 
continued to perform additional 
development efforts on multipass amplifiers. 

Nova Rod-Amplifier Design. We originally 
planned to fit Shiva beta rod amplifiers with 
phosphate glass for use in Nova. However, 
during the past year, we had the opportunity 
to test a beta rod amplifier with LHG-8 
phosphatc glass, and the results were 
disappointing in two respects. First, the 
centerline gain for the beta rod amplifier was 
lower than we had predicted, and, second, 
only about half the expected increase in 
performance was realized. Figure 2-278 
compares the performance of the beta 
amplifier with silicate and phosphate rods. 
The gain profile (Fig. 2-279) also changed 
due to the different absorption charac- 
teristics of the two glasses. 

Since this performance is marginal for 
Nova, we designed a new amplifier that also 
incorporates a number of desired mechanical 
improvements (described in "Amplifiers" 
earlier in this section), includirig better 
sealing, alignment stability, serviceability, 
and a different method of electrical isolation. 
To increase the gain, we lengthened the rod 
from 40 to 48 cm and increased the pump 
energy from 38 to 50 kJ. These changes will 
allow us to use the same lamp design that is 
used in the 46-cm disk amplifier. 

Changes made to achieve a flat gain 
profile include a reduction of the rod doping 
to 4 X loi9 ~ r n - ~  and get ter  focusirig of the 
pump light. The beta rod amplifier already 
had a highly focusing reflector design, which 
will be retained. The shield-glass diameter 
will be reduced, lluwevcl, ~ I I J  iithcr water or 
a watcr-alcohol mixture will be used fur 
cooling. This thin low-index layer of glass 
acts as a lens to help pump the center of the 
rod more effectively. 

The original beta amplifier used a shield 
glabs cu~~la i l~ i~ tg  an indcx-matchcd coolant 
fo preveni parasilic leflecliu~~s dl t l ~  ~urface 
of the rod; samarium ions in the coolant 
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absorbed the parasitic light at 1.06-pm. 
However, we do not plan to use this design 
on the Nova ampl~fier for two reasons: first, 
we lack a suitable absorber at 1.05 gm; and 
second, the hydrated ZnClz index-matching 
fluid is corrosive and difficult to maintain. 
Thus, the gain improvement of - 10% in this 
amplifier does not justify its use. 

A summary of the Nova and Shiva 5-crn 
arnplificr specifications is shown In 
Table 2-60. 

Prototype Testing. During 1980, several 
34- and 3 1.5-cm fluorophnsphatc disks were 
tested in our 34-cm and transversely pumped 
1)atum 111 prototypes, respectively. For 
the prototype tests we used ten 2.5-kJ circ~~its 
and 20 lamps, each with a 1.5-cm bore 
diameter and a 112-cm arc length, for the 
34-cm prototypc, and wc uscd cight 25-kJ 
circuits with forty-eight 1.5- X 37-cm lamps 
for the Datum 111. We tested a pair of frit- 
clad LHG-I0 disks from the Hoya Corp., 
firid we show in Fig. 2-280 a comparison of 
the gain vs input energy for the disks tested 
in each of the prototypes. The efficiencies 
of the two prototypes are nearly identical; 
both designs reach Nova gain levels with less 
than the budgeted pump energy. The gain 
profilc of the transversely pumpcd Datu~ i~  
111 amplificr is flat to within 10% across the 
aperture, with the major axis showing morc 
variation (Fig. 2-28 1). The asymmetry shown 
in.the figure is caused by end effects that can 
be cancelled by pairing the amplifiers. 

Wc have also tested sa1111~les t ~ r  

fl~rorophnsphatn glass with mnnnlithic P A ~ P  
claddings from Hoya, Schott, and 
Owens-Illinois. Thc 34-cm disks from 
Owens-Illinois and Schott performed well 
with respect to gain, but had severe edge- 
coating damage from excessive Cu-doping of 
the cladding glasses. This problem and its 
solutions are discussed in "Edge Cladding" 
earlier in this section. 

We used the gain data obtained from these 
lurgc fluirrisphcu,spharcc d i ~ k s  a s  i i \ (~t~I  1 ( I 
computer models of phosphate-glass 
alnp1ifit.i pcl f u ~  llir1lc.e. The uorripuler rude 
GAlNPK dcfincs n cavity cfficicncy, 

and fits the experimental data to obtain the 
parameters A (cavity transfer slope 

efficiency) and B (power coefficient of 
current). Parameter A is a measure of the 
effectiveness of converting lamp output 
energy to stored energy in the glass at low ~ ~ b l ~  2-60. speei- 
currents, and parameter B accounts for the fications for Nova and 
observed reduction in efficiency at higher shivs S c m  amplifier 

designs. 

Bank energy ( k ~ )  I 

10 kV = 178 kJ and transverse 
Datum 111 prototype. - - -  

big. 2-281. Gain- 
profile curves for LHG-I0 
in Datum 111 prototype 
f l ~ a n ~ v r ~ x  r u a l i ~ u ~  a(iu10. 

2-235 
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current densities due to flashlamp self- essentially an upgrade of the Shiva delta • 

absorption. The relative values of A and B amplifier. Previous modeling predictions led 
for various sizes of Shiva amplifiers were to a design that has the same level of 
obtained in this way and were used to performance as Shiva with only half the 
simulate all of the Nova disk amplifiers using number of flashlamps and bank circuits. We 
LHG-8 glass. Table 2-61 lists the input data built a prototype of this amplifier to test the 
and performance predictions for the Nova expected increase in efficiency. Figure 2-282 
amplifiers, and Table 2-62 lists the glass shows the construction of a prototype that is 
parameters that we used in the simulations. a scaled-down version of a previous research 

Prototype 20.8-cm Disk Amplifier. The disk amplifier (RDA). 
Nova 20.8-cm disk amplifier is the smallest Nova prototype disks were not available 
of the three rectangular amplifier designs; it in 1980, so we tested the amplifier with 

Table 2-61. Nova has two flat arrays of eight lamps each and 3.2-cm-thick silicate delta disks. The perfor- 
amplifier pumps three disks. This amplifier is mance of the Nova design (measured 
using LHG8 glass. without a shield glass) is compared with 

earlier Shiva delta measurements in Table 
2-63. The centerline gain vs bank voltage 
is essentially identical; since both measure- 
ments were made with the same bank 
circuits, we indeed achieved the expected 
factor of two increase in efficiency. The 
curve in Fig. 2-283 shows the variation of 
gain coefficient vs pump energy for three 
ED-2 Shiva delta disks tested in the 20.8-cm 
Nova prototype amplifier. In this test, we 
used eight 25-k.1 circuits and three disks of 
different thicknesses. Later, we were able to 
test the amplifier with a shield glass installed 
and found the small-signal gain reduced by 
6%. Using all of these data as input to 
GAINPK, we extrapolated to the Nova 
performance using 2.5-cm-thick LHG-8 

Table 2-62. Glass 
parameters used to 
simulate Nova disk 
amplifiers. 

Fig. 2-282. 20.8-cm 
prototype. 
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phosphate disks. The expected gain at 22 kV 
is 2. 1, which is comfortably above the 
required gain of 1.9. . 

We also measured the gain across the 
major and minor axes of the 20.8-cm 
amplifier and found the uniformity to be 
within 6%, as shown in Fig. 2-284. In this 
test, we again used eight 25-kJ circuits with 
three Shiva delta disks of different 
thicknesses. The curve is somewhat flatter 
than the earlier Shiva design, and its 
curvature is reversed; this unexpected 
characteristic is welcome because both 
amplifier designs will be used in the same 
chain, resulting in an extremely uniform 
combined-gain profile. 

Thermal Lensing in Nd:YLF. Several 
alignment tasks on Novette and Nova (e.g., 
alignment of the target and of harmonic- 
generation arrays) would be most easily 
ac~nmplished with a low onorgy pulsc fro111 
the laser-amplifier front end propagated 
through the laser chain. The alternative, 
auxiliary lasers injected near the laser output 
and aligned to the main beams, is 
mechanically complex, expensive, and less 
accurate, making the front-end option very 
attractive. 

The pulse energy available and the shot 
rate of the front-end amplifiers determine the 
uscfulncss of this aligrlrrient oprfon. 
Alignment tasks require a relatively large - 

number of shots, implying a high shot rate 
for reasonable alignment times. Operator- 
assisted tasks, such as target alignment, 
requirt: a shot rate of 1 Hz or greater. The 
pulse energy required depends on the specific 
alignment task and varies from tens of 
microjoules for target alignment at 1053 nm 
to several joules for target alignment at the 
third harmonic. 

There is a trade-off between shot rate and 
pulse energy from the front-end amplifiers, 
The maximum useful shot rate of a rod 
amplifier is determined by either thermal 
lensrng or thermal birefringence. Extracting 
waste heat from the edge of the rod creates a 
radial temperature gradient that causes both 
the lensing and the stress-induced 
birefringence. Since thew thcrmsl. cffucts 
increase with the power per unit length to the 
amplifier,136 an increase in shot rate requires 
a decrease in the pumping energy per shat, 
leading to a decrease in gain. 

The known optical and thermal 
properties137 of Nd:YLF make this material 

a very promising candidate for a high-shot- 
rate amplifier. The material has a natural 
birefringence (0.022) large enough to 
completely overwhelm any thermally 
induced birefringence, 13* it has a large 
(6W/m-"C) thermal conductivity, and its 
negative dn/dT subtracts from other 
thermal-lensing contributions. 136 Nd:YLF 
also has a laser transition at 1053 nm that 
matches well to the peak of the phosphate- 
glass gain curve. 

Table 2-63. Perfor- 
mance comparisons 
between Shiva delta and 
Nova 20.8-cm amplifier 
designs. 

z 8 
2 0 k V = 1 7 8 k J  L=11.33cm - 1.66 prn 

E 7- - 
al .- 
u Major axis E 
: a -  
0 / ~-====r 
C .- Minor axis 

fY 5 I I I I I .  
- 10 -5 0 5 10 

Distance from beam axis (cm) 

Fig. 2-283. Gain vs energy 
curve for 20.8-cm amplifier 
with LSG-9IH disks. 

Fig. 2-ZM. Gain- 
profile curves for 20.8-cm 
amplifier with LSC-9lH 
disks. 
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T o  assess Nd:YLF as a high-shot-rate 
preamplifier, we measured the small-signal 
gain and thermal lensing for a 1-cm-diam by 
7.5-cm-long Nd:Y L F  rod. We determined 
the gain indirectly by running the amplifier 
in a laser resonator and finding the 
oscillation threshold as a function of mirror 
reflectivities. At threshold, the required 
pump energy, E, depends on single-pass 

~ i ~ .  2-285. amplifier gain, G,  and mirror reflectivities, 
gain vs pumping energy R1 and R2, as 
for l c m  diametger 
Nd:YAC and Nd:YLF 1 1 1  
rodsmountedin~esame E=1nG=- ( jhR1R2+hT)  UK UK 

amplifier. 

L = 2 0 c m  
d 1 

d3 5 
Apcrturc - 5 0  pm 

Fig. 2-286. Experimental 
setup Cur measuring 
thermal lensing. 
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where T is the transmission of cavity 
components, a is the cross section, and K 

represents all factors affecting pumping 
efficiency. Plotting E vs 0.5 In R I R2 yields T, 
allowing G to be calculated. In Fig. 2-285 we 
show amplifier gain as a function of 
pumping energy for the 1047- and 1053-nm 
lines of Nd:YLF and, for comparison, the 
1064-nm line of a Nd:YAG rod in the same 
amplifier. The two lines in Nd:YLF lase at 
different polarizations, allowing an 
intracavity polarizer to select one or the 
other. 

In Nd:YLF, self-lasing in the rod on the 
higher-gain line at 1047 nm limits the 
maximum achievable gain at 1U53 nm. The 
self-lasing threshold at 224 J for the data of 
Fig. 2-285 implies a maximum gain of 
approximately 13 at 1053 nm. The testerl rnd 
had flat, uncoated surfaces. AR coatings or 
Rrewster's-angle faces would somewhat 
imprsvr thr mnximiim 1053-nm gain bv 
increasing the self-lasi~y ~ h ~ e s h o l d  at 
1047 nm. 

Figure 2-285 provides a measure of the 
ratio of the two cross sections in Nd:YLF. 
Both originate from the Stark split 4 ~ 3 / 2  
level and are thermally coupled a t  room 
temperature, giving a population ratio of 
11(1047)/n(1053) = 0.75. Will1 this, and thc 
~ l n p ~ ~  nt the ~ a i n  data in Fig, 2-285, 

Had the gain ratio been as large as the 
li~eraturc valuc (Ref 137), 3.44 & 1.43, the 
maximum gain at 1053 nm would have 
been 4.3. 

A comparisv~~ uf Nd:YLF with Nd:Y?\G 
depends on pumping di1leranl;eb as well its 
cross sections. Nd:YAG has a substantially 
higher refractive index (1.82 vs 1.46) and a 
shorter fluorescence decay time (240 vs 
480 ps). The pulse-forming network was 
changed from 120 p F  and 302 p H  for 
Nd:Y LF to 60 p F  and 302 pH fur Nd:Y AG. 
In both cases, we used the same pump head 
and lamps (two lamps, 5 X 76 mm, with 450 
Torr of Xe). The following ratios obtained 
from Fig. 2-285 are useful in estimating the 
performance of Nd:YLF rods when they are 
substituted for Nd:YAG rods: 

Ka (1064 YAG) 
= 1.54 + 0.07 

KU (1047 YLF) 

and 
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Figure 2-286 shows our test arrangement 
for measuring thermal lensing. A diverging 
HeNe beam is polarized and passed through 
the 1-tin amplifier. Two 2-111 le~ises relay the 
plane of the rod output to a short-focal- 
length lens, L, which focuses it through a 50- 
pm aperture. Induced lensing and other 
distortion in the amplifier give a change in 
focal position and a reduction in peak 
transmission through the aperture. By 
plotting power transmitted through the 
aperture vs distance from the lcns, L, with 
and without thermal input to the amplifier, 
we detectcd small changes in ler~siiig and 
beam quality. 

The sensitivity of this method depends 
only on the focal length of lens, L. The focal 
distance, Z, from L is given by 

for wavefront curvature R3 after L and beam 
radius, w ,  at the lens. Using l /R3 = 1/R2 - 
l/f, where R > 0 implics divcrgence, gives Z 
in terms of RZ: 

For these measurements, f = 200 mm, w 
= 3 mm, and R2 > 6 m, so that 

simplifying the result to 

the rods were pumped a t  227 J/pulse, 3 pps, 
with 20 W of simmer for a total input power 
of 700 W. Power-off data were taken before 
and after the power-on data and were 
averaged. The aperture was centered 
transversely at each Z position for maximum 
transmitted power, and all data points are 
averages of at least two runs. For each case, 
the transmission data were normalized to the 
peak transmission with no power to  the 
amplifier. 

These data indicate a much smaller 
thermal effect in Nd:YLF than in Nd:YAG. 
The polarization for 1053 nm in Nd:YLF 
exhibited no measurable thermal effect at 
700 W input, and the polarization for 
1047 nm showed a slightly negative thermal 
lensing. Tahle 2-64 gives the thermal focal 
lengths. 

We have no convincing explanation for 
the increase in peak transmission of thc Fig. 2-287. Thermal- 

1047-nm polarization when the Nd:YLF rod lensing data for 
oppositely polarized 

was pumped. One possibility stems from the lasing transitions in 
poor optical quality of the Nd:YLF rod that N,J:YLF at 700-w 
we tested. Interferograms showed more than arerage power input tn 

the amplifier. 

Changes in Z due to  charlges in R2 are 
given by 

With no thermal lensing, R2 = R I; with 
thermal lensing, 1 /R; = 1 / R t  - 1 Ifth. 
Therefore, 

Figures 2-287 and 2-288 show data for 
1-cm-diam by 7.5-cm-long Nd:YLF and 
Nd:YAG rods pumped in the same two- 
lamp pump cavity. In each of the three cases. 

0.4 h - 

Power eff 

A 1053 nm 

1W7nm - 

0 
0 0.1 0.2 0.3 

(in.) (Lens +) 
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Fig. 2-288. Thermal 
lensing data for Nd:YAG 
at 700-W average power 
input to the amplifier. 

Fig. Z-ZtJY. '1'~mperature 
vs time curves for several 
points in the Argus C-75 
disk amplifier after firing. 

Table 2-64. Thermal 
focal lengths for 
Nd:YLF and Nd:YAG 
materials. b 

one wave of distortion at 633 nm, and the 
maximu~ti He-Nc puww Llansmittcd 
through the aperture with no power input tc 
the rod was 75 to 80%, as compared to an 
expected 99% if the rod had been distortion 
frcc. A decr~ase in peak transmission would 
have implied additional distortion as well as 
lensing from the thermal input. Therefore, 
the increase in transmission might have been 
the result of cancellation of the static 
distortion t l l l t :  1 1 1  11111 111~11nal effect. 

Wc believe thnt Nd.YT F is an ideal choice 
for front-end amplifiers for Novette and 
Nova. A I -cm clear-aperture amplifier could 
be operated at a gain of 10 and at 10 Hz with 
an cstimntcd thermal lensing greater than 
50 m. Further. a 3-cm-diam rod could be 
used, if it were available, to provide nine 
times as much energy at a gain of 10 and a 
chnt rate of 1 Hz. 

Amplifier-Cooling Experiments. The 
interval between shots on large glass-laser 
systenip i s  limitcri hy the cooling rate s f  
the large disk a l ~ l ~ l i G c ~ s .  Nonuniform 
Lernperalult: Jistrlbut~on In thc disks lcnds to 
wr~ly, r .  w r i ~ l  IGIM distortions that misnlign the 
lnser chain, and a relaxation time nf 1-1/2 h 
is ~ y ~ i ~ d l l y  requircd bctorc anothcr shot 
can take place. We have luoked al ~11e 
heating and relaxalior~ cycle of an Argus 
20-cm disk amplifier in deta~l  to understand 
how we might increase the shot rate of Nova, 
if this is desired (present shot rates are 
usually limitcd by target fabrication and 
shot-data reducliorr times). 

l'hree major d~agnostic techniques were 
used to monitor the temperature evolution of 
the amplifier. The first technique was direct 
thermocouple measurement of temperature 
at selected points in the amplifier. Figure 
2-289 illustrates the temperature variation at 
severnl p i n t s  vs time; note that the reflector 
temperature rise of 12°C IS three times or 
more that of any other component. The 
initial temperature rise of the disk is only 
2 to 3OC. 

In the second technique, we monitored the 
oplic:nl distortion in the disk with real-tlme 
holographic interferometry. b~gure  2-290 
shows the arrangement of optical compo- 

Thctmnl fwd 
Wavelength length, fth 

Material (nm) (m) 1 
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Fig. 2-290. Schematic of 
Wet 

nents that we used to videotape fringes 
gcncratcd by tcrnperaturt cha~lgcs ill Llle 
amplifier after firirlg relalive to a preshot 
exposure. The photograph in Fig. 2-291 is an 
example of 3 fringe pattern oboervod 
approximately 10 min after the amplifier was 
fired; videotapes of these fringes provide a 
continuous record of disk distortion vs time. 

In the third technique, we viewed the 
interior of the amplifier with a pyroelectric 
vidicon. Small temperature differences 
between components inside the amplifier 
welt: ~asily ide~~lified by Lhis tcchniquc, and 
we were ahlr. tn rorrelate these observations 
with thc thcrmocouple data to show how the 
disk is heated. There is an initial rise of 2 
to 3°C after the pump pulse that is followed 
by a steady rise in disk temperature due to 
radiation heating by hotter amplifier 
components. The hottest component is the 
flashlamp reflector; this reflector transfers its 
heat to the shield glass, which prevents the 
infrared radiation from reaching the disk 
until its own temperature rises. During this 
time, we have the opportunity to cool these 
two components and limit the maximum 
temperature rise of the disk. We changed the 
n'itrogen flow pattern and rates in this 
amplifier and observed an immediate 
improvement. When the nitrogen flow is 
concentrated in the flashlamp cavity, the 
optical distortion remaining after an hour, 
was reduced to 0.25 wave at 1064 nm. Under 
normal flow conditions, 2.5 waves of wedge 
were observed after an hour. 

We also used these diagnostics to study the 
cffcctiveness of a heat sink at the edge oZ Lhe 
disk. The disks were potted into a specially 
I'ahricaled disk holder with a high-thermal- 
conductivity silicor~e malerial. The result 
was a reduction in the initial spherical 

BS - beam splitter 

holographic interferometry 
setup for disk-distortion 
recording from the Argus 
C-75 disk amplifier. 

Fig. 2-291. Photograph of  
typical fringe field 
obscrvcd by hologrnphic 
interferometry. 

distortion near the disk edge, with a resultant 
reduction in peak distortion. However, the 
rate of recovery at later times did not change: 
the number of fringes remaining after an 
hour was approximately the same as for a 
standard disk holder without the heat sink 
but with an improved nitrogen flow. The 
effectiveness of the heat sink with thick 
monolithic claddings is yet to be determined. 

Passive Switch for a Multipass Amplifier. 
In the Laser Program Annual Report for 
1 9 7 9 , ' ~ ~  we described analyses and 
experiments on an off-angle multipass 
amplifier geometry. The off-angle aspect 
allowed spatial discrimination against 
~ r e ~ u l s e s ,  eliminating the requirement for 2 
fast temporal switch. The particular 
geometry that was studied minimized 
vignetting to allow maximum utilization of 
the amplifier's clear aperture, and the 
geometry was potentially scalable to any 
aperture because it did not require the 
switch. 



Research and Develop~iient 

The major disadvantage of the device was 
the poor extraction efficiency obtained from 
the amplifier; the maximum output 
obtainable with everything optimized was 
about one-half a saturation fluence. The low 
efficiency resulted from the need to extract 
the amplified pulse through one of the 
multipass mirrors. The output mirror 
reflectivity, when optimized for output 
energy, was in the 30 to 40% range, giving a 
high multipass loss and the low extraction 
efficiency. 

This major limitation to the geometry 
could be eliminated by a switch that would 
act as a cavity dumper, extracting the 
amplified pulse after a specified number of 
passes. This switch would not need to 
discriminate against prepulses becausc of the 
off-angle nature of the geometry; conse- 
quently, an extraction efficiency as low as 
70% would be very attractive for the switch. 

In 1980, we realized that an angular- 
sensitive device could serve as a passive 
switch for off-angle geometries. Such devices 
are passive because they use the angular 
difference between passes to "switch" the 
beam and do not need to be altered in time. 
For example, harmonic generation in angle- 
phase-matched crystals has a very narrow 
acceptance angle and could be used to couple 
energy out of an off-angle geometry. 

Figure 2-292 illustrates the basic idea with 
a four-pass off-angle geometry of the type 
described in the 1979 Annual Reporl. 139 Use 
of the small mirror at the input near the 
beam focus places a lower limit on the 
saturated gain of the multipass amplifier to 
avoid mirror damage. The passive switch is a 
Type I KDP second-harmonic generator 
(SHG) aligned for peak conversion on the 
fourth pass. The angle between passes 
(typically 2 mrad) would prevent significant 

conversion on the first three passes because 
of the narrow SHG acceptance angle (f 0.56 
mrad-cm for Type I KDP). The intensity- 
squared dependence of SHG provides 
further discrimination because the pulse 
intensity is smaller on previous passes. On 
the fourth pass, 80% of the beam can be 
converted to the second harmonic (see 
"Argus Frequency Conversion 
Experiments" later in this section). A 
dichroic mirror, similar to  those being 
designed for 1053-nm beam dumps (see 
"Wavelength Separation Filters" later in this 
section), would transmit -95% of the second 
harmonic while acting as a maximum 
reflector at the fundamental wavelength of 
the multipass. 

There are at least two additional examples 
of angle-sensitive devices that might be used 
as passive cavity dumpers. One example is a 
Fabry-Perot interferometer, which has a 
series of narrow angular transmission bands 
separated by reflection bands that are 
broader by a multiplicative factor equal to its 
finesse. A finesse 10 Fabry-Perot would be a 
good candidate except for the 10-times- 
higher fields between the mirrors, which 
greatly reduce its damage threshold. A 
second example is thin-film polarizers (TFP), 
which exhibit relatively narrow reflectivity vs 
angle characteristics. Current production 
TFPs change from 10 to 90% reflecting in 
approximately 3", not fast enough for these 
off-angle geomctrics, but interesting enough 
to warrant further investigation. 

A second new aspect shown in Fig. 2-292 
is the introduction of the input pulse at a 
small-diameter mirror near the plane 
between thc lcnses. This is possible only if 
the saturated gain of the multipass is large 
enough to keep the fluence on the small 
mirror below damage level when the drive 

Fig. 2-292. A four-pass j- Maximum R 
off-angle multipass 

f 
2 

f Q - 
amplifier using Type 1 
SHG as a passive switch to 
extract a second-harmonic 
output pulse. 

harmonic - 
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energies are sufficient for maximum output 
from the multipass. The maximum area of 
the small mirror for no interference with 
succeeding passes depends on the separation 
between pinholes, which, in turn, depends on 
the angular separation of adjacent pinholes, 
a, and the effective f-number of the lenses, 
f#. The following constraint results on the 
net saturated gain, G,,, of the multipass 
amplifier: 

Substituting typical values, a = 2.0 mrad 
and f# = 20, gives GSat 2 440, independent of 
the beam diameter. 

We numerically analyzed the performance 
of the switched multipass using the same 
iterative relations used in 1979. However, the 
switch allzrwt,d 111b I I I~ I I  UI J LU ~ L L  as 11igl1 
reflectors to maximize erkegy exlraclion, 
eliminating the need for optimization. Figure 
2-293 shows the calculated performance for 
an amplifier with a gain of 7 and a single- 
pass cold-cavity transmission of 0.8; net 
saturated gain after 1 through 9 passes is 
plotted vertically against output pulse 
fluence. For three passes or less, there is no 
maximum output fluence, and the output 
increases monotonically with input as for a 
$l~l$lc-~abb arilylii~r;~. I q o ~  I I I ~ ~ I ~  (IIHII iIll.l;'.t: 
passes, the nlltplit maximizes at 1.2 J,,,, after 
which more i n p ~ ~ t  decreases the output. 

Figure 3-793 shciws I hat the maximum 
output fluence is independent of the number 
of passes for more than three passes. The net 
saturated gain increases rapidly with the 
n i ~ m b e ~  uT passe>, Lul bell-lasir~g ever~lually 
limits the gain that can be achieved, as we 
discussed last year in connection with the 
transmissinn-rn~ipled mliltipass. We 
reported that carefully constructed beam 
dumps allow a multipass gain as high as 
30 000 before self-lasing occurs. This limits 
the number of passes to six or less for the 
G = 7, T = 0.8 case shown in Fig. 2-293. 
Nevertheless, the maximum net saturated 
gain at an outnut of 1.2 JOat wn~lld still he; 
3000, which is enough to  allow the input to 
be injected as shown in Fig. 2-292. 

Figure 2-294 shows the variation in output 
fluence with single-pass ampli ficr. ~ i i i r ~ ,  G, 
and single-pass transmission, T, of the 
multipass components. Substantially higher 
outputs are achievable with higher G or T ,  

but the small-signal gain is always limited by Fig. 2-293. Net - - 
self-lasing. Because the geometry shown in Saturated gain Of a 

multipass amplifier with 
Fig. 2-292 allows only even numbers of reflecting 
passes, a small increase in either G or T shown as a 
might require dropping the number of passes function of output fluence 
from six to four to   re vent self-lasine. with a for an amplifier with a 

.d, 

resultant substantial drop in saturated gain. gdn pass transmission Of '9 for a Sing'e- of 0.8, 
Only for relatively large increases in G or T and for from to 

Output fluence (JIJ-1 I 

Fig. 2-294. Maximum 
output fluence vs single- 
pass a~~iplifier rail1 for 
several values of single- 
pass transmission, T. 
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would saturated gain increase with output 
fluence. 

The switch-coupled multipass is very 
much more attractive than the transmission- 
coupled device that was described last year. 
The switch-coupled multipass can deliver 
more than twice the output fluence, its gain 
is up by more than 10, and its amplified 
spontaneous emission (ASE) and aberration 
characteristics are much better. Its ASE will 
be similar to a linear chain with the same 
small-signal gain because the injected pulse 
and the ASE of the multipass now see exactly 
the same small-signal gain. The aberration 
problem improves because fewer passes are 
required to reach maximum output. 

The major conceptual limitation for the 
switch-coupled multipass is a passive switch 
that couples out the fundamenla1 rallier than 
only the second harmonic, allowing 
additional amplification. Still remaining are 
the practical problems of aberration 
accumulation and beam dumps for 
absorbing multikilojoule pulses near a focus. 
These problems require experimentally 
demonstrated solutions. 

Summary. Tests of large fluorophosphate 
disks indicate that high-quality disks can be 
manufactured with effective edge claddings. 
Monolithic (cast) claddings, in particular, 
promise to survive high fluorescent energy 
loading. 

The 20.8-cm Nova prototype disk 
amplifier has demonstrated a doubling in 
pump efficiency over the Shiva delta design. 
Gain uniformity in both the 20.8-cm 
amplifier and the 34-cm transversely pumped 
Datum 111 prototype is better than in the 
Shiva designs. Based on measurements to 
date, projections of LHG-8 performance in 
Nova amplifiers are comfortably above the 
minimum Nova requirements. 

A study of thermally induced optical 
distortions in disk amplifiers shows that 
radiative heating of the disk by other 
components is significant following the 
pump pulse. However, increased cooling 
applied to the flashlamp reflector and shield 
glass can substantially reduce the time 
between laser shots. 

The use of phosphatc glass in Nova rod 
amplifiers has led us to use a new design 
rathcr than the Shiva beta rod amplifier. To 
maintain a flat gain profile with LHG-8, we 
have changed the pump cavity-geometry and 
have reduced the rod doping. The rod has 

been lengthened and the pump energy 
increased for greater gain. Mechanical 
changes have also been made to improve 
reliability and alignment stability. 

Our lensing measurements show that 
Nd:YLF exhibits a much weaker thermal- 
lensing effect than Nd:YAG. Consequently, 
we feel that the 1-cm-aperture amplifier is a 
good choice for the front end of Novette and 
Nova. It will operate with a gain of 10 at 
10 Hz with a thermally induced lens weaker 
than 50 m. 

The concept of a passive switch was 
introduced for coupling energy out of an off- 
angle multipass amplifier. This type of 
switch, based on the angular difference 
between passes, would greatly improve the 
performance of the off-angle multipass 
geometry. 

Authors: S. M .  Yarema and J. E. Murray 

Major Contributors: D. B. Clifton, D.  C. 
Downs, W. E. Martin, W. E. Warren, and 
B. Woods 

Oscillator Development 

Introduction. During the past few years, we 
have developed a stable and reliable actively 
mode-locked and Q-switched (AMQ) 
oscillator for Argus and Shiva. The 
characteristics and principles of operation or 
this device have been described in several 
 publication^.'^^'^ In 1979, we described 
the hardware and improvements made to 
this oscillator for the Argus laser system.'44 

During 1980, we continued our efforts to 
improve the Shiva oscillator and continued 
our work for the new Novette and Nova 
laser systems. For Shiva, we accomplished 
the following: 

Completed installation for a new AMQ 
oscillator, including electronic controls.'45 
This oscillator was designed to be fully 
compatible with the Shiva computer 
controls. 
Added a long-pulse oscillator to the 
system to provide pulses in the range of 2 
to 35 ns (see "Engineering Summary and 
Upgrades" earlier in this section). 

+ Devised a method to stabilize the pulses 
produced by the long-pulse oscillator. 
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Completed a research effort to determine 
the characteristics of the Pockels cclls 
needed in the new Shiva front end. 
During the year, to satisfy the need for a 

long-pulse oscillator at 1053 nm for the new 
Cyclops laser, we assembled and installed a 
Nd:YLF long-pulse oscillator on the system. 
The characteristics of this device are 
described below. 

Near the end of 1980, we demonstrated the 
cw Nd:YLF alignment laser at 1053 nm 
required for the Nova and Novette systems. 
Initial test results show that more than 1 W 
of TEMoo power can be obtained from this 
device at 1053 nm. We intend to complete 
the characterization of this laser in 1981. 

Long-Pulse Oscillator Development. Our 
requirements for complicated pulse shapes 
will increase as the Laser Fusion Program 
develops. Tn meet this need, wfe. intcnd to 
develop a switch with the capability of 
shaping pulse lengths from a longer pulse. 
Since we have chosen to use a single-axial- 
mode Q-switched oscillator for this system, 
we must also ensure that the pulse provided 
by the oscillalor is very stable. The AMQ- 
YAG oscillator can generate pulses in the 
range of 100 ps to 1 ns. However, we have 
planned fusion experiments that require 1- to 
5-ns pulses and have also completed recent 
experiments with 35-11s pulses on Shiva. 
Since the AMQ-YAG oscillator pulse 
lengths are not within the desired range, 
we have chosen the single-axial-mode 
Q-switched oscillator method to provide the 
desired pulse lengths. This method entails 
the generation of a long, smooth pulse with a 
typical pulse length ranging, between fifty 
and several hundred nanoscconds. This pulse 

passes through a Pockels cell switch that 
lerrlvves (slices) a portion of the long pulse to 
provide a pulse of the desired length. 

A common problem with single-axial- 
mode Q-switched oscillators is that single- 
axial-mode operation cannot be obtained all 
the time. On some shots, the laser output is 
strongly modulated by the simultaneous 
oscillation of two or more axial modes. To 
achieve single-axial-mode operation, an 
etalon is usually put in the oscillator cavity 
to reduce the bandwidth. The device can be 
further improved by stretching the Q-switch 
buildup time to improve the discrimination 
of unwanted axial modes. A well-designed 
single axial mode typically will run stably for 
only a few minutes, producing a modulated 
shot only about once per 100 shots. Since 
this is marginally acceptable for laser fusion 
~~pcl i r l~enis ,  we have investigated a method 
to improve the reliability. 

Our original single-axial-rliode Q-switched 
device, shown schematically in Fig. 2-295, 
was much like an earlier laser dcvcloped for 
laser-damage and saturation measurements. 
To narrow the laser bandwidth, we use a 
two-plate resonant output coupler with 
quartz plates of different thicknesses (8 and 
9 mm) at 6-mm spacing. This arrangement 
usually has a reflection peak near the center 
of the Nd:YAG line. Another thin etalon 
(2 mm thick), spaced about 8 cm from the 
resonant reflector. acts as a handpass filler to 
provide the very narrow bandwidth required. 
The narrow bandpass can be adjusted 
relative to the bandpass of the two-plate 
stack by moving the thin etalon a fraction of 
a wavelength. The complctc c t a l o ~ ~  Jcvicc 
was housed in an Invar tube for stability. We 

Etalon b - 
PIN 10 

detector to 

Fig. 2-295. Schematic of 
the single-axial-mode 
Nd:YAG laser showing 
details of the etalon design, 
laser components, and 
diagnostics. The etalon 
consist of uncoated quartz 
plates, 
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Fig. 2-296. Output pulses 
frulll sillpltxtxial-modc 
lase1 . Tllr sclrooth pulsc 
indicates single-nuial- 
mode operation, and axial 
mode beats can easily be 
observed. as slluw~l ilr the 
a~odulrterl ~ I I ~ P P .  

have further improved the single-axial-mode 
selection in this laser by allowing the 
oscillator to prelase for approximately 3 ms. 
(This is a technique previously developed for 
the AMQ oscillator to improve mode 
locking.141) When we employ this technique, 
the flashlamps are turned on at a constant 
level for about 4 ms, and the Q-switch loss is 
then adjusted so that the laser is slightly 
above threshold to permit the laser to 
oscillate for approximately 3 ms. During this 
time, the various axial modes can compete in 
an almost cw manner, and the single axial 
mode with only slightly lower losses than all 
the others will dominate. We have experi- 
mentally observed this effect when the loss in 
the Q-switch is set for a guod prelase Icvcl. 
At this point, we get single-axial-mode 
crper~tinn on almost every shot, but a small 
increase in loss that eliminates the prelase 
and causes the Q-switch to operate normally 
will produce highly modulated Q-switch 
pulses. This transition is very sharp and quite 
spectacular to observe. We also shortened 
the cavity as much as possible to get 
maximum axial-mode spacing. Since we 
assembled this oscillator from components 
identical to those in the AMQ oscillator, the 
length of the short cavity was limited to 
about 45 cm. We also performed 
experiments with a long (102 cm) cavity 
similar to the regular AMQ oscillator cavity. 

The output of the Q-switched oscillatur is 
observed with a Tektronix 7 104 oscilloscope 

interfaced to the oscillator with an ITT 
F4000 biplanar diode detector. In Fig. 
2-296(a), we show a typical unmodulated 
single-axial-mode pulse, and a similar pulse 
with modulation (multimoding) is shown in 
Fig. 2-296(b). This multimoding, although 
sometimes an occasional event, is easily 
observed. However, if the laser and etalon 
are correctly aligned and a good prelase level 
is selected, the multimoding does not occur 
as a random event, but, rather, as an 
intermittent burst of multimode shots. We 
found that we could control continuous 
multimode operation by changing the cavity 
length with the piezostack on the rear mirror 
or by changing the distance between the thin 
(2-mm) etalon and the two-plate resonant 
stack. These experiments confirmed our 
conviction that the relative position between 
the narrow passband of the etalon and Ll~e 
position of the axial modes in the cavity 
determine laser behavior. We have also 
observed that multimoding occurs for only a 
very narrow range of rear-window adjust- 
ments. With the laser just free-running, we 
observed ~nultimoding for about 1% of the 
shots. Thus, to stabilize the laser, we need 
signal feedback from the laser to set the 
cavity length. 

Wc can obtain further information on the 
mechanism controlling axial-mode selection 
by carefully observing the oscillator prelase 
signals. In Fig. 2-297, we show the effect on a 
serieb of prelasc signals when the cavity 
length is decreased by a small fraction of X/2 
with the piezostack on the rear mirror. This 
signal IS oblai~~ecl uaiilg a PIP4 10 silicon 
diode c u ~ l l ~ e ~ t e d  to an oscilloscope to 
obsei ve the light lcakage through the rear 
mirror. The signal obtained is negative 
going, and is displayed in this way on the 
oscilloscope. The laser is Q-switched at the 
end of the prelase, but the Q-switched pulse 
is so large that it can only be seen as a section 
of the trace missing at the end uf the prelasc 
signal. 

Figure 2-297(a) shows a prelase signal for 
stable, single-mode operation with the 
relaxation oscillations smoothly dampened 
and a relatively flat prelase pulse. ( I  his 
signal is similar to that of a good mode- 
locked 0sci1lator.l~~) Of all the prelase 
signals shown, multimoding is observed only 
in Fig. 2-ZY'/(c), where we see a ycrturba- 
tion on the prelase just before the laser 
Q-switched. This perturbatiur~ is caused by a 
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second axial mode rising above threshold. 
Prior to the oscillator Q-switching, both 
axial modes are present in the oscillator and 
both are Q-switched to produce a modulated 
pulse. As we continue shortening the cavity 
from the pulse shown in Fig. 2-297(c) to that 
shown in Fig. 2-297(d), we see that the 
perturbation shifts toward the start of the 
prelase pulse and that modulation is 
eliminated from the output pulse. In this 
case, the second axial mode has had enough 
time to completely suppress the axial mode 
that started at the beginning of the prelase. 
The most interesting multimode dynamics 
occur for the conditions displayed in Fig. 
2-297(c). By making small adjustments in 
cavity lcngth, we control the timing of tile 
second-axial-mode oscillations and, hence, 
the relative amplitudes of the two modes. We 
can easily observe the resultant change in 
modulation depth on the Q-switched pulse. 

Another clearly observable characteristic 
of the set of prelase signals shown in Fig. 
2-297 i s  the change in slope of the prelase for 
various cavity lengths. To explain these 
changes and the previously described mode 
dynamics, we must consider that, as the 
Nd:YAG crystal is pumped during the 
prelase, the crystal heats up and expands. 
This causes an effective change in cavity 

length that affects the laser oscillation 
wavelength during prelase. Since this change 
is quite slow, the laser frequency will slowly 
scan during the prelase without producing 
sudden perturbations of the laser output. 
We should note here that subsequent cooling 
of the rod produces a temperature profile 
that results in thermal focusing. Since we 
always observe a positive thermal focal 
length, we know we have an effective 
Nd:YAG crystal length increase and, hence, 
an increase in wavelength during the prelase 
period. 

In Fig. 2-298, we consider two positions of 
the axial modes in the cavity relative to the 
etalon transmission peak. The solid vertical 
lines in the figure represent the modes at 
the start of the prelase, and the arrows show 
the direction of scan. In Fig. 2-298(a), we 
show one axial mode close to the peak of the 
etalon at the start of the prelase. During 
prelase, this mode scans past the etalon peak 
and is unaffected by small changes in cavity 
loss; thus, the observed prelase signal does 
not experience the large changes shown in 
Fig. 2-297(a). In Fig. 2-298(a), we see that 
modes 2 and 3 experience more loss than 
mode 1 and do not oscillate because the long 
quasi-cw prelase period effectively keeps 
these modes below threshold. Now consider 

Fig. 2-297. Sequence of 
prelaw signals from single- 
axial-mode Nd:YAC 
laser. Perturbations show 
start of second axial mode. 
and slope changes indicate 
scanning of axial mode 
relative to the etalon 
transmission peak. The 
sequence repeats for cavity 
length changes of 0.53 fim 
or half a wavelength. 

1 (b) Fig. 2-298. Scanning of 
the axial modes relative 

- 'max 
s w i ~ c t ~  sion peak. Solid lines 

show the modes at the 
start of the prelase, and 

I I the arrow shows the scan 
direction: (a) the best - 
co~~ditiuns rvr single- 

I axial-mode operations - 0 -  and (b) typical axial 

Wavelength, h Wavelength, h mode competition. 
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the conditions shown in Fig. 2-298(b). 
Mode 2 is slightly closer to the etalon peak 
than mode 1 ,  and hence starts oscillating at 
the start of the prelase period. During the 
prelase, however, this mode scans away from 
the etalon peak. Sometime during the 
prelase, as indicated in this figure, mode 1 
has less loss than mode 2 and starts to 
oscillate. This second oscillation causes a 
perturbation on the output that we clearly 
observe experimentally. We should also note 
that the first mode to start oscillating scans 
away from the etalon, hence sees increasing 
loss; the output power goes down. The 
second mode sees decreasing losses as it 
comes on; the output power goes up. This is 
the pattern observed in Fig. 2-2Y7(d). We can 
clearly see the slope changes described 
abovc, bcforc and after the axial mode 
switch. 

This slope change of the prelase is an 
important indication of the axial-mode 
locations relative to  the etalon peak. Earlier, 
in Fig. 2-297(a), we showed an example of an 
ideal prelase signal. Using this signal as a 
reference, we should be able to detect small 
slope changes with a feedback loop and 
correct the cavity length to stabilize the laser. 

The simplest scheme is to sample the start 
and end of the prelase, then compare signals 
and use the difference to drive a piezostack 
in a closed feedback loop. Figure 2-299 is a 
schematic of this feedback scheme. The 
output of the diode is first fed to a lowpass 
filter to smooth the relaxation oscillations at 
the start of the prelase. The signal is then 
coupled to an amplifier with a variable gain 
(10 to 1000, bias adjusted) and passed to two 
sample-and-hold circuits. These circuits 
sample the pulse at the start of the prelase, 
one circuit holding after about 50 ps, while 
the second holds after about 3 ms. Since the 
amplitude of the entire prelase can vary, this 
method samples the slope, but is insensitive 
to amplitude changes of the prelase from 
shot to shot. At an oscillator repetition rate 
of 10 pps, the sample-and-hold circuits linlrl 
the signals for approximately 100 ms before 
feeding the difference signal to the 
piezostack through another variable gain 
amplifier, lowpass filter, and output 
amplifier. This lowpass filter at the output 
has a I-s time constant to average several 
oscillator pulses in the feedback loop. The 
output amplifier levels are set low enough to 
prevent system oscillations. 

Fig. 2-299. Schematic 
diagram of a simple 
axial-mode stabilization 
feedback loop. Typical 
signal to the input of the 
sample and hold circuits 
is shown, as well as the 
timing signals for these 
circuits. 
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This simple feedback circuit works 
remarkably well and sustains continual 
oscillator operation in a single axial mode. 
Unless component failure occurs or some 
other operating parameter changes, this 
rrlelhod for stabilizing the oscillator should 
prevent multimoding. We can demonstrate 
this by opening the feedback loop and 
allowing the laser to drift. When the loop is 
then closed, the laser goes to the condition 
shown in Fig. 2-297(a) within a fraction of a 
second. Note that the prelase signals in Figs. 
2-297(a) and 2-297(d) can have the same level 
at the start and end of prelase, but a small 
change in the cavity length produces 
opposite-poldl ily el I ur signals. I herefore, ~ f '  
the feedback loop is set up to stabilize the 
condition in Fig. 2-297(a), the condition in 
Fig. 2-297(d) is unstable and the feedback 
loop will unconditinnally stabilize tho laser 
for single-axial-111ode operation. Our success 
with this loop in the single-axial-mode 
oscillator allowed its installation on the 
Shiva laser system in 1980. 

We also examined the single-axial-mode 
behavior of this lase1 wilh a 102-cm cavity. 
The siagle-axial-mode selection by the etalon 
in this cavity worked very well, and we were 
able to obtain statistics for its multimoding 
ekn t s  that were nearly identical to those 
obtained with the short cavity. This 
indicated that, with mode spacing at less 
than one-half that of the short cavity, there 
was still enough etalon discrimination to 
provide good mode selection. The 
appearance of a spurious mode was still 
completely dominated by the scanning of the 
laser during the prelase. However, we found 
that the slope change during the prelase was 
not sufficient to operate the stabilization 
feedback loop, since it was a much smaller 
change than the slope change for the short 
cavity. The frequency shift is proportionally 
less for the longer cavity with the same 
effective length change of the Nd:YAG 
crystal, therefore producing a much smaller 
slope change in the prelase. From these 
observations, we conclude that, for the 
feedback stabilization to function correctly, 
ihe design ot the etalon is determined by the 
requirenler~ls for the feedback loop. This 
etalon will then provide good singlc-axial- 
mode selection. We will attempt to design 
such an etalv~l fur a long cavity. I'hen a 
single oscillator can operate as a mode- 
locked laser when the modulator is turned on 

and as a single-axial-mode laser when the 
etalor1 is inserted. We believe that 
development of this etalon will have 
considerable advantages and flexibility for 
the oscillators installed on future laser 
systems. 

We measured some other important 
characteristics of the single axial mode laser, 
such as the energy in the Q-switched pulse as 
a function of the pump power into the 
Nd:YAG crystal. We measured the average 
power with the laser running at 10 pps (with 
a Scientech power meter) for the laser 
prelasing and Q-switching, and then only 
prelasing. This allowed us to cOrrect for the 
prelase energy, which is quite significant, 
particularly close to threshold. Figure 2-300 
shows the results of our measurements with 
the short and long cavities. We produced 
ulule ellelgy with the long cav~ty, since the 
mode volume in the crystal is larger. Our 
measurements of Q-switched pulse width 
were performed as a function of lamp 
current from recordings similar to those 
shown in Fig. 2-296(a). The results of these 
measurements are shown in Fig. 2-301. As 
expected, we obtained much longer pulse 
widths with the long cavity. If we calculate 
the peak power from the data in Figs. 2-300 
and 2-301, assuming the Q-switched pulse is 
Gaussian, we get the results shown in Fig. 
2-302 and see that both cavities produce 
approximately the samc power. Sirlce the 
peak power determines the amount of energy 
in the pulses sliced from the center of the 
Q-switched pulse, we conclude that sliced- 
pulse energy is minimally dependent on 

Lamp current (A) I 

Fig. 2-300. Pulse energy 
from a Q-switched 
single-axial-mode 
Nd:YAC laser as a 
function of lamp current. 
The short cavity is as 
short as our components 
would allow, -45 em, 
and the long cavity is 
about 102 em long, about 
the same as the regular 
AMQ oscillators in use. 
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Fig. 2-302. Peak power 
from a Q-switched 
s~nglc-nxlal-IIIWC+. 
Nd:YAG laser for the 
short and long cavity. 

cavity length. However, we can get greater 
energy in the sliced-out pulse by modifying 
the short cavity to improve the fill of the rod. 

Another important characteristic of this 
laser is iitter in the buildup time. This time is 
measured from the opening of the Q-switch 
to the pulse peak. When we slice a short 
pulse from the Q-switched pulse, we open 
the pulse slicer after a fixed helay that dom- 
mences when the oscillator is Q-switched. 
This method is similar to that employed for 
single-pulse selection in the AMQ oscillator 

Fig. 2-301. Pulse width 
from a Q-switched 
single-axial-mode 
Nd:YPC. laser as a 
function of lamp current. 

Lamp currant (A) 

. r - 
I 

and permits synchronization of the sliced- 
out pulse with the Shiva system and an AMQ 
o s c i l ~ a t o r . ' ~ ~  (Installation of the new AMQ 
and single-axial-mode laser on Shiva is 
discussed in detail in "Shiva Operations" 
earlier in this section.) Amplitude jitter is 
introduced on the sliced-out pulse if the 
position where we slice a section from the 
long pulse is varied by jitter during the 
oscillator buildup time. We can see this laser 
pulse jitter if we trigger the 7109 oscilloscope 
trace when the laser is Q-switched. We used a 
Hewlett-Packard 5370A Time Interval 
Counter to study the nature of this jitter by 
measuring the mean delay, minimum and 
maximum delays, and standard deviation for 
1000 pulse\ (250-ps accuracy). 

In Fig. 2-303, we plot the maximum jitter 
from the mean delay as a percentage of the - - 
pulse width given in Fig. 2-301. Our 
measurements showed that the actual jitters 
for the long and short cavities are 
approximately the same, but, since the pulses 
from the long-cavity oscillator are much 
longer, we show a lower percentage of long- 
cavity jitter in Fig. 2-303. (The maximum 
jitter for 1000 pulses is about 3.3 times the 
standard deviation of these jitter measure- 
ments.) This clearly shows the advantage of 
the long cavity in reducing jitter amplitude 
instabilities. In the new Shiva installation, we 
ensure that the lamp current for the short- 
cavity oscillator ib  lestrictcd to less than 22 A 
LO providc acceptable stabilily ill this setup. 
With the long cavity, we can significantly 
increase the pump power and peak output 
power for the same amplitude stability. 

We took considelable precautions to 
stabili~e this laser and m~nirrlize the buildup 
jitter. The laser pump power was stable to 
l~t l t r ;~.  than 1 %, the prelase fluctuations were 
less than 10% and the Q-switch loss was 
qtnhle to less than 1 %, and the Q-switch was 
opened R I  Lhe sanle phase of the rf drive to 
ensure identical opening of the Q-switch 
every time. We were unable to attribute the 
remaining laser jitter to any of these effects. 
Therefore, additional research may be 
needed to reduce buildup jitter in future 
syslems. Part of this investigation will he 
conducted when we characterize the new 
Nd:YLF lasers for Nova and Novette. 

During 1980, we also developed a 1053-11s 
single-axial-modc Nd:YLF laser oscillator 
for Cyclops (see "Cyclops Design and 
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Performance" later in this section). This 
laser systcl~l was designed for saturation 
measurements and component testing. The 
laser design was very similar to the short- 
cavity Nd:YAG laser just described. 
However, the two-stack quartz etalon design 
provided too much output coupling for 
Nd:YLF, producing a threshold above 25 A 
because of lower crystal gain. We finally got 
good performance from Nd:YLF by using a 
three-stack Ekalon reflector from Laser 
Optics, Inc., with an effective reflectivity of 
87%. We also used another 2-mm quartz 
etalon spaced 8 cm from the Ekalon stack 
previously described for the Nd:YAG laser. 
We did not use a feedback stabilization 
rircvit or1 Llle label becuusu Lho Nd:YLF 
blluwed 110 slupe change in prelaxe. We had 
~nl~ec lc \ l  l111s I I C ( - H I I W  ~ ~ C V ~ O L I S  measure- 
nicnts hnil . ~ I I  rwll  t I I I IJJ  ~ l ~ i ~ ~ i l ( e  Ll1er111~1 
lensing in Nd:YLF. Hence, we experienced 
negligible effective change in the length of 
the Nd:YLF with a temperature rise. If we 
wish to include feedback stabilization in the 
Nova and Novette oscillators, we must scan 
the rear mirror with a piezostnck duiil~g Lllc 
prelase period. We plan to  work on the 
detalls of thls modif~catlon during 
dcvelopnle~lt of Llle Nuva and Novette YT F 
oscillators. 

We also measured the characteristics of 
this Nd:YLF laser, and the results are shown 
in Fig. 2-304. This laser was not well 
optimized, but we obtained langcr pulse - 

widths and peak power levels about half 
those from Nd:YAG. This was expected 
because of the lower Nd:YLF gain; however, 
we cannot directly compare Nd:YLF results 
in Fig. 2-304 with the Nd:YAti data, since 
we used different p"mp ravitirts for each 
lase1 (c~ysial diarr~e~ers were 5 mm for - 

Nd:YAG and 4 mm for Nd:YLF). 
In 1980, we learned much about the single- 

axial-mode oscillator. We can now proceed 
with the development of the etalon for the 
feedback-stabilized Nd;Y LF-oscillator for 
singlc-axial-mode operation in a long cavily. 
When we complete this task, we can proceed 
LO combine the function of thc mode-locked 
oscillator and the single-axial-modc - - ,  - - 
oscillator into a singlc lascr for increased 7;- 

utility and flexibility in the Nova and 
Novette systems, 

Fast Pocltcls Ccll Switch Characterizationr. 
In the 1979 Annual Report,146 we described 

a new driver for the various Pockels cells 
needed for the new Shiva oscillator 
installation and for the front end in the Nova 
and Novette systems. During 1980, we 
contin~~ed the development of the Pockels 
cell (see "Fast Pulse Development" in this 
report). When we had the single-axial-mode 
(long-pulse) oscillator operating in the 
laboratory, we characterized the pulse- 
slicing system and the 25-mm-diam alpha 
Pockels cell. This Pockels cell will be used in 
the Shiva preamplifier table for ASE 
suppression. 

There are three types of Pockels cells on 
the Shiva front end that require a fast driver. 

Fig 7-%33 Q-switch 
16 I I I I I I buildup time jlktcr ' mtfi!+l~rtrncnt-i tfir ~itt&Im - - axial-mode Nd:YAG 

f. Irwr. T l ~ r  ~ ~ ~ i r x i n ~ u m  
, 0 1 2  - 
2 3 Short cavity' jitter given here for 1000 
.e w pulses, is about 3.3 times .- "Y - - 
a 5  the standard deviation of 
E a .'* these jitter 
'Em 8 - 
!?g 

memarem~nts 
J 
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.5 3 
m Y 
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E - r - Long cavity - Fig. 2-304. Charar- 

I I 
teristks of llir Nd.Y LI: 
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Fig. 2-305. Sehmtatic of 
the two-stage pulse 
slicer. 

Fig. 2-306. Typical 
range of optical pulses 
obtained from the pulse 
slicer. The curved top of 
the long pulse In (c) 
reflects the shape of the 
Q-switched pu1se.V 

The first is a dual-crystal KD*P type 
produced by Lasermetrics, modified for 95-3 
impedance, with a 10-mm diameter and a 
half-wave voltage of 3.7 kV. This cell type is 
used for single-pulse selection from the 
AMQ oscillator. The second cell type is 
identical, except for 50-3 impedance; the 
third cell type is an alpha cell with a 25-mm 
diameter, 50-9 impedance, and a half-wave 
voltage of approximately 8 kV. 

The Pockels cell driver that we developed 
can drive all three devices with the six planar 
triodes (VarianIEimac Y690) in its output 
stage. All triodes are driven by the same 
pulse-generating source. (This device is 
described in the 1979 Annual ~ e ~ o r t ' ~ ~ ;  a 
description of the most recent progress is 
contained in "Fast Pulse Development" in 
this rcport.) Two plnnar triodes are 
connected in parallel to provide drive to each 
9 5 4  Pockels cell, allowing us to drive three 
of these cells in the single-pulse switchout 
system for the AMQ oscillator. For the 50-9 
Pockels cell, we use three planar triodes in 
parallel to obtain enough current for its 50-3 
load. This allows us to drive two cells in 
the pulse slicer for Shiva's long-pulse 
oscillator. To drive the alpha type, we 
connect the six planar triodes in parallel and 
obtain about 8 kV with its 50-9 load. We 
have also uscd this arrangement to drive a 
5-cm-diam beta Pockels cell. In the 
laboratory, we have measured the optical 
switching time and transmission of the two- 
stage pulse slicer and the 25-mm-diam alpha 
Pockels cell with the long-pulse oscillator. 

Figure 2-305 is a schematic of the two- 
stage pulse slicer. The Pockels cells in this 
system are dual-crystal KD*P devices 
(Lasermetrics 1072) with a half-wave voltage 
of about 3.7 kV, a capacitance of 14 pF, and 
a 50-3 line. The fastest rise time we can 
expect from these cells is about 0.7 ns. We 
used an ITT F4000 biplanar diode to 
measure the output pulses from the pulse 
slicer. Figure 2-306 shows a typical range of 
short pulses. The shortest pulse shown in 
Fig. 2-306(a)-about 2.2 ns-is obtained 
without an avalanche transistor charge line 
in the pulse generator for the Pockels cell 
driver. The longer pulses in Figs. 2-306(b) 
and 2-306(c) are 6.2- and 35-11s long. From 
the 6.2-11s pulse, we nleasure an optical rise 
time of approximately 1.8 ns and fall time of 
2.6 ns. The curved peak on the long pulse in 
Fig. 2-306(c) reflects the shape of the 
Q-switched pulse. We have clearly not 
reached the RC time constant of the Pockels 
cell and cable, and further improvements to 
the driver should allow us to slice out shorter 
pulses from the oscillator. 

We further characterized the transmission 
of the pulse slicer. We first measured the 
transmission for the sliced-out pulse by 
placing the detection diode at the input of 
the slicer and then moving it to the output. 
We measured 64% transmission, typical for a 
two-stage switchout system. We find that 
thost of the pulse-slice1 L~al~sl~lissiul~ l u a ~ ~ s  
result fi-0111 component loss. To show this, 
we placed the fast diode at the output of the 
slicer and recorded the transmission with 

Rejected pulse 

l nsertable ITT F4000 
900 rotator diode 

Two polarizers Four polarizers Two polarizers 
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the driver off and with the 90" rotators 
inserted for each section. This opened each 
section so that the entire long pulse was 
transmitted. We then removed the rotators 
and turncd thc driver on to produce the 35- 
ns pulse, shown as trace 2 in Fig. 2-307(a). 
This pulse closely tracks the Q-switch pulse 
shape and shows that the driver output is not 
reduced during a 35-11s pulse. However, we 
observed that the sliced-out pulse is larger 
than the transmitted long pulse; we attribute 
this to the losses produced by uncoated 90" 
rotators. If we correct for the Fresnel losses, 
we find that the Pockels cell opens almost 
100%. We were also ahle tn inrrease the 
driver output, overdrive the Pockels cell, and 
observe the decrease in transmission. For 
shorter sliced-out pulses, we use this method 
to optimize the rise and fall times of the pulse 
slicer. In Fig. 2-307(b), we show the 
transmission of the pulse slicer with the 
driver on and the 90" rotators inserted. 
Under these conditions, there is no output 
while the driver is turned on, again 
indicating that we are effectively applying a 
half-wavc voltage to the Pockels cells. 

To optimize the rise and fall times of the 
two-stage slicer, we have to carefully set the 
relative timing of the two Pockels cells. We 
carefully cut cables to compensate for the 
delay between the two Pockels cells. We 
found a very accurate method to measure the 

relative timing of the two Pockels cells, as 
shown in Fig. 2-308. We turn the driver on, 
and slice out a pulse in the first stage of the 
pulse slicer, as shown by trace 1 in Fig. 
2-308(a). We put a 90" rotator in the second 
stage to block the pulse sliced from the first 
section. Two short pulses are transmitted 
during the switching transition at the start 
and end of the pulse, as shown in Fig. 
2-308(b). When the height of these two 
pulses is the same, as shown in Fig. 2-308(c), 
the relative timing of the Pockels cells is 
perfect. 

We also measured other characteristics of 
thc: nscillator and pulse-slicer system. In Fig. 
2-309, we show the range of pulse energies 
for typical 6.2- and 35-11s pulses. These data 
agree with the peak power measured for the 
oscillator and pulse-slicer transmission 
illilstrated in Fig. 2-JUS, I'he shape of the 
6.2-ns pulse is independent of the oscillator 
output, while the shape of the 35-11s pulse 
reflects the shape of the Q-switched pulse. 
Figure 2-310 shows some of thcsc typical 
pulse shapes. In Fig. 2-310(a), the laser is 
close to threshold with a lamp current of 
16 A, and we obtain a flat topped pulse with 
very low energy. At larger lamp currents, as 
shown in Figs. 2-310(b) and 2-310(c), we 
obtain pulses with round tops, reflecting the 
shape of the Q-switched pulse. On Shiva, we 
typically run the oscillator at 22 A, as a 

Fig. 2-307. Charac- 
terization of pulse slicer 
for 35-11s pulse. Trace ( 1 ) 
is the output with both 
rotators in and driver off, 
(2) shows normal output 
with rotators out and 
driver on. and (3) shows - the output with driver on 

4 and rotators in. 

Fig. 2-308. Timing of 
the two Pockels cells in 
the pulse slicer; (a) 
shows the transmission 
curves of the two stages. 
rvith no ratrtar in stnge 
I .  a1111 s 90" ~ u i a i u ~  ill 
stage 2. Thc output of the 
slicer in (c)  shows perfect 
Lillli~g 6f tlrc two Pockels 

I cells. V 
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Fig. 2-309. Energy 111 
typical sliced-out pulses 
as a function of the pump 
powcr to the long-pulse 
oscillator. 

Fig. 2-310. Shape of the 
35-11s pulses from the 
QulSe slnr@r tor Various 
pulses from the long 
pulse oscillator. The 
shape of the sliced out 
ynlbea t d l e ~ l  Ll~e sllnya uf 
the p111ses frnm the 
oscillator.v 

compromise between pulse energy and pulse 
shape. 

We characterized the alpha Pockels cell 
with the six planar triodes in parallel in the 
driver output stage so that we could provide 
a half-wave voltage to drive the cell and open 
the switch completely. The results are shown 
in Fig. 2-3 1 1 (p. 2-257). We first recorded the 
transmission of the system by setting the 
output polarizer parallel to the input 
polarizer and turning the driver off (see 
trace 1).  Then we recorded a sliced-out pulse 
by crossing the polarizers 90" and turning 
the driver on. The traces shown in the figure 
nearly overlap, indicating good transmission 
in the alpha Pockels cell system. The 2-11s rise 
time for trace 2 is just about equal to the RC 
time constant of the Pockels cell and cable 
c u ~ ~ ~ b i ~ ~ a i i u ~ ~ ,  wl~ile ~ht! 3-ns Fdll time is 
determined by the driver. When we 
measured the input and sliced-output pulse 
from the device, we found that its overall 
transmission varied between 80 and 8696, 

depending on the area of the Pockels cell 
used. The performance of this alpha Pockels 
cell system is a considerable improvement of 
the state-of-the-art, and we can now 
effectively use it for interstage isolation and 
ASE suppression in the Nova and Novette 
systems. We also performed preliminary 
testing on a beta Pockels cell (5-cm diameter) 
and measured about 80% transmission, 
with performance similar to the alpha 
Pockels cell. 

In all the above tests, we operated the 
Pockels cells at a 10-pps repetition rate; 
thermal problems, breakdown, or other 
difficulties were not observed. The timing 
jitter in these devices at this repetition rate is 
completely dominated by the jitter in the 
signal from the oscillator controls. We have 
not detected slgn~f~cant jltter In the planar 
triode driver, and we feel that the high 
repetition rate and very low jitter indicate a 
considerable improvement over spark-gap 
devices. We are now learning more about the 
long term stability and reliability of the 
devices installed on Shiva. 

Author: D. J. Kuizenga 

Major Contributors: D. C. Downs, J. A. 
Oicles, W. E. Martin, and R. Wilcox 

T,arge-Aperture 
Harmonic Generation 

Introduction. During 1980, harmonic 
generation evolved into a fully supported 
area of research and development in the 
L n w r  Program. OUI I ~ I ~ ~ ? I U I  ac~iviliet, 11uvt: 
been to 

(a) Lamp current 16 A (b) Lamp current 21 A (c) Lamp current 25 A 



Field a variety of harmonic-generation 
experiments 6n the Argus laser and 
support the harmonic-wavelength target 
efforts on Argus. 
Develop a broad understanding and useful 
numerical models of harmonic-generation 
physics. 
Develop Ihe tcchnology of large-aperture 
cryblal arrays for efficient and dependable 
harmonic-generation on the Nova and 
Novette fusion lasers. 
Begin a materials development program to 
improve KDP and to obtain special glasses 
for the optical engineering of harmonic 
designs. 
To familiarize our staff with the features 

o l  harmonic generation, a 150-page 
document, "Harmonic Generation for 
Fusion Laser Systems," 147 was prepared in 
1980. This document summarizes the baslc 
physics of harmonic generation, the plans for 
implementing harmonic gerletatiorl on Lhe 
Argus and Nova lasers, and the wavelength 
dependence of laser fusion target physics. 

Author: W. L. Smith 

Theory 
Introduction. The major objectives of our 
analysis of harmonic generation have been 
twofold: to understand the technique 
through the reduction of experimental data, 
and to provide guidance in the choice of 
design parameters for the conversion 
subsystems of large lasers. These objectives 
have been met through analysis and code 
development, We devised codes to address 
(a) the conversion process in KDP crystals 
(both configurations), (b) the effects on 
conversion subsystem performance of the 
diffraction patterns originating in the gap 
between array segments, and (c) thc usc of 
tandem crystals to generate both the second 
and the third harmonic. We looked at other 
options for frequency conversion using KDP 
crystals, s ~ c h  as alternat~r, tn t h ~  tandem 
arrangement, and identified some areas 
where further small-scale research is needed. 
Described here are the essential features of 
this effort. 

Conversion Analysis. Harmonic generation 
is a well-known phenomenon, and our 
analysis followed the standard treatments. 
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We dealt with propagation using a local 
plane wave approximation and a slowly 
varying amplitude approximation. In those 
cases where diffraction is important inside 
the crystal, we used a paraxial approxi- 
mation and fast Fourier transforms to 
propagate the waves. Each wave is 
characterized by its own individual 
absorption coefficient. This leads to the 
following set of equations: 

and 

where the operators Dj are 

Here, d is the coupling constant through 
which waves 1 and 2 generate wave 3, ~j are 
the intensity absorption coefficients, and kj 
arc thc wave vectors. Thc two ~ n a i ~ r  
parameters in this model are the coupling 
constant d and the phase mismatch Ak. The 
latter is related to the angle detuning by 
another parameter, P = d (Ak)/dO. Typical 
values for these parameters are 

and 

The absorption parameters for type 2 
SHG are 

Fig. 2-31 1. Charac- 
terization of the alpha- 
Pockels cell for 35-ns 
pulse. Trace ( I )  is the 
output with the driver off 
and both input and output 
polsrizers aligned 
parallel. Trace (2)  is the 
bt~tyut foi ~kirr~nhl 

operation with the driver 
on and the polarizers at 
90° to each other. 
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and 
y3 = 010 cm-' 

Fig. 2-312. Comparison Using these equations and parameter values, 
of predictions with we developed two sets of codes. The first 
Argus data. 

I I I , '  r 

p ~IL&,~ 

r Absorption - O.W/cm @ & 
r A@ - inteiid rnisalignrnsh* 

- 11 

Fig. 2-313. Nova/Novette THC contour 
.plots of constant 3w efficiency as a 
function of the t ~ r o  cr\\fal length\ .V 

set-conversion codes-integrated the 
equations numerically, omitting the 
diffraction term in the differential operator, r.q 
The second set-diffraction codes-included' 
the diffraction term, using fast Fourier 
transform techniques in just one transverse 
spatial dimension. 

The predictions of the conversion codes 
were checked against analytic results and 
used to assist in the reduction of high- 
intensity data taken on Argus (see Fig. 
2-312). The agreement with experiment was 
excellent with discrepancies lying in the 1 % 
iafige, camparable wilt1 the e ~ y e ~  inlel~lal 
crror in cncgy balance. This comparison 
leads to the values given above br d alld 0. 
An interesting effect was seen in these 
experiments; the crystal behaved as if its 
length were shorler Lhan ils urocl~a~~i<:vl 
length, as regards both detuning and 
conversion efficiency: 

The constant K is a b o ~ ~ t  fl 14 cm-* fnr the 
crystals tested. This effect was allribuled Lo 
crystal inhomogeneities. We plan a more 
thorough theoretical investigation of this 
crystal foreshortening in the coming year. 

For third-harmonic generation (THG), 
the output of the second-harmonic codes is 

0.8 1.2 1.6 2.0 0.8 1.2 1.6 
Lg (cml L3 (cml 

(a) Flat temporal profile (b) Gaussian temporal profile I 



fed into a third-harmonic code which is like 
the second-harmonic codes except that the 
detuning parameter is somewhat larger: 

Thus, we are able to predict the behavior of 
THG as a function of the crystal lengths at 
typical Nova/Novette intensities (see 
Fig. 2-313). 

Diffraction From Intercrystalline Gap. The 
small gap between the segments of a crystal 
array causes a null in the generated beam, 
which diffracts and interferes with the direct 
beam. The resulting ripples have a broad 
spectrum of spatial frequencieb and grow 
because of self-focusing in the elements of 
the harmonic-conversion subsystem between 
the crystal assembly and the target. A 
cursory examination of the self-focusing of 
these diffraction ripples showed us that this 
effect could cause substantial optical damage 
to the target focusing lens. We therefore 
needed a code to model the propagation of 
these ripples down to the target. 

Existing codes such as MALAPROP had 
- insufficient resolution to model the effect 

accurately; indeed, the required resolution in 
a two-dimensional propagation code is 

- beyond the memory capabilities of existing 
computers. Consequently, we developed a 
one-dimensional code that is capable of 
modeling the crystal conversion, including 
diffraction effects in the crystal, and that also 
models the propagation of the resulting 
harmonic wave through the conversion 
subsystem right to the target. This code, 
capable of 15 pm resolution, has been used 
extensively to study propagation effects in 
the conversion subsystem. Its main 
limitations are speed and its restriction to 
one dimension. Typically one run at an 
appropriate resolution takes about 4 min on 
a Cray-I computer. Figure 2-314 shows the 
near-field pattern of the 0.53-pm beam after 
emerging from the crystal and propagating 
20 cm. The rapid spatial variation intro- 
duced by rhe crystal gap sclf-focuses ill [he 
system's downstream elcmcnts. 

T~IC key desigri parameter of the 
propagation studies is the ratio of peak 
intensity to mean intensity of the beam over 
a transrrergu planc. Figurc 2-5 15 pluls  his 
.ratio for a typicnl run ill wl~ich u perfectly 
uniform 1.05-pm beam impinges on 1.8 cm 
of KDP crystal and the resulting 0.53-pm 
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beam propagates subsequently through 
1.5 cm of glass, 0.40 ~ I I I  ufair, 8 cm of glass, 
40 cm of air, and finally 12.8 cm of glass. 
The gap between crystal segments is 4 mm 
and the input intensity 2.8 cw/crn2 .  These 
are typical Novette values. The code was 
extensively used in designing the frequency- 
conversion subsystem on Nova and Novette. 

Tandem Crystals. Lasers for fusion 
experiments operate over a range of pulse 
lengths and intensities. However, harmonic 
generation is sensitive to the intensity and 
the beam quality of the primary beam. At 
long pulse lengths the intensity on the crystal 
arrays is low enough that very thick 

Fig. 2-314. Near- 
field pattern of diffraction 
ripple4 from cr)\tal gap. 

I -0.4 -0.2 0 0.2 0.4 
Distance (cm) 

'I .0 
0 20 40 60 80 100 
Distance from crystal entrance (cm) 

Fig. 2-315. Peak- 
to-mean growth in Novette 
cu~lligul sliun. 
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(52.5 cm) crystals are needed; such crystals 
have narrow angle-detuning curves and 
require both high quality primary beams and 
rigid mechanical toler'ances on the array 
assemblies. Thinner crystals may be used at 
short pulse lengths, thus avoiding these 
problems. T o  resolve these and other 
concerns (see article on "Argus Frequency 
Conversion Experiments"), we introduced 
the concept of tandem crystals. In this 
arrangement two thin crystals (- 1.2 cm) are 
used in place of one thick one (-2.4 cm). 
This has attractive features over the single 
crystal design, including: 

Less motion of crystal assemblies as pulse 
length changes and consequently greater 
system simplicily. 
Less stringent requirements on beam 
q11;ility at  long pulse lengths. 
Greater compatibility between the 
requirements for 2 and 3w generation. 
We analyzed the tandem crystal 

arrangement using the conversion codes and 
evaluated the system performance. This 
work is described in the article on "Argus 
Frequency Conversion bxperiments." 
However, most properties of this 
arrangement can be seen from the low- 
conversion-efficiency regime. Consider a 
primary beam going through a pane of 
crystals, The second harmonic output is 

Fig. 2-3 16. Tandem- 
crystal detuning curves. 

where Eo sets the scale of the field and the 
detunings (t = length, d = coupling 
constant) are 

and 

The parameter r$ is the phase difference 
accumulated between the crystals due to 
dispersion in the air. If the crystals have 
equal length, then R = 1 and one can 
distinguish two cases: 

(a) The crystals are oriented so that Aki = 
+Akz. Then, 

if  ei@ = + 1, the detuning curve is Lllcll 
appropriate to a crystal at twice the length. If 
ei# = - I ,  then it has a zero at xl = 0. Thus, 
the two waves generated in the two crystals 
interface destructively to provide a double- 
humped detuning curve (see Fig. 2-3 16). 

(b) The crystals are oriented so that Ak, = 
-Ak2. Then, 

If ei@ = + 1 ,  the detuning curve has a width 
appropriate to a crystal of length CI but a 
conversion efficiency appropriate to a cryslal 
of length 26'1. If ei@ = -1, the generated wave 
vanishes. 

Clearly the case (b) orientation with ei@ = - + I is the interesting case Tor tandem crystals. 
The detuning curve remains wide enough Lo 
encompass all local directions present in the 
primary beam, but the conversion takes 
advantage of both the crystals. Using the 
conversion codes, we have also 
demonstrated this conclusion in the high- 
conversion-efficiency regime. Thus, tandem 
crystals give us the flexibility to efficiently 
handle a range of pulse lengths. 

Author: D. Eimerl 

Mdor Contributors: E. M. Booth, M. A. 
Summers, and W. E. Warren 
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Argus Frequency-Conversion Experiments. 
We completed a series of frequency- 
co~iversion experiments on the Argus laser to 
establish the feasibility of obtaining efficient 
energy conversion to the second (532 nm) 
and third (354 nm) harmonic wavelengths 
using a large (8-cm) flat spatial-profile beam. 
These experiments permitted validation of 
our computer code models and provided us 
with valuable guidance for selecting 
optimum crystal configurations for 
wavelength conversion of the Novette and 
Nova laser systems. Our energy-conversion 
efficiencies to 532 nm were in excess of 70%, 
and 355-nm conversion of greater than 50% 
was achieved. We measured near- and far 
field beam-intensity distributions at both 
harmorlic frequencies and found them 
comparable with those of typical 1064-nm 
beams. 

3u111t: anomalously low conversion 
efficiencies obtained in early stages of the 
experiments were caused by a large intensity- 
dependent loss occurring in the index- 
matching fluid layers between Lhe KDP 
crystals and the AR-coated windows (see 
"Index-Matching Fluids for Large 
Apertures," in this section). This discovery 
caused us to use bare crystals in the 
subsequent experiments reported here. Dry 
nitrogen protected them from exposure to 
laboratory humidity. 

In Table 2-65, we list the highest energy- 
conversion efficiency obtained with each 
KDP-doubling crystal. Bare-crystal values in 
Table 2-65 are those measured directly in the 
experiments; the AR-coating values refer to 
projected performance with no Fresnel 
losses. Table 2-66 lists the highest tripling 
efficiency for each crystal pair. The bare- 
crystal efficiencies are those actually 
measured. They include the losses due to 
reflection of the crystal surfaces and, in 
Table 2-66, the diagnostic beam splitter 
between the crystals. For each of two 
crystals, 22.9-mm Type I and 1 1.9-mm 
Type 11, we found a maximum in the 
conversion efficiency as a function of 1064- 
nm input intensity. The conversion efficiency 
of the other three doublers was still 
increasing at the highest input intensities we 
applied. The tripling efficiencies listed are 
the largest measured for each configuration. 

Second - Harnranic Conversion EfJicicncy. 
We testcd five doubling crystals: 10 mm, 

13.4 mm, and 22.9 mm Type I; 9.9 mm and 
1 1.9 mm Type I1 KDP. The 10-mn~ Type I 
crystal was tested extensively with and 
without index-matching fluid (Cargille 
5610). Below an incident intensity of 
2 C?w/cm2 the conversion efficiencies were 
identical (see "Index-Matching Fluids for 
Large Apertures" later in this section), but, 
at higher intensities, we found that the bare- 
crystal efficiency continued to increase. The 
index-matched crystal conversion peaked at 
44% and then decreased. From energy 
balance measurements we determined that 
the reduction in conversion efficiency was 
due to 532 nm energy missing from the 
crystal oulpul. Wt: noted a similar 
degradation of performance in on 1 1.9-n~m 
Type I1 crystal matched with FC 104 fluid. 
Data taken at similar intensities with the 
small (3.-mm) 11 9 lslser beam did not ~ ~ l ~ i l r i l  
this behavior, suggesting an aperture- 
dependent loss mechanism. Stimulated 
scattering processes have been identified as 
the cause (see "Index-Matching Fluids for 
Large Apertures"). 

After confirming the presence of the loss 
in the index-matching fluid, we redesigned 
the crystal holders to eliminate the windows 
and fluid. All subsequent measurements used 
bare crystals. We summarize the bare-crystal 

Table 2-65. Energy- 
conversion efficiency to 
the second harmonic. 

30 wnver+~ etficienry 
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t'ablc 2 66. Eirngy- 
conversion efficiency to 
the third harmonic. 
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Fig. 2-3 17. Second- 
conversion-efficiency variation with intensity 
for the five crystals in Fig. 2-317. 

harmonic energy- In Figs. 2-318 through 2-321, we plot the 
conversion efficiency vs experimental conversion efficiency as a 
input intensity. 

-+- 22.9 mm, I 

--I-- 13.4 mm, G 
-a- 11.8mm. II 

- 9.9 mm, l l -1 I 

1 2 3 4 5 6 
Internal input intensity ( ~ ~ / c r n ~ )  

I 

KDP crystal doubler 
Type 1.10 mm 

0 1 7 3 4 5 
Internal i n ~ u t  intensity (~w/crn ' )  

r ~ g .  L-3 I*. aecona- 
harmonic energy- 
convrlsion efficicncy vs 
input intensity compared 
with plane-wave theory for 
10-mm-thick Type I 
crystal. 

function of intensity for the different crystal 
types and compare it with plane-wave 
calculations. The listed angles and 
efficiencies are internal to the crystal. The 
data suggest an equivalent angular-phase 
mismatch, or crystal misalignment, of about 
0 . 2 ~  mrucl. We 1.1l1i n in good agreement with 
thcory if we abslllllL Lhis nonzero angular 
phase 111is171atch even for the crystal's 
optimum alignment position. ( I  heoretical 
curves are laheled with internal mismatch 
angles; externally rneasurtd angles, the 
ordinate ubed in the graphs fur lllr I~ining 
curve dala, ale 1.5 times larger.) Cbne 
pusbible sourcc for mismatch i s  heam 
d~vergcnce. H u w e v ~ ~ . ,  the irreducible 
divergence of our Input beam is liulil~d to 
0.10 mrad by the final spatial filter in the 
laser. Since w c  lzavc uscd intensities tno low 
to induce nonlinear-index effects in the laser, 
the intrinsic beam divergence should be even 
lower. Yet when we compare data with 
theory, we find average external mismatch 
angles near 0.20 mrad. We have llut 
identified the wllrce uf this minimal 
mismatch. 

We also measured the variation of 
doubling efficicncy w ~ t h  angle u l  i ~ l ~ i d u i c c  
for 10-mm- and 22.9-mm-thick index- 
matched crystals with the small-diameter 
ILY b ~ a m .  Zfrhon thu 22.9-mm Type-1 crystal 
was installed in Argus, we repeated the 
tuning-curve test, finding that the variation 
of conversion efficiency with angle in this 
large-aperture bare crystal configuration 
agreed with the small-beam data generated 
at ILS. The tuning-curve data are 
summarized in Fig. 2-322. 

In early Argus harmonic work in 1980, we 
used the negative-lcns technique148 to orlent 
the cryptal for maximum coliversisn 
cfficicncy. Lalel, hawavcr, we found 1 1 1 ~ 1  thr, 
selling rletcrmined bv this method differed 
from the one required for maximuill 
conversion by angles of 0.05 to 0.25 mrad for 
the doublers and 0.20 mrad for the 9.9-mm 
Type-I1 mixer crystal. This offset is shown in 
Fig. 2-322 for the doubler crystals. The 
nrt i~lc  "Intensity-Dependent Angular Offset 
Experiments" describes our furllle~ 
examination of this alignment technique. 

Third-Harmonic Conversion Efficiency. 
Our tripling experiments were performed 
w ~ t h  three bare c~ystal configurations: 22.9- 
mm Type 111 1.9-mm Type 11; 13.4-mm 
I ype 111 1.9-mrr~ Type 11; and 1 1.9-mm 
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Type 1119.9-mm Type 11. In general, 
satisfactorily-large tripling efficiencies were 
measured at high intensity, but our range of 
incident intensities was insufficient to 
provide a thorough check of theoretical 
predictions. The zero abscissa setting was 
determined by centering negative-lens- 
generated low-power alignment fringes onto 
a reference crosswire. The high intensity 
turning curves are offset by 50 to 200 mrad 
relative to this setting. 

We adjusted the mix ratio-532 
energy11064 energy incident on the third- 
harmonic crystal-to the desired 1.4 in the 
Type I-Type I1 configurations by angle- 
tuning the douhler crystal, We found that 
while the conversion efficiency of a Type I 
crystal tuned to its peak may be fairly stable, 
tunrng lo some p i n t  off the best-phase 
march angle can result In s~,yiticant rnn- 

~ W ~ i d n  etflclency varlation from alignment 
errors and mechanical instabilities. In 
addition, we found the width of the tuning 
curve Lo be a function of the lnc~dent 
intensity (see article on "Intensity- 
Dependent Angular Offset Experiments"). 
The net result is that variations in the laser 
output can strongly affect the net conversion 
efficiency. We reduced these problems in the 
Typt: 11-Type 11 configuration by uslng 
p o l i i ~ i ~ i r l i o ~ ~  ~uning. In chis I)I.ULGJUI~ we 
tuned the doubler to the phase-match angle; 
we then adjusted the angle between laser 
polarization and the plane determined by the 
crystal optic axis and the propagation 
direction to  control the 532-nm energy 
produced. 

We also found that the third-harmonic 
experimental data suggest nonzero mismatch 
angles. Unfortunately, conversion-efficiency 
dependence on laser intensity varies in a 
manner too complex for us to determine the 
effective mismatch angle from our limited 
range of intensity measurements. 

For our recent 355-nm target shot series 
on the Argus south arm (see article on 
"Target Experiments-532 nm"), we 
selected a polarization-tuned, 1 1.9-mm 
Type 1119.9-mm Type I1 crystal 
configuration. This arrangement produced a 
maximum tripling efficiency of 55%, 
duplicating the performance on the previous 
north arm measurements (see Table 2-65). 
The exrensivc data obtained d u ~ ~ l r ~ g  Ihe 
course of the targct irradiation series 

- 

confirmed that good tripling efficiencies are 
achievable over a several-month period 
under typical operating conditions. 

The results of the experiments reported in 
this section demonstrate that it is possible to 
achieve high conversion efficiencies from 
both second- and third-harmonic 
wavelengths using large (8-cm) beams on the 
Argus laser. Reasonable agreement has been 
obtained between experimental results and 
theory. Routine operation of the Argus 

Fig. 2-3 19. Second- 
harmonic energy- 
conversion efficiency vs 
input intensity compared 
with plane-wave theory for 
13.4-mm-thick Type I 
crystal. 

Iqig. 1320. Seco~~d- 
harmonic energy- 
conversion efficiency vs 
input intensity compared 
with plattrwrrre llreory for 
22.9-mm-thick Type I 
crystal. 
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system for target-irradiation experiments at Intensity-Dependent Angular Offset 
shorter wavelengths is largely attributable to Experiments. At the beginning of our 
the experience and understanding gained research with large aperture (10-cm) 
during the frequency-conversion doubling and mixing crystals, we performed 1 

experiments described above. angular crystal alignment using a negative 

Authors: J. S. Hildum and B. C. Johnson lens (of focal length f) placed in the 1064-nm 
beam incident on the doubling ~ r ~ s t a 1 s . l ~ ~  As 

Major Contributors: G. J. Linford and W. L. shown in Fig. 2-323, this created a virtual 

Smith source at a distance -f behind the negative 
lens. When we directed a 1064-nm beam of 
moderate intensity (-50 bfw/rrn2) onto the 
negative lens, we could see the directions for 
phase-matching as a series of bright green 
bands on a screen beh~nd the crystal. 

We adjusted the doubling crystal in a~lglc 
until the main lobe of the characler~st~c 
sin2x/x2 (sinc2) phase-matched bahd pallern 
was precisely bisected by the fiducial 
crosshair. However, when we measured the 
high intensity (up to 10 GW/cm2) doubling 
efficiency as a function of angular alignment 
of the crystal, we found that the maximum 
11al uluuic: L U I I V ~ I S ~ O I ~  cfficicncy occurrod at a 
position systematically offset from the peak 
of the tuning curve by several hundred 
microradians. We investigated this offset by 
conducting further experinlents over a rangc 
of incident 1064-nm intensities (0.001 to 10 

Fig. 2-321. Second- A 
harmonic energy- 
conversion efficiency vs 

11.9-mm-thick Type 11 
.I crystal. 

I 

F - - .  
i' 

F 

Fig. 2-322. Second- 
harmonic energy- 
conversion efficiency vs 
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GW/cm2) using the apparatus shown in Fig. Double cross-hair 
Virtual source 

2-323. We photographed the characteristic 
sinc2 phase-matched pattern using Royal- 
X-Pan (RXP) film. 

During our first experiment, we varied the 
input intensity to thc 10-cm Type I KDP 
crystal from 0.004 to slightly over 10 
GW/cm2. Figure 2-324 shows a plot of 
intensity vs angle of the ( ~ i n ~ x j x ) ~  phase- 
matched pattern (PMP) alignment fringes 
obtained in this experiment. As shown here, 
the anisotropy of the PMP central peak 
corresponds to an angular skewness of 0.15 Intensity distribution 

to 0.2 rnrad. A Fig. 2-323. C 'a1 of 
We then made harmonic conversion experiment. 

measurements for the samc crystal using a 
small-probe 1064-nm Nd:YAG laser and a 
stepping-motor-driven mirror to vary the 
angle of incidence over an appropriate range 
to generate the full sinc2 phase-matched 
band pattern. The results of this experiment 
(shown in Fig. 2-325) indicated that the 
central PMP sin$ intensity distribution is 
apparently completely symmetrical. 

We conclude that the apparent crystal ! 
t offset phenomenon was not the result of an 

intensity-induced angular shift but was 
I,--. instead an artifact of the "negative lens" 

alignment method.149 
The green 532-nm sinc2 intensity 

distributions on the RXP film exhibited 
minima whose spacing we observed to 
narrow with intensity for iacidennt 1064-nm 

r 
1'' 

intensities higher than one ~ W / c r n ~ .  Figure 
2-326 shows the relative agreement between 
the observed narrowing and the theoretical 
calculations of the effect. 

The essential results of our measurements 
are as follows: 

No intensity-dcpc~~clent shift of the 
negative lens-generated PMP peak was 
observed. 

"0 20 40 60 80 100 120 140 160 180 200 2202-v L - Angle (?) 

' ' 'g. 2-324. heg -'- 
RS PMP fring 

r- intensi 
str~oution. 

. Fig. 2-325. Scanning- 

I mirror PMP fringe 

Angle (arb units) angular-intensity 
distribution. 

4 Fig. 2-326. Variation of 
PMP minima with incident 
1064-nm intensity. 



Fig. 2-327. Schematic of 
apparatus for taking near- 
field photographs of 
harmonically converted 
laser beams. 

Y- 
~ e s e a r c h  and Develo~ment  

Location of film for Location of film for 
three omega near-field two omega near-field 
photograph photograph 

Mixer 

I I L  ,* 
1 1 1  
J-I L 
I" - 

Filter 

'-~iagnos& splitter Location of one omega 
near-f ield photograph 

l ncident 
28cm diam 

1064-nm beam 

Good beam quality 
55-70% overall conversion efficiency 
80 mm beam 

The full width between minima of the 
negative-lens-generated PMP decreased 
wlth increasing intensity, in good 

Beam photo 

lntens~ty profile 

Pig. 2-328. Ncar- 
field photographs and 
intensity scans of 1064-nm The negative-1en1;-generated PMP appears 
fundamental and 65% to be asymmetric with its central intensity 
green external-conversion- 
efTiciency beams. 

peak offset from the midpoint of the first 
two sinc2 nulls. 
The direction of the peak offset is 
consistent for all shnts and corresponds 
to a direction away from the crystal 
optic axis. 

@.The magnitude of the peak offset ranged 
;,from 70 to 280 ~ r a d ,  with perhaps a slight 
-'ittendency to decrease at high intensities. 

+'A low-intensity angular scan of the same 
'crystal taken without using a negative lens 
showed a symmetrical PMP. 

agreement with plane wave theory. 
As a consequenct: or Ll~ese measurcmcnlu, 

we no lor~ger rely on the negative Iens 
technique for accurate alignment of large- 
aperture harmonic conversion crystals. 

Author: G .  J. Linford 

Major Cont~ibutors: B. C .Vnhnsnn. b. M, 
Ronth, K. D. Snyder, W, L, Smith, and 
C. Vcrcimak 

-- 

Beam Spatial Quality. Since optical 
components including fusion targets are 
damaged by laser pulses with excessive 
intensity modulation, it is important to 
measure the near-field intensity distributions 
of the fundamental and harmonically- 
converted laser beams. During the course of 
the harmonic conversion experiments on the 
Argus north arm, we photographed the near- 
field beams at 1064-, 532-, and 355-nm 
wavelengths. Figure 2-327 shows the 
experimental arrangement. After obtaining a 
near-field beam exposure, we calibrated the 
Royal-X-Pan (RXP) film response by 
exposing a separate multiple-image 
photograph at  the same wavelength on the 
ILS laser using sheels ul' lilln from the same 
box. Both films were then developed by 
identical processes. We scanned and 
digitized the near-field picture and multiple- 
image photographic densities. We generated 
a density vs log exposure (or 1) log E) 
curve for the RXP film and converted the 
optical density data to energy data using 
computer graphic routines. 

The resulting energy profiles, together 
with the near-field photographs for the 
fundamental and harmonic pulses, are 
shown in Fig. 2-328. This 532-nm green 
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Fig. 2-329. Near- 

* Good beam quality field photographs and 
70-80% overall conversion efficiency intensity scans of 1064-n~a 
80 mm beam 

2w 
fundamental, 532-nm 
doubled, and 355-nm 
tripled laser beams. 

Beam photo 

l ntensity profile 
Table 2497. Observed 
beam modalation on 

beam was generated at a 65% external- harmonfcdly converted 
Arm* mr@ arm. 

experiments. This figure displays the actual 
1 064, 532-, and 3 ~ E n m  beam -near-field 
photos accompanied by computer-reduced 
inimsiry profiles. In this case we reduced the 
532-nm conv~rsion efficiency sIightly since, 
for optimum 355-nm conversion, it is 
necessary to mix a 2: 1 intensity ratio of 532- 
and 1064-nm beams. Once again the 25% 
beam modulation at 532 nm is similar to that 
at 1064 nm. ' -  

The results of these near-field measure- 
ments indicate that the 532- and 355-nm 
learns vary in intensity by 30% across 80.% of 
the beam aperture. (See Table 2-67 for a 
sluiirl~rd~ y v l  Lllese dal'd.) In gt3m?tiil, the 
harmonically converted beam modulations 
depipd on thii details of the harmonic-crystal 
conversion and the input beam 
characteristics. It ahould bc noted that shce 
we took the 1064-, 532-, and 354-nrn near- 
field photos at increasing distances from the 
output lens, there i s  no precise 1 .1  

correspondence of the pertinent di n 
conditions or structures in the @ot S. 

Author: G. J. Linford .i 
' i  

Majar Cantributors: B. J. Dcrnartiai and- 
W. L. Smith . I 

:-. a:, - 

10-cm Crystal-Array Prototype. In 1980;$e 
completed testing of the 10-cm 2 X 2 crystal- 
array prototype that was built in 1979.150 
Figure 2-330 shows this device, and Fiq' 
2-331 shows its mechanical design. ~ h i s g s  
our second array prototype and the las:rto 
employ individually held and externall* 
orientable crystal segments. Future arrays 
will use precision-fabricated segments 
oriented for phasc-matching, as described in 
the articles under "Fabrication of KDP- 
Array Segments" that follow. , - .-,- - 

1 . 8  

L 
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The tests described here are the first of a 
crystal array on a fusion laser. We used the 
Argus laser reduced to 8-cm clear aperture. 

Fig. 2330. Cryaal array Our objectives were to test the array 
prototype of four KDP alignment stability and conversion 
segments in 2 x 2 efficiency, and to photograph the harmonic 
geometry. 

Fig. 2-331. Assembly view 
of 2 X 2 harmonic array 
prototype. 

- -- 

spatial profile in the near and far fields. 
The KDP crystals were Type 11, 13 mm 

thick, chosen to allow direct comparison 
with a monolithic crystal in use on Argus. 
The four array segments were mutually 
aligned for phase-matching on the smaller 
ILS laser using an expanded mode-locked 
pulse train and a photodetector. The 
ad,justing micmmerers To1 the individual 
segments were L11rl1 fixed in place. A11 further 
day-to-day clligrlment of  he e x l n  ,I I I ny 

would move it as a whole using the 
micrometers an the array mount. 

The array was Lllel~ l~a~rsfcrrcd to Argus 
and aligned, using the negative-lens 
technique,150 in the same manner as a 
monolithic doubler. The first series of tests 
was run, as initially planned, with Lhe array 
filled with index-matching fluid. Next, 
because of difficulties encountered with these 
fluids (see "Index-Matching Fluids for Large 
Apertures"), the array was drained, 
reassembled, and retcstcd with the KDP 
crystals bare. The data presented here are for 
the bare array. 

Ful the ncar-firlrl hrnm photography. 
1.064-pm, highly-collimated pulses 
nominally of 80 J were fired into the array 
and converted with 50 to 6U% eihciency to 
the secnnd-harm~nic wavelength. We 
recorded the harmonic profiles on Plus-X 
film at a distance of 3 m beyond the array. A 
multiple-image exposure on film from the 
same batch was made on the ILS laser, at the 
same wavelength and pulse duralioa, and 
developed with the Argus film. The D log E 
curve obtained from this multiple exposure 
was used to analy7e the Argus data in the 
established manner.15' 

Figure 2-332 shows the near-field profile 
of R 37-.I harmonic pulse generated with 
50.7% external conversion efficiency at 2.6- 
G W / C ~ ~  input intensity. The photograph in 
Fig. 2-332(a) shows the diffraction stripes 
resulting from  he O.~-III I I I -  w ide gap bctwccn 
the segments. Figure 2-332(b) shows the 
energy profile of this pulse smoothed by 
averaging the energy within 0.9-mm by 0.9- 
mm pixels. Figure 2-332(c) shows a cut 
through the profile at the posltion indicated 
by the arrow in Fig. 2-332(a). The resolution 
of this cut-U. 1 by 0.1 mm-shows the higli- 
frequency 'modulation present on the profile. 
'I'he diffraction stripes fro111 Llie intercrystal 
gaps are of approximately the same order as 
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the modulation from other sources in the shown in Figs. 2-333(a) and 2-333(b). The 
laser. intermediate photograph was taken at a 

The intermediate- and far-field distance of 0.7 m before the focus, and the 
distributions of the harmonic pulse are far-field photograph at the focus of an 8.2-m 

resolution cut (0.1 by 
0.1 mm) through harmonic 
profile at  location shown 
by arrow in (b). 

Fig. 2-333. (a) Intermediate- 
field profile of harmonic 
pulse generated in 2 X 2 
crystal array; (b) far- 
field energy profile of 
harmonic pulse from 2 X 
2 array. Photograph 
taken at focus of 8.2-m 
lens; (c) iso-energy view 
of far-field profile; (d) 
isometric view of energy 
distribution of far-field 
profile. 
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lens. Figures 2-333(c) and 2-333(d) show iso- 
energy and isometric views of the far-field 
distribution. 

Regarding alignment stability and 
conversion efficiency, the 2 X 2 array 
performed essentially the same as a single- 
crystal doubler. In a four-shot test of phase- 
match angle sensitivity at 2 G W / C ~ ~  input 
intensity, the efficiency decreased by 10% of 
its maximum value at rotations of 60-prad 
internal angle. The maximum external 
conversion efficiency obtained with the bare 
array was 62.7% at an input intensity of 3.2 
GW/cm2. Restoring the reflection losses 
increases this figure to 67.5% internal 
oonversion efficiency. 

Author: W. L. Smith 

Majnr f'nntrihc~tnrc: T. F. nertnn, F. A .  
Frick, B. C. Johnson, G .  J. Linford, F. T. 
Marchi, G. G. Peterson, and J .  B. Willis 

Fabrication of  KDP Array Segments 
Introduction. Harmonic conversion of Nova 
and Novette requires the development of 
new array technology for orienting and 
finishing KDP crystals. Schedules do not 
allow sufficient time to grow KDP boules 
large enough for single crystals with 74-cm 
clear aperture; thus, a need for arrays is 
created. Elemcnts in arrays as large as 3 X 3 
could be individually aligned, bul the 
mounting hardware would be very complex 
and expensive. To avoid mechanical 
complexity, as well as to extend sizes beyond 
3 X 3 arrays, we are developing the required 
technology for monolithic arrays without 
alignment controls on individual segments. 

Monolithic KDP arrays for harmonic 
generation require a precision orientation 
capability and a new finishing technique for 

Fig. 9-334 F l u w  II~R~IHIII the individual array segments. To achieve 
for finishing the prototype single-crystal performance, each segment In 
array segments. 

KDP segments 
from vendor 

Surfaced KDP 

~nstrument 
Return for 
correction 

\ 
assembly I---, 

the assembled array must contribute at full 
conversion efficiency for a single orientation 
of the total array. We have demonstrated an 
alignment instrument for determining the 
optimum phase matching direction for a 
KDP segment. We have also demonstrated a 
finishing technique for KDP that can easily 
make orientation corrections to individual 
segments. This finishing technique, diamond 
turning, uses very stable machine tools with 
diamond cutters to obtain optical-quality 
surface finishes and very small machining 
tolerances. 

The array assembly will sandwich the 
seglllel~ls belweel~ u~uclt Llli~hc~ W ~ I I ~ U W Y  fo~. 
rncchanica1 str~ngth,  ~ n r l  index-m~tchine 
fluid will be used between segments. We are 
considering the possibilities of optically 
contacting the KDP segments to each other 
or to one of the wlndows, cementing the 
segments to one window with a high- 
viscosity index-matching fluid, or floating 
the segments freely between the windows in 
low-viscosity index-matching fluid. 

We are constructing a prototype array to  
evaluate our finishing, orientation, and 
assembly procedures and to test mechanical 
aspects of the array assembly. The prototype 
will be a 3 X 3 array, with each segment 
measuring 5 X 5 X 1.8 cm. It will have a 15- 
cm clear aperture, and will be suitable for 
high-power tests on Argus. The alignment 
instrument for this prototype will be separate 
from the diamond-turning machine. KDP 
segments for the prototype and for Novette 
will be finished by the LLNL Metrology 
Group on an existing diamond-turning 
machine. Although this arrangement 
increases the number of handling steps 
for each segment, it takes advantage of 
an operational diamond-turning facility 
without perturbing it for incorporation of 
alignment capability. Additionally, this 
arrangement allows separate and parallel 
opt~mizat~on of both the alignment instru- 
ment and the diamond turning of KDP. A 
disaclva~~lagt: is Ll~e pubbible ~ I I L I  U ~ U L ~ ~ U I I  uf 
transfer errors between the facilities, but 
these errors have been minimized by using 
identical mounting chucks and orientation 
stages. 

Figure 2-334 shows a flow diagram, from 
receipt to array assembly, for finishing the 
prototype array segments. 'l'he segments 
initially go to the diamond-turning facility 
for surface fin~shing to obtain a flat optical 



surface for an orientation reference; they are 
then transferred to the alignment instrument 
for orie~ltatiori a r ~ d  go back to the diamond- 
turning facility for correction. This sequence 
must be repeated at least once to confirm 
the final orientation of each segment. The 
final diamond-turning operations reduce the 
thickness of each segment and trim its edges 
to the required dimensions. Finally, the 
segments are transferred to a clean room for 
assembly into the array. In the event that the 
tooling marks from diamond turning cause 
diffraction or propagation problems, the 
segments will receive a final polishing using 
conventional techniques, but we consider 
this very unlikely. 

For the Novette arrays, we will use the 
aligri~l~er~l ir~slrument and diamond-turning 
facility as developed for this prototype array. 
However, the number of segments required 
TVI Nvva, 4 0 0 ,  necessirates combining the 
alignment instrument with the diamond 
turning machinc to cut down on the number 
of steps required for finishing each segment. 

The following two articles describe the 
alignment instrument being developed for 
the prototype and Novette arrays and the 
procedures for diamond turning of KDP. 

Author: J. E. Murray 

Major Contributors: P. C. Baker, F. T. 
Marchi, W. L. Smith, and M. A. Summers 

Precision Orientation Apparatus. Monolithic 
arrays require precision orientation of the 
individual array segments. The segments 
must each be oriented with rcspcct to thcir 
crystalline axes so that their phase-matching 
directions are parallel in the assembled 
array. For convenience, we orient the phase- 
matching direction parallcl to the surface 
normal in each segment. Figure 2-335 shows 
the three independent angles that affect 
harmonic conversion efficiency. The angle O 
between the beam direction and the 
crystalline z-axis solely determines phasc 
matching. Any departure from the optimum 
direction introduces a AO that causes phase 
mismatch and reduces conversion efficiency. 
The angle Aa between the segment edge and 
the intersection of the crystalline x-y plane 
represents a misalignment of the ordinary 
and extraordinary axes and causes an error 
in polarization direction for the segment. 
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The angle of rotation of the x and y axes 
away from the optimum for harmonic 
generation is labeled A@. Both A a  and Ad 
affect the magnitude of the effective 
nonlinear ~0e f f i c i en t . l~~  

We established the tolerance for these 
angles from the desired conversion efficiency 
of the total array. Requiring that each 
segment in the assembled array convert at 
>99% of its maximum high-power second- 
harmonic (SH) conversion efficiency gives 
the following tolerances: 

Since the angle sensitivity for phase 
matching increases in proportion to crystal 
length, the A0 tolerance (here normalized to 
1 cm) decreases with crystal length. Of these 
toleranceb, only A0 requires orientation 
during finishing because the Aa and A$ 
tolerances are satisfied in the rough-cut 
segments from the KDP vendors. 

The alignment instrument uses small- 
signal second-harmonic generation (SHG) to 
determine AO. We obtain a complete angle- 
tuning characteristic for each KDP segment 
with a low-power laser, as indicated in 

Fig. 2-335. The three 
independent angles that 
uniquely define the 
crystalline axes with 
respect to the array 
segment and determine 
the second-harmonic 
conversion efficiency. 

z axis 

4 . 0 + A 0  

, y axis 
Surface = Beam 
normal direction 

Plane of crystal 
x and y axes 

Surface = Beam 
normal direction 

J J x axis 
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Fig. 2-336. From these data, a microcom- 
Fig. 2-336. Schematic of 
the alignment instrument puter calculates the optimum direction rela- 
that locates the optimum tive to the surface normal. So that neither the 
phase-matching direction temperature of the KDP nor the laser 
using srnalbsignal wavelength contribute to the tolerance on 
second-harmonic AO, they must be held to A T  < f 0. 1°C and 
generation. 

KDP 
segment Second-harmonic 

A8 drive 
I I 

Analog 
display 

\ I I  , 
Correction 

I 

Fig. 2-337. Schematic of A 
the envirunslelttaI 
enclosure. 

Fig. 2-338. A second- 
harmonic tuning curve 
for KDP. showing the 
large signal-toroise 
ratio achieved by using a 
normalizing signal to 
eliminate the fluctuation 
in laser power. 

AX < f 1.25 cm-I for a I-cm crystal.153 
Consequently, all the segments for a given 
array must be oriented at the same absolute 
temperature and wavelength to these 
tolerances. Additionally, the assembled 
array must be operated at this same 
temperature and wavelength to maintain the 
phase-matching direction parallel to the 
surface normal of the array. 

We satisfy AX by using a Nd:YLF laser in 
the alignment instrument. Its gain line width 
is sufficiently narrow, 12.5 cm-I F W H M , ~ ~ ~  
to ensure the AX tolerance. Further, this is 
the same laser type that will be used for the 
Novette and Nova pulsed oscillators, so that 
compensation for wavelength dirferences 
between orientation and operation will dot 
be necessary. 

The temperature-controlled enclosure 
shnwn in Fig 7-717 hr~~ises the KDP 
segments during orientation and ensures that 
the temperature tolerance is satisfied. The 
enclosure uses air as the working fluid, with 
enough dry N2 added to keep the humidity 
below 40%. A liquid chiller holds the 
radiator a few degrees below the desired 
temperature, and the electrical heater adds 
the required power to bring the air to that 
temperature. A temperature probe located 
just downstream from the radiator controls 
the power applied to the heater. The fan 
mixes the air and circulates it every few 
seconds. Both the liquid cooler and the 
closed-loop controller for the heater are 
commercial units. A prototype enclosure of 
this type held the temperature to 20.00 f 
0.02"C for several days against an ambient 
temperature variation of f I "C. Further, the 
~ ~ n t r o l  system returned the internal 
temperature to within 0. l o  of 20.0°C in less 
than a minute after the enclosure was opened 
and fillcd with room-temperature air, which 
was several degrees above 20°C. 

Thc tolerance on A9 requires finding the 
peak nf t h ~  angle-t~~nine curve to within 
f 2.7% of its FWHM. Consequently, the 
alignment instrument requires that the 
tuning-curve data have a relatively high 
signal-to-noise ratio. A cw-pumped, 
repetitively Q-switched Nd:YLF laser will 
provide plenty of average second harmonic 
(SH) power for easy detection, but its pulse- 
to-pulse variation of f 5% will cause f 10% 
noise on the SH signal. Consequently, the 
alignment instrument requires a normalizing 
signal to provide a ratio for the SH signal 
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and, thereby, eliminate the fluctuation. This 
reference could, in principle, be obtained 
by electronically squaring a detector signal 
monitoring the laser power. However, 
the shot-to-shot variation in axial mode 
structure from a laser of this type creates a 
fluctuating temporal structure that requires 
detector and electronic bandwidths of 
100 GHz to provide accurate ratios. A 
simpler technique uses a second fixed- 
orientation SHG to generate the normalizing 
signal. The alignment instrument has a 
reference arm identical to the main signal 
arm for this purpose. 

Figure 2-338 shows the signal-to-noise 
ratio obtained for KDP tuning data that 
have been cu~llpared to thc normalizing 
signal; the figure also indicates the required 
measurement tolerance for AB. Although the 
peak uf ~ht: CUI  ve is I I U ~  cl~fiilcd well enough, 
the signal-to-noise ratio is clearly sufficient 
for curvc fitting to the required accuracy. 
Note that both the width of the tuning curve 
and the AB tolerance scale inversely with 
crystal thickness, so that our orientation 
accuracy does not change with thickness. 

We require the A0 measurement relative to 
the surface normal of the segment, which 
requires referencing the surface normal to 
the laser direction. For this referencing, a TV 
camera monitors both the reflection from the 
segment and the incident beam through a 
lens. With the TV located at the focal length 
of the lens, the beam positions at the vidicon 
depend only on the angles of the beams. 
Therefore, adjusting the orientation of the 
segment to superimpose the TV images 
aligns the surface normal tn the beam 
direction. We easily achieve alignments to 
f I0 prad with this technique. 

Author: J .  E. Murray 

Major Contributors: P. C. Baker, R. D. 
Boyd, S. E. Mayo, R. G .  Ozarski, 
S. Warshaw, and J .  Williams 

Diamond Turning of KDP. This article will 
review the reasons for selecting precision 
machining (diamond turning) for KDP and 
will describe the LLNL in-house 
developmcnt effort, the outside vendor 
effort, the LLNL technical exchange, and the 
Novette fabrication plan. 

At the time the frequency-conversion 
program was begun at 1,I.NL in late 1979, 
the KDP crystal growers in the USA were 
the only companies experienced in finishing 
KDP. Their methods consisted of 
conventional pol~shing techniques, similar Lo 
glass finishing, adapted to the unique 
properties of KDP: it is hydroscopic, brittle, 
thermally sensitive, and requires modified 
polishing procedures, tooling, and handling, 
as well as temperature and humidity control. 
The Argus 2 and 3w harmonic experiments 
(see "Argus Frequency Conversion 
Experiments" earlie1 in this section) required 
100- to 120-mm-diam blanks finished to h/8 
in transmission. Since these requirements 
were seriously taxing the capability of the 
finishers, it became apparent early in 1980 
that the requirement for large crystals for 
1\Iovsl ( ~ 3 1 !  cm sq11a1-P). and the more recent 
requirements on Novette, were beyond any 
fabrication capability possessed by the 
crystal growers. To assess our needs for 
finishing KDP for Novette and Nova, we 
evaluated the following parameters: 
8 Existing vendor capability. 
8 Upgrading existing capability or 

facilitizing conventional glass finishes. 
8 Finishing costs. 
8 Crystal configuration and tolerances. 
8 Delivery rate and schedule. 

As the program focused on the crystal 
sizes and configuration (a 3 X 3 array using 
27 X 2'7 -cm-square crystah fvr Nova and 
for one arm of Novette and a 15-cm-square 
5 X 5 array for the other arm of Novette), 
it became clear that the KDP growers would 
not be able to upgrade their facilities in time 
to handle these sizes using the conventional 
finishing methods. The alternative of 
facilitizing existing glass-finishing companies 
seemed reasonable, as the large flat-lap 
polishing and testing capability already 
existed there. However, after we estimated 
the cost and schedule for finishing the 15-cm- 
square crystals using a continuous polishing 
machine (Table 2-68), we found that the 
schedule was unacceptable and that two 
additional vendors would have to be 
facilitized at a cost of approximately 
$300 000 to bring the schedule within rcason. 
The situation for finishing 27-cm-square 
crystals was also very unfavorable. 

An alternative was 11t-zessary, and 
diamond turning, or, more appropriately, 
precision machining, presented this 
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Table 2-68. Comparison 
of finishing costs and 
whedule for thirty 
15-cm2 crystals. 

Fig. 2-339. Vacuum 
chuck holding KDP 
during diamond 
machining.V 

- -- - 

alternative. Below, we will describe the effort 
that has proceeded since March 1980. On the 
basis of our analyses of costs and schedules 
(Table 2-68), we decided to use the precision- 
machining approach. 

The precision machining of crystalline 
material is a technique that is practiced only 
in a limited way on a few crystalline solids. 
The work of ~ e c k e r ]  55 at the Naval 
Weapons Center and work sponsored by Los 
Alamos National Laboratory are probably 
the major efforts in this area. 

A study156 recently conducted by the 
LLNL Optigs Lab on the machinability of 
certain glassy materials led us to believe that 
machining could be used on the KDP 
material to produce surfaces of acceptable 
quality. Several KDP samples were prepared 
and machined on two different precision 
machines, each having a fly-cutting 
configuration (described below). The initial 
machining work was done on a Pneumo . = '  
machine with a 6-in. capacity. The various :! 
tools, configurations, feeds, and spindle ' ',! 
speeds were selected on this machine. Test ' 

runs were then made on the diamond- 
turning machine (DTM-l), which also has a : 
fly-cutting configuration, in the LLNL I... .. , - 
Mt~~ulvgy  Group. The latter machine, - - , 
which is shown in Fig. 2-339 with a 5-cm2 - * a 

crystal bcing finishnd. can crlmfnrtahly 
handle the size and accuracy of the Novgtte' . 
and Nova crystals and will be used to 
machine at least the Novette crystals. 

The conditions for best machining depend - . 
heavily on thc quality of the piecision . 

d~arnnnd riltting tsol and on the anglc of thc . . 
tool rake face to thc rnat~rial during 
machining. This rake ilnglc is a critical 
parameter in finishing and resultant surface: ' 
roughness; it has been optimized at an angle ,.. 
of -40". One other condition that was found . 
to be critical was the relative radial speed 
change that occurs with lathe machining; this 
resulted in patterned macrospalling that was ' 
concentrated heavily at the center of the 
aamplr;. Tllia cui~cliliut~ was avoided by uslng 
successive machine passes at small tool 
penetrations. 

The effect of spccd change on the sarnple , ' 
wah eli~~,i l~:i tr~l  ~ i r ~ l p ~ y  by idvertlng tht; ru~o" 1 
of the tool and sample: the part is held fixgc' 
in rotation and the tool is mounted in a -, 
wheel on the spindle. This technique is ,.',-:; 
commonly known as fly cutting. The qua1ity.l:- 
of the sul-faces produced by this techni~h$~:+ 
are as good as, or, in Gomc cnacs, cvcn bctt$f$'f! . -l;c. than traditionally polished KDP. Figure , , ,. 
2-340 illsstratei thir. comparison; typioal .-*_': ;*, 

traces of surface roughness are shown foi ;*,:% 
both polished and diamond-turned surfa~es,~: 
The rms surface roughness measurements ;. : ' 
were 58.6 A for the polished surface and k'  : 
48.1 fnr the diamnnr.1-turned surface; Wc 
measured the surface roughness with the 
noncontact nptical hptprodyne profilometey 
at thc LLNL Q y l i ~ s  Lab. Ll~is ins~r~~rnnnr hat. 
been calibrated with Michelson's Lab. ' . 

iA-'.. 

.>,  ..: - 
- .. '.M * 
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Talystep profilometer at the Naval Weapons levels of 8 to 12 ~ / c m ~ .  These damage 
Cenler and has a working resolution of 1 A. thresholds are probably affected by the 

The single-pass wavefront error of a presence of bulk damage in the KDP 
typical diamond-turned KDP sample is samples (see "Bulk Damage in KDP" earlier 
shown in Figs. 2-341(a) and 2-341(b). The as- in this section). We plan additional tests 
turned error is X11.7; with index oil and when damage-resistan1 KDP is available. 
cover plates, the error is A110 at 0.6328 p m  We initiated a survey of various precision- 

To compare the damage resistance of machining vendors in an attempt to establish 
commercially polished and micromachined their capabilities and interest and to transfer 
KDP, we used 1064-nm, I-ns laser pulses to technology on precision machining of KDP. 
irradiate 5- X 5-cm samples that had been Four companies directly involved with 
prepared from the same parent boule. Both this technology were contacted: 
types of surfaces exhibited damage at flux Honeywell Electro Optics Center. 

Fig. 2-340. Surface 
roughness of KDP 
samples. (a) 
Conventionally polished 
sample. (b) Diamond- 
polished sample 
(precision machined on 
the DTM-I at LLNL). 

Fig. 2-341. Transmission interferogrpm of - 
diamond-turned ICDP. (a3 As famed. (b) Same - 
piece with index-matcbhg oil a d  eover plates. 

a = 
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Pneumo Precision. 
0 Intop (Division of Kollmorgen). 

Moore Precision Tool Co. 
We sent data from the machining tests at 

LLNL to each vendor, and we followed up 
with visits to  the vendors. The vendors were 
supplied with sample KDP material for 
machining and, in some cases, specially 
designed diamond tooling for their test and 
evaluation. Personnel from the LLNL Optics 
Lab and Laser Program were sent on these 
initial trips to participate in and guide the 
machining tests. 

Two vendors have returned finished 
sarnplcs, whicl~ have been evaluated at 
~ 1 . ~ 1 . ' ~ '  fnr sllrfqcc finish and flatness. Thc 
surface-roughness values of these samples 
ranged from 30 up to 74 A, and the flatness 
ranged from X/6 to X/2 a t  0.6328 pm. 

We belleve that, with proper test 
equipment and fixturing, at least two of the 
vendors would be able to handle the Nova 
finishing requirements, with LLNL serving 
as a backup. However, we decided that the 
K D P  crystals for the Novette laser will be 
precision machined at LLNL because 

Outside vendors could not be facilitized 
Fig. 2-342. Machining within the time constraints on Novette. 
Of crysta' faces On KDP Integration of the phase-matching 
using the DTM-I. 

instrumentation would be extremely 
difficult if we were to work with outside 
vendors. 
Time is needed to develop the type of 
tooling, tolerances, and finishes that are 
part of any new technology. 
The best available technical expertise and 
precision machinery are at LLNL. 
Since there is a critical requirement for 

orienting the crystal axes relative to the 
entrance and exit faces of the finished crystal 
segment, instrumentation has been designed 
and is being built to match the fixturing that 
will be used on the DTM-1. (Refer to the 
previous article, "Precision Orientation 
AppdldLu~," lor de~ails of this apparatus.) 

Fixturing and Looling on the DTM-I will 
use a precision-machined vacuum chuck 
mounted on a rotary table wilh five axis 
adjustments. We anticipate that a minimum 
of two and a maximum of five iterations will 
be required between diamond turning and 
phase-matching measurements before the 
crystals are finished. Typical tolerances are 
f 10 pm on the face dimensions, f 5 pm on 
the thickness, and f 60 prad on the phase- 
matching angle. Edges and bevels will also be 
done on the DTM-1. 

A prototype unit using 5-cm-square 
crystals in a 3 X 3 array will be built first to 
evaluate all aspects nf thc markiniag, 
tooling, phase matching, and nssc~r~lly 
operations. More details on the prototype 
are available in "lo-cm Crystal Array 
Pmtntjrpe" earlier in this ocction. Our 
schedule rcquircs completiur~ ol the 
prototype in May 1981, with machining to 
start on the large array by early August 198 1. 

Figure 2-342 is a view of a 5-cm2 crystal 
being machined on the DTM-1. The crystal 
is mounted on a vacuum chuck and is 
registered by three precisian locating halls 
Figure 7-339 shnws the same cryctal 
mniinted nn a horizontal vawuum chuck to 
allow machining of the edges. 

The LLNL Optics Group and the Laser 
Program have initiated a technical exchange 
with the KDP crystal growers and the 
precision-machining vendors. This exchange 
includes assistance in developing polishing 
and testing methods, keeping vendors 
current on diamond-turning technology, and 
implementing diamond-machining 
procedures, if feasible. 

LLNL has recommended procedures for 
using diamond tools in conventional milling 
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machines and blanchard generators for 
finishing KDP blanks. These procedures 
have already been incorporated by 
Interactive Radiation, Inc. (Inrad), and we 
have received nine KDP crystals, 5 X 5 cm 
square, from Inrad that have been finished to 
our blank requirements by use of a diamond- 
finishing technique. These crystals were 
evaluated interferometrically with oil-on- 
plates contacted to the diamond-turned 
surfaces. Conventional finishing of these 
blanks would have involved lapping and 
polishing before testing with oil-on-plates 
and would have taken at least three times 
longer to complete. Our vendors are already 
experiencing a reduction in cost with simple 
adaptations to diamond finishing. Further 
modifications and upgrading will result in 
additional cost savings in the near future. 

In summary, we believe that diamond 
turnlng of KDP crystals will enable us to 
achieve the specifications for Novette and 
Nova. This technique is expected to reduce 
finishing costs and schedules by a factor of 4. 
The initial Novette crystals will be finished at 
LLNL, while Nova requirements will he met 
hy outside vendors. 

LLNL personnel are working with our 
KDP growers to upgrade their capabilities in 
conventional finishing, testing, and precision 
machining. Results from one vendor already 
indicate cost savings that can be attributed to 
this effort. 

seed-development program designed to aid 
the crystal growers in increasing both the 
KDP crystal size and the growth capacity. 
The second program is an investigation into 
growth techniques to speed up the KDP 
growth ratc. Prcscntly, we have 27-cm seeds 
available, and several large crystallizers are 
either operating or under construction. 

We describe in brief the commercial 
growth techniques. Potassium dihydrogen 
phosphate (KH2P04, or KDP for short) is a 
crystal of tetragonal symmetry (space group, 
1z2d). KDP crystal growers use a seeded- 
growth technique to produce large crystals of 
high optical quality. In this technique, they 
place a KDP crystal, called the seed, in a 
supersaturated solution of the salt. The 
crystal grows as new crystal material 
deposits on the (101) surfaces, shown in Fig. 
2-343. Normally very little growth occurs on 
the (1001 surfaces; thus, the net crystal 
growth is along the [OOl] axis, the 
crystallographic c-axis. As the crystal boule 
grows, a temperature controller lowers the 
solution temperature to maintain the 
supersaturation; a temperature drop from 65 
to 35°C is common. A plastic fixture holds 
the crystal seeds, and a motor rotates the 
crystals through the solution, first one way 
and then the other. Because s old en'^^?^^^ 
first used this type of crystallizer tank, which 
is illustrated in Fig. 2-344, the tank is now 
known as the Holden crystallizer. 

Autlrors: F. T. Marchi and P. C. Baker - 

Major Contributors: J.  Bryan, J.  Williams 
R. Watson, and R. L. Martinek 

KDP Crystal Growtlr. Our desire Lo produce 
short-wavelength laser pulses by harmonic 
generation with our current and future 
Nd:glass lasers has stimulated development --. 

of growth techniques for large KDP crystals. : 
Thc Nova lascr, according to the prcscnt 
design, will use -300 27-cm-square KDP 
plates to convert all 20 Nova infrared beams ..c 
to either green or ultraviolet wavelengths. 

Both the number and size of these crystals 
are much larger than what the KDP 
manufacturers had pmduced as or early 
1980. We therefore initiated development 
programs in two areas. The first program is a - - 

Fig. 2-343. KDP crystal 
boule. showing the seed 
material on which growth 
is initiated, the seed cap, 
and the crystallographic 
plasrs. 
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The crystal growers employ pieces cut 
from previously grown crystals as seed 
material. Because very little growth occurs 
on the (100) surfaces, the seed size 
determines the maximum cross section. If the 

Fig. 2-344. Typical growers wish to increase the seed size, they 
solution-growth change the solution pH and impurity ion 
apparatus for growing levels to promote (100) growth. 
water-soluble crystals. 

1. Water jacket jar 

2. Thermoregulator 

3. Heater 

4. Thermometer, bath 

5. Stirrer 

6 .  Solution jar support rod 

7. Solutisn iar cover 
8.  Solution jar seal 

9. Solution jar 

10. Solution jar support plate 

11. Solution jar cover screws 

12. Solution jar support 

13. Absorbent seal 

14. Syphon 

15. Crystal support rod 

16. Crystal holder 

17. Crystal holder 

18. Support rod bearing and 
condenser 

19. Reversing motor connecting rod 

20-21. Baffle 

Growth rates along [OOl] vary from 0.5 to 
1.2 mm/d; thus, the elapsed time from the 
planting of the seed until the boule is A removed, or harvested, from the so1uti~'is 
many months. In Fig. 2-345, we plot as a 
function of boule width the total growth run 
time that is typical in the industry. This long 
growth time is one disadvantage of solution- 
grown crystals. 

In 1980, we initiated a program with 
Dr. G .  Loiacono of North American Philips, 
Inc., to investigate faster growing KDP 
crystals using a constant-temperature, 
constant-supersaturation technique. In this 
technique, the crystal grows in a tank that is 
kept at constant temperature and, as the 
crystal grows, the growth solution is 
replenished from a saturation tank 
containing KDP solution and salt, which is 
at a temperature higher than that of the 
growing tank. Christensen, Walker, and 
 ohma an'^^?^^' employed this type of system 
to grow ammonium dihydrogen crystals in 
the late 1940s. We show a schematic of this 
multitank system in Fig. 2-346. The third, or 
stabilizer, tank in the system, which is held at 
a temperature higher than that of the other 
two tanks, dissolves any residual micro- 
crystallites that may have passed through the 
solution filter. 

No commercial KDP crystal grower is 
using thc multitank system, primarily 
because of its complexity and higher capital 
cost. However,. this system allows better 
control of the supersaturation than  does the 
Holden crystallizer. We believe that high- 
optical-quality crystals can be grown faster 
in multitank systems: several experimenters 
have obtained KDP growth rates of 2 to 5 
mm/d in such 

Fig. 2-345. Total growth, 
time for KDP crystal 
boules vs size. Boule size (cm) I 



North American Philips is constructing a 
multitank system, using a 40-litre growth 
tank, a 25-litre saturation tank, and a 25-litre 
stabilizer tank. They plan to start KDP 
growth in Jan~lary 198 1. We at LLNL will be 
measuring the optical quality and laser- 
damage threshold of their crystals. 

In our present design for harmonic 
generation in Nova, we plan to use 3 X 3 
arrays of KDP crystal plates to cover the 74- 
cm aperture. Thus, each plate will be -27 cm 
square. At the beginning of 1980, crystals 
and seeds of this size did not exist; therefore, 
we supported the crystal-growing coinpaures 
in a program to develop seed material of this 
size from the existing 20-cm seed stock. 
Cleveland Crystals, Inc., Interactive 
Radiation, Inc. (Inrad), and Lasermetrics, 
Inc., are participating in this program. To 
grow the larger seeds, they had to construct 
larger tanks, such as the one in Fig. 2-347, 
and to cause crystal growth primarily on the 
( 100) surfaces. 

The companies started growth in May and 
Julie 1980 and have progressively increased 
the seed size. So far, the largest seed obtained 
is 37 cm on a side; this seed is shown in Fig. 
2-348. The quality of this particular seed is 
marginal, and Cleveland Crystals has placed 
part of it back into solution to grow LeLLel- 
quality material. As a result of our seed 
program, we presently have -8 large 
(>27 cm) crystal boules from which the 
KDP growers can obtain seed material. They 
are now growing the additional seed material 
needed to cover the harmonic conversion of 
Phase I Nova. 

According to our schedule, growth of 
actual KDP plates for Phase I Nova can start 
by the summer of 1981. Meanwhile, Inrad 
and Cleveland Crystals are supplying us with 
34 pieces of 15-cm-square, 2-cm-thick KDP 
to be used on the Novette laser as a 5 X 5 

I 4. Pump 9. KDP salt 

A Fig. 2-346. Crystallizer 
for growth at constant 
supersaturation and 
temperature. (Courtesy 
of Philips Laboratories. 
Inc.) 

4 Fig. 2347. Construction 
of a 6000-litre growth 
tauh h w i q  iiuier I h r  
of the tank. 

Fig. 2-348. A 37-cm 
KDP seed crystal grown 
in the KDP seed- 
development program. 
(Courtesy ot Cleveland 
Crystals, Inc.) 



array for frequency conversion at the 74-cm 
aperture. These two vendors now have in 
growth tarlks cnough rnu~arid Lu supply 13 
plates with dimensions of 27 X 27 X 2 cm. 
These plates will comprise a second array for 
Novette. Deliveries of the 15-cm crystal 
plates will be curnplt.lt. in Felj~ ualy 1981; 
final deliveries of the 27-cm plates will be in 
October 198 1. 

Author: S. E, Stokowski 

Major Contributors: International Radiation, 
Inc., Cleveland Crystals, Inc., Lasermetrics, 
Inc., and North American Philips, Inc. 

Index-Matching Fluids for Large Apertures. 
I~~clex-lna~c;l~ing fluids (IMF) arc Lranspaiol~l 
liquids used to fill Lhe irilerstitial regions 
between individual elements in an optical 
device. The primary function or these fluids 
is to minimize the transmission loss and 
interference effects that would otherwise 
result from Fresnel reflections at surfaces 
that cannot be AR coated. In addition, for 

Input intensity (C3w/crn2) 

harmonic energy- 
conversion efficiency vs 
incident 1064-nm 
intensity from the Argus 
laser (Scm aserture). 

I ndex-matching 

IGg. 2-350. Design of 
typical fluid-filled 
harmnnic-generation 
cells used for early 10-cm 

Fig. 2-351. Harmonic- b 
generation cell shattered 
by a 20 CW/cm2, 1064- 
nm laser pulse. Argus experiments. 



difficult-to-fabricate optical elements that 
can be immersed in IMF between windows, 
the IMF relaxes otherwise stringent 
requirements on the surface finish necessary 
for wavefront-transmission quality. KDP, 
uscd for harmonic generation and in 
Pockels-cell modulators, is customarily 
housed in IMF to protect its hygroscopic 
surfaces, as well as for the above reasons. 

In October 1979, we began harmonic- 
generation studies using spatially flat 8-cm- 
aperture pulses at 1.06-pm wavelength from 
the Argus laser (see "Argus Frequency 
Conversion Experiments," above). Early in 
1980, it was determined that the index- 
matching fluid used in the second-harmonic- 
generation cell was the source of a significant 
loss of second-harmonic energy. The data 
supporting this conclusion are shown in Fig. 
2-349 (opposite). A 10-mm Type I KDP 
doubling crystal was tested in an IMF-filled 
cell fitted with AR-coated windows. The 
fluid used was a conventional commercial 
product, Cargille 5610 oil (Cargille 
Laboratories, Cedar Grove, N.J.) 
Afterward, this crystal was removed from 
the cell, cleaned, and retestcd with a bare 
surface. Its conversion efficiency increased 
substantially for input intensities over about 
3 G W / C ~ * ,  as Fig. 2-349 illustrates. 
sibsequent tests, described below, identified 
th$'loss process to be stimulated Rnman 
s F i n g .  

more dramatic failing of the indcx- 
matching fluid occurred in June 1980 in the 
Argus harmonic experiments. An excessively 
intense (20 G W / C ~ ~ )  pulse was inad- 
vertently fired into a doubler cell (Figs. 2-350 
and 2-35 1 j. The cell shattered. The IMP in 
this cell was a commercial fluorocarbon, 
FC104 (3M Co., St. Paul, Minn.). Figure 
2-351 shows the typical design of this cell, 
and Fig. 2-350 shows its remains, which have 
been bonded together with epoxy. The 
manner in which this cell broke is not typical 
of laser-induced damage; rather, it suggests 
that pressure, generated by heating the IMF 
Lu ils relatively low boiling temperature 
(101 "C), burst the cell. As shown in Fig. 
2-350, Lhe IMF volume was defined at the 
edge by a black rubber gasket material. This 
material would have been heated by the 
deposition of a significant portion of the 
transversely-scattered 750-5 laser pulse. 

Stimulated Raman scattering and 
stimulated Brillouin scattering (SRS and 
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SBS, respectively) are well-known processes 
in the field of nonlinear optics. In liquids, 
SRS arises from the interaction of a light 
wave with a coherent Raman vibration; with 
SBS, the material vibration is an acoustic 
wavc. Figurt: 2-352 illustrates these 
interactions. In both processes, a laser 
photon of frequency v L  is scattered in a 
material interaction, adding a photon to the 
scattered wave of frequency vs = V L  - vvi,. In 
Fig. 2-352(a), the interaction involves a 
molecular vibrational transition, while, in 
Fig. 2-352(b), an acoustic-frequency wave is 
the scatterer. Typical frequency shifts shown 

Fig. 2-3-,n. 
in Fig. 2-352(a) are 300 to 3000 cm-', and illustration of (a) 
thosc shown in Fig. 2-352(b) are - 1 cm-I. stimulated Haman 

We are concerned here with the intensity, scattering and (b) 

Is, of the scattered wave, which grows stimulated Brillouin 
scattering. 

(L) SBS 
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exponentially over a path length, z, at  the 
expense of the laser wave, IL: 

Scattered waves of intensity comparable to 
the incident laser wave can be readily 
generated. 

For SRS, the gain coefficient is 

where N is the number of scattering 
molecules per unit volume, aa/aQ is the 
molecular differential polarizability, rR is 
the line width of the Raman vibrational 
transition, c is the speed of light, w~ and wvib 
are the laser and Raman transition 
frequencies, respectively, and n~ and n, are 
the refractive indices at the laser and Stokes 
wavelengths, respectively. For SBS, the gain 
coefficient166 in a transparent material is 

where rg is the line width of the acoustic 
vibration, wvib is the Brillouin frequency, p is 
the fluid density, ye is the electrostrictive 
coupling coefficient, and Vvib is the phonon 
velocity; the other parameters were defined 

Fig. 2-353. Experi- abnve for Eq. (76). 
mental apparatus used to 
investigate loss Several approaches are available to 
mechanisms in index- eliminate transverse-stimulated Raman or 
matching fluids. 

Brillouin loss processes. We can select, 
according to structure and chemical 
composition, a fluid having low Raman or 
Brillouin gain. By mixing several fluids 
whose Raman frequencies do not overlap, 
the effective Raman gain is reduced. We can 
add to the fluid an absorber that is chosen 
so that the optical loss diametrically across 
the aperture is large, but the optical loss 
through the thin fluid layer is very small. The 
fluid region can be made thin, thereby 
increasing the diffractive loss to the 
transverse wave; for a thin geometry, wave- 
guiding is circumvented by keeping the fluid 
refractive index smaller than that of the 
windows. And we can introduce absorbing 
beam blocks to divide the aperture into 
manageable cells. 

Effecting the first of the approaches listed 
above, we measured the threshold for the 
production of SRS in conventional IMFs 
and in fluids chosen for low stimulated gain. 
The experimental layout for this 
measurement is shown in Fig. 2-353. The 
collimated 1.06-pm (fundamental) pulses 
from the ILS laser were frequency doubled in 
a Type I1 KDP crystal, yielding linearly 
polarized 0.53-pm (harmonic) pulses of up to 
0.5 J. Most of the diagnostic equipment 
shown in Fig. 2-353 is needed to measure the 
intensity of the laser pulse incident on the 
sample cell and the energy transmitted 
through the cell. Since the gain for the 
stimulated scattering processes is higher at 
the harmonic frequency, we concentrated 

SBS camera 

Diagnosis 
plane 

I 

1 z t W  - MIP 

Out 
120 v dr-fieI 2w 

SRS 
SDectrometer 
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our diagnostics on the harmonic pulses. An 
LLNL-designed absorbing-glass calorimeter 
and a calibrated silicon vidicon camera with 
associated computer equipment were used to 
measure the energy and spatial profile of the 
incidcnt harmonic pulse. Another calo- 
rimeter measured the incident fundamental 
energy. The spatial diameter of the harmonic 
pulse at the sample cell was typically 3 mm. 
The fluids were contained in silica or  glass 
cells with a standard length of 8 cm. 

The laser produced pulses of either 1.0 or 
0.1 ns (Gaussian FWHM) for this work. For 
the harmonic pulses, we used 0.707 times the 
fundamental duration to convert energy 
density to pones density. The art11al 
duration of the harmonic pulses was slightly 
longer and the intensity was slightly lower, 
depending on the degree of saturation in 
the doubling efficiency at the peak of each 
pulse. But, for the purpose of these 
measurements, streak recording of the 
temporal wave forms was not warranted. 

Both the harmonic and fundamental pulse 
energies were recorded after the sample cell. 
From these values, the energy transmission 
through the cell could be plotted vs incidcnt 
intensity. Beam-splitter angles were carefully 
measured and, with the sample removed, 
the input and aiitpilt cillnrimr.lr,rs iigrt:eil on 
the energy content a t  the sample position to 
within 2%. 

Additional diagnostics were used to 
ir~llicale the onset of self-focusing cffccts 
resulting mainly from the propagation of the 
laser pulse through the fluid path of up to 
16 cm in length. As shown in Fig. 2-353, a 
multiple-image camera was used to monitor 
the spatial profile of the harmonic pulse 
in the near field of the sample cell. The 
spatial profile at both wavelengths was also 
recorded at a distance of 13 m from the 
sample cell. This "far-field" recording 
indicated that beam breakup occurred 
routinely when the 16-cm path length was 
used and, under some conditions, even with 
shorter fluid-path lengths. However, the 
multiple-image camera certified that 
appreciable changes in the spatial profile due 
to self-focusifig did not occur in ihe tlear 
field. Olle exception, regarding thc 
observation of self-phase modulation in an 
extreme case, will be mentioned below. 

Because of the ncccssary path lcngth from 
the sample to a measuring device, we cannot 
measure the laser pulse shape at the output 

face of the sample cell. We located the 
diagnosis plane at a position beyond the 
sample, as shown in Fig. 2-353, so that both 
input and output diagnostic equipment 
sampled the pulse after the same 
propagation distance. Since the laser was 
collimated to 150 ~ r a d  divergence, there 
was no appreciable error from this 
procedure. 

The 5nal group of diagnostic components 
in Fig. 2-353 was used to indicate the onset 
of SRS by spectral signature. The output 
surface of the sample cell was imaged onto 
the slit of a McPherson 1.Q-m grating 
spectrometer. A neutral-density filter (OD 
= 7 0) eliminated stray light, and a Corning 
3-67 color filter reduced the harmonic- 
wavelength energy entering the spectrom- 
eter. On each laser firing, a spectrogram was 
recorded. The series of spectrograms for 
acetonitrile is shown in Fig. 2-354, The 
incident intensity (Izw) increases from 
bottom to top. The line of varying brightness 
in the series is the stimulated Raman 

Data for acetonitrile 

ghost 

1 
line 

I '2w 

I 
I 
I 
I 
I 
I 
-- X 

SRS line 1 

Fig. 2-354. Spectro- 
grams of frequency- 
shifted light enrillell by 
acetonitrile for seven 
532-nm laser shots. 
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-. 
Fig. 2-w. Threshold 

emission at 630.9 nm. The lowest harmonic 
intensity incident on the sample fluid for 
which no light was detected a t  the 
characteristic Raman-shifted wavelength 
was recorded as the SRS threshold for that 
fluid. The SRS threshold for acetonitrile is 
5.6 G W / C ~ ~ .  Figure 2-355 shows the 
harmonic transmission vs incident intensity 
and the SRS threshold for decahydro- 
naphthalene. The decrease in transmission 
begins a t  the stimulated Raman threshold 
intensity, identified by wavelength signature 
as shown in Fig. 2-354. The low-intensity 
transmission of this cell, measured 
independently, is 80.3% at 532 nm. Although 
we recorded the fundamental-pulse energy 
transmission as well, we found that the loss 
processes were driven by the harmonic pulse 
in all the fluids. 

We tested 10 fluids, two of wl l i~ l~ ,  Llle 
previously mentioned Cargille 5610 and 
FC104, have been widely used by thc 

rig. 2-355. T~nns- 
mission of 532-nm pulses 
through &cm path of 
decahydronaphthalene 
for two pulse durnt-ions. 

intensity for stimulated 
 am& scattering in 10 
indcx 'hatching fluids, 
measured with the 
apparatus shown in Fig. 
2-353. V 
I 

I! Acetonitrile m5.6 - 
I 

SRS - 

Benzene 0 SB - 
0 303 

11 Nonlinear scattering threshold (GW/C~ '  at 26  

manufacturers of small-aperture Pockels 
cells and harmonic-generation cells. Cargille 
5610 is a mixture of low-index and high- 
index silicone oils; FC104 is a perfluoro- 
alkane. Five of the other fluids tested were 
hydrocarbons that, either neat or in 
mixtures, have refractive indices very close to 
the desired value; they were acetonitrile, 
benzonitrile, decahydronaphthalene, 
tetrachloroethylene, and xylene. We also 
tested two polymeric fluids that are new to 
high-power laser applications: polychloro- 
trifluoroethylene and polybromotri- 
fluoroethylene. These two fluids are 
marketed under the names Halocarbon 56 
and BFC-57, respectively, by Halocarbon 
Products Corp., Hackensack, N. J. We used 
benzene in the initial setup work in this 
experiment because of its known SRS 
pcr~ al~leLt;~ s. EALC~L w11e1 e lluled, Ll~e salllple 
length was 8 cm. 

Our rcsults are summarized in Fig. 2-356. 
The straight hydrocarbon fluids were all. 
found to have SRS thresholds lower than 
Cargille 5610. FC104 showed a high 
threshold, as expected lrorrl Lhe low 
polaritability of' its perfluorinated structure. 
For the same reason, we expected the 
polymeric fluids to exhibit high thresholds; 
encouragingly, they showed no stimulated 
Raman output, even in the 16-cm path and 
at incident intensities up to those high 
enough to cause advanced spectral 
broadening (superbroadening), which arises 
from self-focusing. In Fig. 2-356, the 
thresholds for the observation of super- 
broadening (SB) in these two fluids are 
plotted as open squares. We will address in 
the future the question of whether the 
polymeric structure itself contributes to this 
high threshold. 

Athough no SRS was detected from the 
polymer fluids, or from FC104 up to a rather 
high threshold, harmonic energy loss was 
detected. The data for BFC 57 in Fig. 2-357 
illustrate typical behavior for these three 
fluids. To identify the cause of the 
transmission loss evident in Fig. 2-357 for 
the 0.7-11s pulses, we rcduccd thc harmonic 
pulse duration to U.U I ns and tlrcd additionnl 
shots of cqual and gr'ealeu i ~ i I s ;~ i~ i Iy - i l~c ;  
open circles in Fig. 2-357. No transmission 
loss was obscrvcd for thcsc shots, thcrcby 
eliminating two-photon absorption and 
supporting SBS as rhe cause. A cursory look 
for backward-lraveling SBS, using Lhe 
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Fabry-Perot camera shown in Fig. 2-353, 
indicated the presence of a second 
wavelenglh. The Lhresholds indicated by 
open circles in Fig. 2-356 show the onset of 
the transmission loss of the harmonic energy 
in 8 cm of those three fluids; we tentatively 
attribute this effect to SBS. 

During these tests, we found that 
polybromotrifluoroethylene became yellow 
from exposure to bright fluorescent room 
lighting. This instability terminated our 
interest in this fluid. However, subsequent 
UV solarization tests performed at the 
University of ~ o c h e s t e r ' ~ '  showed no 
change in the absorption spectrum of 
polychlorotrifluoroethylene. 

In summary of the tests described above, if 
geometry or other aspects of a particular 
application rule out the growth of SBS, then 
the growth of SRS can be minimized by 
~Jruusill~ ~itllcl K l n J  I:II. TIaIl-~rn~-hnn 56 a p  

the index-matching fluid. Because the 
refractive index of Halocarbon 56 (1.403 at 
1063 nm) is a better match to KDP and to 

; window materials than that of FC104 (1.271 
at 1064 nm), Halocarbon 56 is the overall 
recommended index-matching fluid. 

+ 
We used the North arm of the Argus laser 

and the apparatus shown in Fig. 2-358 to test 
- the candidate index-matching fluids in the 
'. required transverse geometry. The 28-cm .. 
;, aperture of the Argus beam was reduced to 
.; 8 cm, and a 10-cm Type I1 KDP crystal was *, 

used to frequency-double the pulses. Energy 
transmissions through the IMF cell at the 
fui~dslr~ierital ( w )  and harmonic ( 2 ~ )  fre- 
quencies were measured with calorimeters. 
Transversely scattered light was directed by 
fiber-optic cable to grating and Fabry-Perot 
spectrometers. The fundamental pulse 
duration was 0.7 ns, and the spatial profile 
was nominally flat. Pulses of up to 3 GW/ 
cm2 harmonic intensity were generated. 
Beam splitters and calorimeters placed 
before and after the sample cell measured the 
energy transmission at both the fundamental 
and harmonic wavelengths. 

The sample cells used silica windows to 
contain a 10-cm-diameter sheet of fluid that 
was either 1.0 or 0.0125 mm thick. Fiber- 
optic cables mounted at the edge of the fluid 
were used to route into spectrometers any 
light scattered transversely out of the beam. 

c 0 0.07 ns 
~ o . 4 ~ ; l l l , l l l , , l , , l , ,  

0 10 20 30 
1 532-nm inplrt intensity ( G W / C ~ * )  

Fig. 2-357. 'I'ransmission 
vs incident 532-nm in- I tensity for b c m  sample 
of polybromotrifluoro 
ethylene (BFC 57) for - 
two pulse durations. 

r 
4 

I Fig. 2-358. Diagram of 
the Argus stimulated-loss 
experiment on iodex- 
matching fluids. 
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The same grating spectrometer and 
Fabry-Perot camera mentioned above were 
used for the Argus tests. 

The first test employed a I-mm layer of 
Cargille 5610 fluid to recreate the original 
Argus observation. A shot of 2.3 G W / C ~ ~  
incident harmonic intensity induced a 
transmission loss of 16% of the harmonic 
energy, in good agreement with the earlier 
observations. Furthermore, the spectrogram 
showed the presence of light shifted in 
frequency by 2933 wave numbers, identifying 
the loss mechanism in Cargille 5610 to be 
SRS. A second test of Cargille 5610 in a 
0.0125-mm layer at similar intensity showed 
no measurable transmission loss (< I%), but 
still gave a Raman-shifted signal on the 
spectrometer. This result indicates that the 
thinness of the layer was only marginally 
capable of preventing stimulated loss in this 
fluid. We also encountered a damage 
problem, as Fig. 2-359 indicates. The dense 
field of bubbles and scattering sites was 
created as the laser pulse heated foreign 
matter in the fluid. 

Further Argus tests investigated FC 104 
and Halocarbon 56 fluids in 0.0125-mm 
layers. We solved the damage problem by 
filtering the Halocarbon 56 fluid in stages 
down to a pore size of 0.08 pm to remove the 
particulate matter and trapped gases. The 
final test on Argus showed no stimulated loss 
or damage in the polychlorotrifluoro- 
ethylene at a harmonic intensity of 2.3 
G w/cm2. 

In summary, 
We ranked I0 index-matching fluids and, 
from them, selected Halocarbon 56 and 
FC 104 as promising for use at 1064-nm 
and 532-nm wavelengths. 

C ig. 2-359. Photograph of 
laser-induced damage sites 
in a 12.5-pm layer of 
Cargille 5610 index- 
matching fluid. 

We demonstrated loss-free performance 
for these two fluids in 0.0125-mm layers at 
the 532-nm wavelength and at an intensity- 
aperture product of up to 18 GW/cm. 
We established a procedure for filtering 
the fluids to eliminate damage effects. 
The fluids recommended are highly inert, 
safe for extended human contact, and 
compatible with KDP. 
A scale-up experiment for testing at the 
Nova/Novette intensity-aperture product 
of 225 GW/cm is being planned for the 
Argus laser in early 198 1. 
The results and techniques reported here 
are valuable for the future selection of an 
index-matching fluid for use at 355 nm. 

Author: W. L. Smith 

Major Contributors: D. Eimerl, B. L. Freitas, 
l'. R. IIalrrrlrund, G. J. L i ~ ~ f u ~ d ,  W. 11. 
Lowdermilk, and M. C. Staggs 

Wavelength Separation Filters. When we 
produce visible (2w) or ultraviolet (3w) light 
with a ~ d ~ +  glass laser by harmonic 
generation in a nonlinear optical material, 
residual light of the lower frequencies is 
present. This light must be removed before it 
enters the fusion target chamber because it 
will detrimentally affect target performance 
and the target diagnostic instruments. We 
can use filters that either absorb or reflect the 
unwanted frequencies to remove the residual 
light. 

For the ~ d ~ +  glass laser operating at 
1053-nm (or 1064-nm), we need 2w-filters 
that have < I% transmission at the laser 
wavelength and >99% transmission at 
527.5 nm (or 532-nm) when coated with an 
A R  film. A 3w-filter must transmit <1% of 
the 1053- and 527 nm light and must 
transmir 294% ~t 19 I-nm jnr 455-nmj A n  

commercially availahie filters meet these 
requirements. Thus, in 1980, we itlitiated 
development of both absorptive and thin- 
film filters to meet thcsc spccifications in thc 
80-cm diameter needed for Nova. 

Summarizing our results, we have fou~ld 
excellent candidates for the absorptive 2w 
filter, and we are progressing well in 
developing 3w filters. 
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The effectiveness of an absorptive filter for 
wavelength separation depends on the ratio 
between absorption coefficients at different 
wavelengths. We illustrate this dependence 
m Fig. 2-360, which displays the internal 
transmission loss at the desired wavelength 
vs thc transmission at the rejected 
wavelength, with the absorption.coefficient 
ratio as a parameter. To meet the 
transmission specification, the absorption- 
~ u e f f i ~ i c ~ ~ t  ~ n I i u  I I I U A ~  Ise ahovc 500. 

,9boorptivo  filter^ are oolored in most 
cases by transition-metal ions, such as eu2' 
~e", cr3+, Ni2+, co2+, and v3+. The cu2; 
ion is the most useful for a 2w-filter, as 
shown by the spectrum in Fig. 2-361. 
Commercially available filter glasses doped 
with cuZ+ are type BG-38, produced by 
Schott Optical Glass, and type (2-500, 
produced by the Hoyn Corporation. 
1 ransmiss~on characteristics 6f these filters 
are listed in Table 2-69. 

In 1980, Schott and Hoya modified their 
commercial filter glasses by lowering the 
Cu2+ concentration, and they now have 2w 
filter glasses with the improved absorption 
chatacteristics listed in Tahln; 2-69. Both 
companies are now working towards scaling 
up the melt size to produce 80-cm pieces. 

We have more difficulty in obtaining a 3w 
filter glass that meets our specifications. The 
commercial filter glass UG- 1 1, produced by 
Schott, does not have sufficient rejection of 
1053-nm light. To improve these charac- 

! teristics, we investigated the spectra of Ni2+ 
and co2+ in phosphate and fluorophosphate 

i ' .  glasses. D. Blackburn of the National 
Bureau of Standards melted some of these 
glasses for us. The measured absorption 
spectra of these glasses are shown in Figs. 
2-362 and 2-363. We see that co2+ is an 
excellent absorber in the green region. 
Unfortunately, Ni2+, which we considered 
as a possible 1053-nm absorber, does not 

have an absorption band near 1053-nm. In Fig. 2360. calculated 
this same period, Hoya and Schott initiated characteristics for a 
their own filter-develo~ment ~roiects and wavelength-separation . 
have made progress towards increasing the filter acceptable bhaded range). area shows 

Fig. 2-362. Optical 
density of a 0,047-ern- 
thick phosphate glass 
sample with 0.5 wt% - Co,O, added. 

4 Fig. 2-361. Optical density of a 
1-mm-thick phosphate glass sample 
doped with 1.5 wt'% CuO. 
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a(1053)/a(351) ratio. We plan to continue filters BG-18, C-500, and UG-11 by 
this effort in 1981. subjecting them to 532-nm, 100-ps laser 

At high laser fluxes, the filter transmission pulses with intensities of up to 3 G W / C ~ * .  
may decrease due to two-photon absorptive We saw no change in filter transmission; 

- 1 
transitions. We examined the two-photon therefore, P is <0.001 cm/GW and is not a 
absorption coefficient, p, of the commercial problem in a Nova-type system. 

rig. 2-363. Oyliral 
density of a 0.209-em-thick 1 
phosphate glass sample - - 
with 3 wt% NiO added. 

8 2 -- - 

-E - 
t: 

Table 2-70. Design 
criteria for reflective 
wavelength separation 
filters. b 
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ues are corrected for back-surface reflectance 

Thin-film filters separate wavelengths hy 
sclcctivc transmission or reflection. In 1980, 
we funded Optical Coating Laboratory, Inc. 
(OCLI) and Spectra Physics to deposit thin- 
film, mllltilayer cnatingq fnr wavelength 
snparatinn filters. These two vendors 
invcstigatcd thc production of four filtcr 
designs f01 2- and 3 - 0  lillers that would rrleel 
the criteria listed in Table 2-70. In addition, 
we requested that the filters have the highest 
obtainable laser-damage thresholds. 

In Fig. 2-364, we show schematically the 
spectral characteristics of designs Nos. 1 and 
3, in which the desired short-wavelength 
component is transmitted. The coating 
rnanufidclurers provided us with several 
samples of all four designs. The measured 
reflectivities and transmissivities of the best 
filters are shown in Table 2-71. In general, 
the spectral characteristics of the 2-w filters 
meet niir reqirirements, hlit the ?-(#I filters 
need some improvement. We plan to test 
these filters for their laset-damage resistance 
early in 1981. 
Authors: S. E. Stokowslci and C. R. 
Wir la~sur~ 

Major Contributors: J .  Lynch and W. L. 
Smith; n. Rlackh~irn (Natinnrl R I I ~ P ~ I I  of 
Standards), Hoya Corporation, OCLI, 
Schott Optical Glass, and Spectra Physics 

1.064 0.355 0.532 
Wavelength (nm) 

Fig. 2-364. Spectral characteristics for typical thin-film wavelength-separation filters. (a) Two-wavelength filter (design 1); quarter stack 
reflects 1053 nm and transmits 527 nm wavelengths. (b) Three-wavelength filter (design 3); 2: 1 multilayer stack reflects 1053 and 527 nm and 
transmits 351 nm wavelengths. 
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Compensated Pulsed 
Alternator 

Current Program. Research has been going 
on for many years to develop efficient 
repetitively pulsed power systems that can 
deliver several megajoules of electrical 
energy in pulse widths of 1 ms or less. Our 
interest in such systems stems from a desire 
to develop cost-effective alternatives to large 
capacitive energy-storage systems, such as 
those now being used to drive Shiva and 
being planned for Nova. 

The compensated pulsed alternator 
"compulsator," first proposed by the 
1 Jniversity of Texas, Center for 
Electromechanics (UT-CEM),168 is a device 
that stores very high energy density as kinetic 
rnwgy in a rotor a n d  then releases this 
energy in short electrical pulses with both 
high voltage and high current. This device 
embodies an original operating principle that 
overcomes self-inductance, the inherent 
limitation of ac machines as pulse 
generators. The Lheory of vpclaticrn of the 
compulsator has been described in several 
previous reports,169*170 and a prototype 
compulsator (Fig. 2-365) that was built and 
tested at the UT-CEM in 1979 has 
demonstrated these principles by delivering 
139 kJ in 1.3 ms to a flashlamp load in a 
Shiva-type laser disk amplifier. 

Summary. During 1980, we made 
significant progress toward understanding 
the basic concepts and limitations of the 
rotary flux compression method for 
converting stored inertial energy into high- 
power pulses of electrical energy. Our 
experimental efforts have been focused on 
evaluating the performance of the 
engineering prototype (15-in.-diam rotor) 
and modifying the prototype to correct the 
short-circuit fault deficiency that caused the 
termination of testing in December 1979. 

In addition, a small machine (8-in.-diam 
rotor) was built to quantify inductance 
variation and to investigate pure flux 
compression. This machine was assembled 
with both rotor and stator laminated. Static 
and dynamic tests on this machine have 
shown very clearly that laminating the stator 
minimized eddy currenl losses and, indeed, 
makes possible a significant flux 
compression. An inductance variation of 
45:l has been both predicted and measured 

for this active rotary flux compressor 
(ARFC). We obtained a current gain of 
10.3: 1 with this machine operating a t  3000 
rpm-about one-third of its maximum 
speed. This was realized by pulsing flux into 
[he gap f~*om an cxternal capacitor. 

We developed computer codes and used 
them extensively to analyze the performance 
of the large 15-in.-diam prototype and  the 
8-in.-diam ARFC. We have obtained a high 
degree of confidence in our present modeling 
techniques by comparing computer 
predictions for prototype inductance 
variation, flux compression, and pulse width 
and shape with the measured experimental 
resulls. We are presently using thcsc codes to 
conduct simulation studies of variable- 
inductance machines to determine their 
scalability to large (z 10 MJ) machines. 

In an e f f ~ r t  to communicate the status of 
this project to the technical community, we 
have prepared an 18-min documentary film, 
"The Compensated Pulsed Alternator-A 
High Power Pulsed Energy Storage 
Concept," that uses animation and computer 
modeling to dcscribe the principle of 
operation of Lhe co~npulsator and includcs 
sequences showing the construction and 
testing of the engineering prototype. A 
companion document, "Compensated 
Pulsed Alternator-A New Concept for 
Generating High Powered Pulsed 
Energy,"I7' was prepared to complement the 
film. Additionally, a two-day seminar was 

Fig. 2-365. Prototype 
compensated pulsed 
alternator. 

Torque f m e  

Braekng support 
a m  

~ p J i a ? t t  
mount isrg 



Fig. 2366. Engineering 
prototype stator assembly 
and field coils. 

Fig. 2367. Complete 
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held in Austin, Tex., on November 18 and 
19, 1980, to review the progress and 
achievements thus far and to solicit technical 
contributions from other scientists and 
engineers. 

Engineering-Prototype Cornpolsator. The 
engineering prototype was constructed to 
obtain the vital data and experience needed 
to verify the analytical predictions and 
scaling parameters and to investigate the 
ability of the conductor insulation system to 
withstand the stresses (both electric-field and 
mechanical) caused by electromagnetic 
forces, rotor reaction forces, and thermal 
expansion of the  conductor^.'^^ 

In December 1979, during a high-speed 
discharge test on the prototype, an electrical 
flashover in the rotor windings caused 

prototype assembly of 
stator. field coils, and back 
iron. 

damage that required disassembly of the 
machine. Subsequent evaluations were 
conducted to determine the cause of this 
failure and to define a plan for further 
analysis and e~perimentati0n.l~~ We 
postulate that mechanical abrasion of the 
solid dielectric in the air gap at the top (high- 
voltage) end of the rotor contributed to the 
fault. 

An improved end-region design, which 
increased the radial separation of the high- 
voltage and low-voltage copper terminals, 
was studied to correct this fault condition. 
Tests were conducted on various Litz-wire 
coil configurations to determine the effect of 
increasing the basic filament size of the 
conductor from 30 AWG to 22 to 24 AWG. 
These tests of the armature conductor were 
needed to improve the mechanical integrity - 
of the wlndlng durlng manufacture and 

- 
assembly and to reduce the probability of 
hot-spot formation during operation at high 
current densities. 

Analysis of the test results revealed that 
the prototype enp~rienced large eddy 
currents that reduced the armature 
inductance and increased the armature 

Fig. 2-368. Prototype 
rotor assembly. b 
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resistance when the rotor winding was not in 
the compensating position. As a result, the 
flux compression was low, and the peak 
output power.was less than expected. This 
meant that the current pulse was broader 
than predicted, and the energy delivered to 
the flashlamps was somewhat reduced. A 
separate report1'* describes in detail the 
apparatus and experimental results. 

During 1980, UT-CEM developed a space 
harmonic, magnetic-field distribution 
analysis code to investigate inductance 
variation and losses in these machines. The 
code was modified and improved by LLNL. 
These codes, together with static pulse tests 
on the machine, revealed the solid pole 
pieces of the stator to be the principal source 
of the losses. 

The compulsator was then redesigned. 
Since it was not feasible to laminate the pole 
pieces to eliminate eddy currents, the 
decision was made to shield the poles with a 
cotlductirlg coppar ring or cylinder. While 
this ring maximizes the eddy currents, it 
reduces the overall losses becausc of thc 
relatively high conductivity of copper 
compared to steel pole faces. 

The compulsator has thus become a four- 
pole alternator with wave-wound armature 
windings on the rotor and external field 
windings on the stator. It has a low- 
inductance current return path provided by 
the copper ring. This ring is bonded to the 
inside of the stator and serves both as 
an eddy-current shield and as the current 
return path. 

The rotor of the machine was rewound as 
before, wlth a 47-turn Litz-wire wave 
witlding. Tlic new wiridiriy used fewer 
strands of heavier-gage wlre (22 A W G  as 
opposed to JU A W ti). Improved air-gap 
insulation was also used, i.e., GE 
77904177940 mica-mat tape and sprayed 
epoxy sealer. The modified prototype was 
reassembled (Figs. 2-366 through 2-368) and 
electrically and mechanically examined 
before the mechanical spin test and 
clcctrical-discharge tests were begun. 

Computer analysis of the reconstructed 
mnchino showcd that this prototype should 
deliver i t s  design goal of 200 kJ to 16 parallel 
Shiva-type flashlamps at a rotor speed of 
5400 rpm; the desired pulse width of 500 to 
700 ps will 11r.irhahly hr: krciw~lt..nr.tl lo who111 
1.2 ms. 

Prototype Static Testing. Static impedance 
measurements were made on the assembled 
compulsator to verify values calculated by 
the space harmonic distribution computer 
code. Measurements were made of 
inductance and resistance vs frequency; these 
measurements compared favorably with 
calculated values (Figs. 2-369 and 2-370). 

Prototype Dynamic Testing. Mechanical 
spin tests were conducted up to 2500 rpm, 
and open-circuit voltage measurements were 
made at 550 rpm, 1060 rpm, and 2340 rpm. 
During the open-circuit discharge test at 
2340 rpm, there were indications of electrical 
breakdown. Further examination revealed 
that the rotor winding had shorted between 
winding turns. A review of the rotor- 
assembly records indicated that a 
complication with the conductor windings 
was encountered during the fabrication 
process: one of the Litz-wire bundles had 
popped out and had to be pressed back into 
the winding at the end turn. 

The fabrication and insulation difficulties 
encountered with the rotor windings on this 
prototype precipitated a study to  eliminate 
the problems. The presence of pinholes in the 
insulation material creates electrical weak 
points that allow arcing and the destruction 

Fig. 2-369. Engineering 
prototype armature 
inductance. 

I Fig. 2-370. Engineering 
prototype armature 

Measured 

A Calculated 



Research and Development 

Fig. 2-371. Active rotary 
flux compressor and 
flashlamp load. 

Table 2-72. Design 
parameters for active 
rotary flux compressor 
(ARFC). 

of the windings. To  improve the prototype, 
epoxy vacuum-impregnation techniques are 
being investigated for building the rotor and 
stator structure; these techniques should 
improve the electrical and mechanical 
integrity of the prototype. 

Active Rotary Flux Compressor (ARFC). 
A small-scale rotary flux compressor was 
constructed with a laminated stator and 

rotor (8-in. diam), an air-gap armature 
winding, and an active air-gap compensating 
winding. This ARFC (Fig. 2-371) was 
designed to verify the impedance calcu- 
lations of the space harmonic distribution 
computer model. The design parameters for 
this machine are presented in Table 2-72. 

The key feature of the ARFC is that it has 
no field windings and, therefore, cannot 
generate power until a starting current is 
driven Lhrough Lhe macliine. This current 
provides initial flux that the machine then 
compresses. 

The circuit diagram for the prototype test 
is given in Fig. 2-372. At the appropriate 
tlmc on the A K I+( :'s rotat~nn cycle, both the 
flashlamp and the ignitron switch are fired, 
and the startup capacitor dumps through the 
machine and the load. The timing is such 
that the peak current in this starting circuit is 
reached when the machine is at or just past 
its highest inductance value. This current 
then becomes the initial startup current, io, 
and the d ~ o d e  shorts out the capacitor and 
switch for the rest of the discharge. 

The ARFC takes initial current io and 
compresses it via the diode and load to a 
high value as the machine reduces its 
inductance by mechanical rotation. The 
basic circuit equation is given by 

Rolur cliametet (cm) 20 
Rotor length (cm) 50 where the flux 4 = Li in this inductive/ 

Stator diameter (cm) 38 resistive series circuit. Substituting, we 

Stator length (cm) 30.5 obtain 
No. of poles 4 i dL - = L -  di + m = O  . 
No. 0: ',Umdpole., , ,t , 12 dt dt (79) 

11 tm,, , s ~  F ,  ,*, n k 
Fig. 2-372. Test circuit for - 
prntntype artive rotary .I 

flux compressor. 

switch 

Machine 
stator 'gnitrOnall@ Flashlamp I 

I load - I 7 11 1-0 ~ ~ E ~ ~ ~ Z ~ r  I 0 0 4 B 

Neg kV startup -_ 
power L Diode Machine 
~ U P P ~ Y  stator 

I 
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The solution of this equation is given by 

where i, L, and R are the current, 
inductance, and resistance of this series 
circuit, respectively. The subscripts io and 
LO refer to starting conditions. 

When the inductance reaches its minimum 
value, Lmin, the current peaks and thereafter 
shuts off very sharply as the machine 
increases its inductance. The ratio S = Lo/ 
Lmin must be high to produce a high energy 
gain G = W L/ WO, where WL is the energy 
delivered to the load and Wo is the initial 
energy stored In the startup capacitor. 

ARFC Test Results. Computer nlodelillg 
of the small prototype rotary flux 
compressor was used to predict the 
impedance values of the machine. In Table 
2-73, these values are compared with those 
measured on the device. 

The prototype AFRC was also tested to 
about 3000 ram, or~e-lhircl irs design speed. 
Two test loads have been used: one is a 91.5- 
cm loop of AWG 210 stranded wire; the 
other is a parallel bank of four flashlamps, 
each with 7.62-cm arc length and 1-cm bore. 

Uurlrlg Ihe testing sequence, a startup 
current of about 700 A was injected with a 
175-pF capacitor charged to 3 kV. When a 
cable load was used, the current gain was 
ahout a factor of 10.3 at 2844 rpm on the 
ARFC. Peak current reached was 7672 A 
(Fig. 2-373). When the flashlamp load was 
used, the current more than doubled, and a 
peak current of 1430 A was reached at 
7956 rpm (Fig 1-374). Also shown in Fig, 
2-374 is an overlay of the startup current 
decaying through the flashlamp load with 
the machine turned off. 

These preliminary results have substan- 
tiated computer predictions, but the machine 
must yet be tested at full speed and current 
sn tha t  the effects of saturation in the iron 
laminatinns r a n  be properly modeled. The 
cQrnputer predicted that this prototype 
ARFC would not produce a very high 
comprnssian factor through a resistive 
flashlamp load. Even so, the machine amply 
demonstrates the principle of flux 
compression and current multiplication, 
even at low speeds, Furthermore, the 
computer model appears to be accuratc, and 
computational designs of high-gain 
machines are being produced. 

Computer Simulations. The objectives of 
computer simulation studies of variable- 
inductance machines are to determine the 
limitations on their performance due to 
mechanical and electrical constraints and to 
determine their scalability to large (= 10 M J) 
machines. We developed a computer code 
that has been used extensively to analyze the 
prototype performance and to determine the 
optimum machine parameters for the 
application of one specific machine to 
flashlamp power conditioning. The code and 
some predictions are described here. 

The scaling analysis has been divided into 
three largely independent parts. The first 
part models the machine and computes the 
relevant electrical parameters, such as 
ge~~eralor  voltage, inductance variation, and 
eddy-current resistance. The second part 

Predicted Measured 

Minimum inductance (mH) 26.4 23.2 

Maximum inductance (mH) 1190 1040 
Rotor design speed (rpm) 8900 3000 (to &%$ 
Inductance variation 451 47:l 1- J 

Anticipated cncrgy gain 17 - 
Meaured energy gain - 10.3 (at 3@&" 

rpm) - -  

Table 2-73. Comparison 
of predicted and 
measured values for 
small prototype rotary 
flux compressor. 

Fig. 2-373. Top trace: 
current through a 91.5-em 
2/0 cable lead with the 
prototype ARFC at 2844 

Fig. 2374. 'l'op trace: 
current through four 
parallel flashtamps 
d ~ u w l ~ ~ g  2.1 to I 
ramprossion. Bottem 
trace: start-up capacitor 
current. 
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uses these electrical parameters to model the 
behavior of the machine when it is hooked 
up to a load. A subset of the possible circuits 
is included in the code, which integrates the 
circuit equations and computes many 
diagnostic parameters, such as the stress in 
the windings, the temperature rise of the 
windings, internal machine voltages, energy 
balance, etc. Thus, the first two parts take 
only the mechanical dimensions of the 
machine and the external circuit parameters 
and predict the entire process whereby 
energy is delivered to a load, including those 
parameters that are constrained by material 
limitations. This part of the code was used to 
model the first sequence of experiments 
carried out in October through December 
1979, and a typical result is shown in big. 
2-375. The agreement with experiments is 
cx:xcellent, and, in many cases, we have 
pinpointed possible experimental 
uncertainties by being unable to reconcile 
data a t  one rotational speed with that at 

- another. In particular, the analysis 
highlighted the need for accurate timing in 
discharge experiments and the need for 

e accurate information on the back-iron 
magnetic field. 

The third part of the code is an 
Rg. 23%. Typical optimization package, based on earlier work 
computer simulation of 
compulsator performance. by E. Goodwin and J. Trenholme. The code, 

Time Imsl - d 

CREEPER, feeds the mechanical machine 
parameters and external circuit parameters 
to the first two parts and adjusts these input 
values to obtain the maximum value of a 
given function, subject to the constraints. 
Allhuugh CREEPER is much faster then 
manual optimization, many iterations are 
necessary, and a single optimization run can 
take several days to complete. CREEPER is 
being used to determine the largest energy 
machine compatible with the constraints. 
Present results indicate that the primary 
constraint on the device is the shear stress on 
the windings. From this, we concluded that 
the winding design is a key issue in the 
scaling of the compulsator to large delivered 
energies, a result that will be reflected in 
work during 1981. 

Conclusions. The construction of the 
engineering prntntype compulsator and the 
ARFC, and the comparison of their 
performances with computational models, 
have allowed us to lay the foundation for 
engineering designs of future machines. 

Our current plans are to refine and 
improve the computer models through 
verification with experimental data, to 
improve the engineering systems, and to 
increase component reliability. In addition, 
the systems application of these devices 
remain to be examined, including 
distribution, switching, and safety problems. 

Author: R. J. Fuley 

Major Contributors: W. L. Gagnon, 
D. Eimerl, and B. M. Cnrdrr; W. Weldon 
and W. Bird (University o f  Texas) 

The Nova Plasma Shutter 

Introduction. When fusion targets are 
irradiated, a substantial portion of the 
energy is absorbed, but the remainder is 
scattered away and reflected back into the 
laser chains. To protect laser components 
from the excessively high intensity (> 10l0 
w/cm2 for 1 ns pulses) of reflected laser 
light, the reflected pulse must be diverted or 
ull~el wise prevcntcd from rcturning to the 
laser chains. On Shiva and most other large 
fusion-laser systems, this function is 
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accomplished by isolators comprised of 
Faraday rotators and polarizers. To replace 
the largest Faraday isolators, we are 
currently developing a plasma shutter-a 
device that rapidly produces a plasma to 
block the retroreflected pulse. The plasma 
shutter will cost approximately one-tenth as 
much as the Faraday rotator that it will 
replace. 

Along with isolators and amplifiers, the 
laser chain has spatial filters that pass the 
beam through a pinhole and remove high- 
spatial-frequency noise on the beam. The 
plasma shutter is located close to the pinhole 
of the last spatial filter, where the beam is 
naturally small in cross section, as shown in 
rig. 2-376. The distance from the shutter to 
the target is 60 m, so the closure time must 
be less than 400 ns. With the shutter nozzle 
placed downstream (optically) from the 
pinhnlr, where the beam io 6 mm in dialn- 
eter, the plasma must attain the relatively 
high velocity of 16 km/s. 

The plasma shutter uses the simple circuit 
shown in Fig. 2-377. After thc laser pulse 
passes the shutter on its way to the target, a 
capacitor charged to  35 kV is switched to 
cause a 500-kA current to flow through a 
250 pm-diam aluminum wire. By resistive 
heating, the atoms of the wire are heated to 
15 eV (2 X lo5 K) and become free alums. 
This heating also strips electrons from the 

atoms, creating a hot plasma that expands 
out into the optical beam path. Thermal 
exparision of the plasma is not fast enough to 
move the plasma into position in the 
required time; therefore, we have arranged 
the electrodes attached to the wire as parallel 
feed rails that extend beyond the wire, 
orthogonal to the beam path. The magnetic 
field within the loop formed by the 
capacitor, feed rails, and wire is much higher 
on the back side of the plasma; therefore, the 
magnetic field accelerates the plasma. As the 
plasma moves down the rails, the current 
continues to flow through it and the 
acceleration continues. The combined effect 
of the plasma kinetic energy and the 
magnetic propulsion moves the dense plasma 
into position at 16 km/s. The ionized 
aluminum plasma has a density of 1.5 X 1o2I 

(1 160 of solid density), which blocks 
tl~t: laser beam because it IS above the critical 
density of lo2' cm-3 for the 1.06-pm laser 
light. 

We have finished building two plasma- 
shutter pulser modules, both of which are 
undergoing testing and refinement. One 
module has been canfigured with extensive 
plasma diagnostics to verify plasma 
parameters, to  characterize the high-voltage 
electronics, and to ensure high reliability and 
long Me. The other module is being used to 
evaluate the control system, to minimize 

Disk amplifiers 
A 

0 
Target 

. .J 0 

Faraday rotator 
isolator 

amplifiers Faraday rotator isolator 

Plasma shutter parameters for aluminum wire 

Round trip time shutter to target 400 ns 

Temperature of plasma 15 eV 
Plasma density (singly ionized) 1.5 X lo2' cm-3 

Pulser stored energy 6 kJ 
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Fig. 2-377. Conceptual 
geometry of the plasma 
shutter, showing pulser 
circuit and asymmetrical 
magnetic field that 
accelerates the plasma in 
the rail-gap geometry. 

retropu lse 

Trigger 
input 

Current fl& 

A 

Acceleration rails 

Plasma in position -1 
to block retropulse 

electromagnetic interference, to  test the wire- 
changing mechanism, and to  perform high- 
power tests on the Shiva laser system. 

The basic design requirements of the 
pulser circuit are dictated by its task. Since 
resistive heating occurs primarily at burst, 
we need a high current at burst and, hence, a 
fast current rise time. This requires a very 
low inductance circuit. Since magnetic 
propulsion occurs after burst, the current 
must continue to flow at an increasing rate 
after burst; the burst must occur early in the 
current wave form. The circuitry must be of 
extremely high reliability, for a single misfire 
could permit the laser retropulse to 
significantly damage the laser system and 
result in expensive repairs. Since the plasma- 
forming wire is destroyed, it must be 
replaced after each shot. This wire-changing 
operation must be accomplished within 
the evacuated spatial filter, and sufficient 
wire-holding chips must be available to 
minimize periodic reloading of thc 20 
plasma-shutter modules. Little or no plasma 
can be allowed to  reach the inside surface of 
the spatial filter optics, which are in direct 
view of the plasma. 

The final prototype design contains eight 
parallcl 0.66-pF, 20-nH, 50-kV capacitors 
connected through four parallel 10-nH rail- 
gap switches via a coaxial 3-nH vacuum 

feedthrough to the load. The total pulser 
inductance is 10-nH. This design is shown in 
Fig. 2-378. 

Plasma-Shutter Pulser Elements. In the 
simplified equivalent circuit of the pulser 
shown in Fig. 2-377, a logic signal is sent to a 
trigger amplifier, which consists of a current- 
pulse generator and transformer; this signal 
triggers a coaxial two-stagc Marx circuit, 
which is charged by the main power supply. 
The Marx circuit then provides an output of 
I00 kV rising in 8 ns to trigger the rail gaps. 

The rail gap has semi-Rogowski electrodes 
and a longer graded triggcr blade. The 
trigger pulse is fed through a peaking gap on 
the end, with its spark located on-axis with 
the rails, thereby prcilluminating the rails 
with UV light. The switching gas is 20% SF6 
and 80% Ar. The function of the UV light 
(produced primarily in the argon) is to 
provide free electrons and metastable states 
in the main gap region. These electrons help 
in initiating avalanches and streamers. We 
have extensively tested and characterized the 
system; it provides nanosecond jitter from 
logic signal to rail-gap closure. 

The electrodes are currently fabricated 
from low-lead brass. During 1981, we will 
continue to examine Schwarzkoph K25 
tungsten, Poco AXF5QC and ACFIOQ 
graphites, and other materials to minimize 
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Fig.  2-378. The plasma- 

erosion and, most importantly, to minimize 
prefire. 

The 0.66-pF, 20-nH, 50-kV capacitor was 
developed by Maxwell Corp. for this 
application. It has a plastic case with a 
parallel rail header, and the expected life is 
lo5 shots at 80% reversal. The dielectric, 
developed for this application by Dielectric 
Sciences, Inc., is a special silicone elastomer 
that was molded in the shape required for the 
coaxial feedthrough, as shown in Fig. 2-379. 
The coaxial design minimizes the number of 
exposed high-voltage edges. The silicone is 
designed to minimize surface tracking under 
or between capacitors and switches; its 
elasticity will restore its shape and, in 
particular, its contact with the conductors 
after a magnetically induced mechanical 
impulse. This insulator constitutes one of the 
major innovative developments of this 
project. 

Plasma-Shutter Mechanical System. The 
explosion of the wire that forms the plasma 
generates an extremely high-pressure pulse 
within the chip that confines the wire. The 
explosion must be confined for several 

hundred nanoseconds, during which time the 
wire melts, vaporizes, and expands through a 
confining slot. The slot shapes and directs 
the plasma and prevents stray plasma from 
being deflected toward the lenses of the 
spatial filter. Figure 2-378 shows the location 
of the wire-holding chip in relation to the 
electronic pulser and the laser beam. 

The extremes of temperature and pressure 
make the selection of a chip material 
difficult. It was unusual to find a glass-fiber 
epoxy material with both good tensile and 
impact strengths. However, an optimum 
material, E-260H from Fiberite 

Fig. 2-379. The silicone- 
rubber insulator molded 
to fit the contours of the 
rail-gap switch and the 
coaxial vacuum feed- 
through line. 
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Corporation, was found, as seen from Figs. and fiber-optic trigger inputs. Triggers are 
2-38qa) and 2-380(b), which show the redundant and originate either from the fast 
typical before and after firing shape of the timing controller in the master oscillator 
optimum material. For comparison, Figs. room or from a local maintenance panel. 
2-38qc) and 2-380(d) show examples of the Either trigger will fire an avalanche silicon- 
extreme distortion of two unsatisfactory controlled-rectifier (SCR) stack that delivers 
polycarbonate materials. The distortion of an 800-V pulse into a step-up and inverting 
the materials resulted in significantly lower transmission-line transformer. The rise time 
plasma densities, whereas the material of of this pulse is on the order of 10 ns. The 
choice shows virtually no change in slot output of the transformer provides a 1600-V 
shape. positive pulse into the 100-9-terminated G2 

Plasma-Shutter Electronics. We have spent grid of the tetrode thyratron. 
the past year implementing and testing the A second, identical, trigger is wired in 
electronics reported previously.174 Although parallel to the output transformer, the 
some details remain to be finalized, the rationale being that all trigger elements 
system concept has been proven and the beyond that point are few and passive and 
system is operational. Not previously will, therefore, have an acceptably low 
reported is a thyratron-based trigger system failure rate. Firing of either thyratron will 
that replaces the auxiliary trigger gap deliver a negative going pulse to the output 
or~glnally used. I he new system has the transformer, whlch is a stacked array ot 

- 

~ i ~ .  2380. ~~f~~~ firing advantages of compactness, redundancy, three ferrite torroids with single-turn 
(a) and after firing (b) compatibility with low-level fiber-optic input primaries and a single-turn secondary 
conditions of the opti- triggers, and virtual freedom from periodic consisting of a rod passing through the 
mum plasma-shutter chip maintenance. center of the stack. The transformer output 
material, E-260H, 
showing little damage, as A simplified schematic of this trigger impedance is 50 9 ,  which drives four parallel 

contrasted with the system is shown in Fig. 2-381. It is a stand- 200-9, 3-m-long twisted-pair transmission 
inferior polyearbonate alone module that is incorporated within the lines. These lines were found necessary to 
samples shown in ( 4  and pulser housing, and it requires only ac power isolate the rails and prevent misfiring. 
(d). 

. = -" 
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Voltage doubling at the end of the open line 
yields a roughly 80-kV, 15-ns-rise, 100-ns- 
wide pulse a1 each rail trigger blade. Pulse- 
to-pulse and rail-to-rail jitter has been 
demonstrated to be less than 5 ns relative to 
the optical-trigger input. 

Plasma Characteristics and Performance. 
We have used extensive electrical diagnostics 
to establish the pulser characteristics, and we 
have developed a set of plasma diagnostics to 
characterize the primary features of the 
plasma. Electrical diagnostics include 
monitors to record the charge voltage of the 
capacitors and the current and voltage near 
the foil. For plasma diagnostics, we used 
witness plates of glass or metal, or both, 
placed in front of the plasma to collect the 
vapor, enabling us Lo record the angular 
distribution of the emitted plasma and, 
thereby, determine density. We directly 
IeLul ded Ll~e plasl~~a-froril velucity with a 
TRW streak camera focused along the laser- 
beam optical axis with thc camera slit 
oriented parallel to the plasma-expansion 
axis. A cw YAG probe laser with a 10-nm 
narrowband filter and a UV-blocking filter 
has also been used with a photodiode to 
directly monitor shutter closure. 

The foregoing diagnostics are somewhat 
indirect, but, in conjunction with a computer 
simulation code,175 they have provided us 
w i ~ h  a picture of the plasma characteristics. 

However, we have needed a more direct 
diagnostic tool to measure plasma size, 
uniformity, and density profile, so we 
recently installed a unique 5-keV x-ray 
backlighter source that was developed at 
L L N L . ' ~ ~  This source has a sensitivity of 0.1 
mg/cm2 and a spatial resolution of at least 
25 pm. 

The x-ray backlighter has been invaluable 
for observing details of the plasma. Most 
importantly, it has directly confirmed the 
Faraday-cup and streak-camera data and 
agreed with the computer-code prediction. It 
revealed several previously unidentified 
plasma modes, including arcing around the 
chip, jetting caused by the ends of the wire 
bursting first, and striating caused by a 
sausage instability. All these modes led to the 
bulk of the current flowing through a small 
portion of the plasma, carrying it off at high 
speed arld subcr~t~cal density, leaving the rest 
of the plasma behind. 

We have eliminated Lhese undesirable 
modes by simple redesigns of the wire- 
holding chip. We prevented thc arcing by 
making tight electrical-current joints and by 
using elastomer gaskets around the chip; we 
eliminated the end jetting by developing 
improved fabrication techniques; and we 
eliminated the instability by tamping the 
plasma with a thin plastic cover. A typical 
x-ray shadowgraph of the plasma in an 

Fig. 2-381. Schematic of 
plasma-shutter trigger 
system, showing the 
optically triggered tetrode 
thyratron. 

Local (manual) 
trigger 6 -f 

Remote trigger B 4 
. CII 6 Lrigger sense - 

'150 mA source for thyratron G I  "keep alive" 
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Fig. 2-382. Pulsed soft 
x-ray shadowgraph, 
taken with the unique 
LLN L source, showing 
the dense expanding 
plasma. 

experimental chip geometry is shown in 
Fig. 2-382. 

The angular divergence of the plasma 
from the slot has been recorded with a glass 
witness plate that was read on a scanning 
densitometer. We established that the mean 
divergence of the plasma is only 10". The 
plasma density in the interaction region was 
geometrically determined by using the 
divergence measurement, the nozzle 
geometry, the initial wire size, and the arrival 
time recorded by the Faraday cup. The peak 
density measured was 1.5 X lo2' ~ m - ~ .  (The 
critical density for 1.06-pm light is lo2' 
cm-3.) These data were recently confirmed 
by the x-ray diagnostic. With the electron 
stripping and multiple ionization that will 
result from the intense laser beam interacting 
with the plasma, the density in the 
intcraction region should be more than 
adequate to stop the retropulse. 

We have examined small-signal beam- 
blocking action with a cw 1.06-pm YAG 
probe laser and demonstrated closure. The 
optical beam was blocked as expected. 
However, since a full-power Nova beam has 
more energy than Shiva, we have no facility 
to fully test the Nova shutter; therefore, we 
have simulated the Nova conditions using 
the LASNEX computer code. In these 
simulations, a full-power beam only burned 
through 2% of the plasma thickness; 
however, other simulations have shown that, 
if the plasma is located too close to the focal 
region (> l0I4 w/cm2), burn-through (hole 

boring) might be possible. Consequently, we 
have positioned the shutter so as not to 
exceed this beam intensity. Additionally, for 
a plasma that was 50% of critical density, no 
burn-through was observed (in simulation), 
but, for an even lower-density plasma, some 
leakage was observed before the plasma was 
stripped sufficiently to block the remaining 
beam. 

Conclusions. We have developed a plasma 
shutter to project a critical-density plasma 
across an optical beam path sufficiently fast 
to block a reflected laser pulse. The shutter 
will be used on the Nova laser system instead 
of the more costly Faraday rotator-isolator 
packages to prevent scattered light from 
returning into the laser chain. The cost 
savings will be $1 million per beam. 

To block the full-power Nova beam, the 
plasma will reach or exceed the critical 
density necessary to totally reflect 1.06-pm 
light. Two prototypes have been constructed 
to evaluate the concept, one being used for 
plasma diagnostics, the other being used to 
develop the electronic controls and wire- 
changing mechanism. They will be installed 
in the Shiva laser for full-scale testing. 

Because of the unique components within 
the shutter, its development required very 
close cooperation among experts in pulsed 
power, plasma physics, electronics and 
controls, mechanical engineering, and 
electromechanical packaging design. The 
development project has required three years 
to reach the full-scale testing stage, which 
will take place early in 1981. 

Authors: 1. F. Siowers, L. P. Bradley, and 
.I. A.  Oicles 

Major Contributors: W. A. Aceves and staff, 
R. Anderson, R. D. Behymer. J .  R. Braucht, 
T. Connor, W. H. Cowens, S. Fulkerson, 
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Fast-Pulse Development 

Wc have dcvclopsd un cighl plurlur lriudt: 

&- Pockels' cell driver, as reported 
p rcv~oua ly . ' ~~  Our cttorts III 1980 wet@ to 
nnprovc the deslpn and to produce five 
production units for use on Shiva, Argus, 
and other lasers. ,A representative output 
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pulse from one of these units is shown in Fig. simplified form in Fig. 2-385. We have, 
2-383. This two-chassis unit has been however, sacrificed speed with this 
reserved for use in the laboratory for fast- modification because of the difficulty of 
pulse development. Figure 2-384 shows this implementing a transformer that will not 
unit; the left module contains the avalanche degrade rise time when driving the low- 
transistor stack (on the rear panel) and the impedance cathode of V2. We are now 
two-tube preamplifier, and the right unit experimenting with a common-cathode stage 
contains the six identical parallel-output for V 2  that appears to give us both the speed 
stages, which can be ganged for higher and drive capability we require. 
output current as desired. Each module As is evident by the need to employ six 
contains its own ac power conditioning, parallel-output tubes in our drivers, the 
including an isolation transformer, so that maximum current output of existing tubes is 
the only interconnection between the two 

Fig. 2-383. A I k V  
modules is a pair of 75-9 coaxial cables. output into 50 ~2 using 

We have learned from Shiva experience experimental avalanche 
that the preamplifier output was inadequate transistor stack to 

to drive the output stage properly. After an improve fall time. 

operational period of approximately a 
month, the tube aged and lowered the circuit 
gain. By modifying the cascade connection 
used between the tubes ot the first stage, we 
have increased the gain sufficiently to 
provide adequate output Lo Lhe driver Fig. 2-384 Planar- 
chassis. The modified schematic is shown in triode Pockels cell 

pulsrr. 

rmer c trlgger Input 
and av ~che transistors 

Second tube stage 

r First tube stage 

- - = = 
Identical output Stages 
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+ I 2  kV 

Note: All transformers are transmission-line type 
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input 
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Fig. 2-385. Simplified A 
schemtic diagram of 
cascade connection. 

Fig. 2-386. Cutaway 
experimental tube 
showing 2-cm2 domed 
triode structure. 

5m 

s";n 
output 
(configuration 
dependent) 

Twin 
75a 
outputs 
to 
driver 

this limitation, we resorted to a more 
complex dome-element geometry; currently, 
a 2-cn12 domed triode is operational in the 
laboratory (Fig. 2-386). The next phase will 
be to extend thc approach to n heretofore 
unattainable cathode area of 3 cm2, 
Ultimately, an area of 4 cm2 or more may be 
attainable. 

On both Nova and Novette, the laser-bay 
Pockels cells will be switched by using a 
single pulser that will be fanned out lo each 
cell. We used this approach on Shiva, and 
the 20 way triggered spark-gap driver design 
is being modified to include a thyratron as a 
switch element. Other evolutionary 
modifications have been made, and the new 
design will actually be able to incorporate 
the thyratron, a triggered gap, or a bulk 
silicon (Auston) switch, giving the unit great 
versatility. 

Authors: J. A. Oicles and B. M. Carder 

a limitation, and we are currently funding 
Varian/Eirnac, Inc., Salt Lake City, Utah, to 
develop larger-area cathode tubes suitable 

Major Contributors: D. C. Downs, D. J. 
Kuizenga, and B. Mass (ILC, Inc.) 

for our use. In the meantime, to overcome 
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Cyclops Design and 
Performancc 

We redesigned the Cyclops laser to extend 
our capability for measurements requiring 
1053-nm pulses with durations greater than 
1 ns. Prior to the rebuilding of Cyclops, the 
VPL facility was the only laser at LLNL 
capable of long-pulse operation, and we were 
required to change materials in VPL 
frequently to operate at either 1053 or 
1064 nm. Having Cyclops as a dedicated 
1053-nm laser will extend our measurement 
capability with no time lost to conversions 
of VPL. 

The laser, rebuilt in the former Cyclops 
lacilily, is shown in Fig. 2-387 at its present 
state of development. The oscillator was 
provided by the Oscillator Development 
Group. The caviry of a Standard mode- 
locked oscillator was shortened, a 4-plate 
etalon was installed as the output coupler, 
and the acoustic mode-locker was removed. 
The stable flashlamp circuitry and acoustic 
Q-switch were retained, and the lasing 
material is Nd:YLF. The laser operates in a 
single-cavity mode, emitting 1-mJ, 1 00-ns, 
1053-nm pulses at a repetition rate of 10 pps. 
The laser output varies with time due to the 
interaction of small cavity-length changes 

/- 
Shutter 

J- Y LF preamplifier 

- - - -  - 

and the complicated output etalon, but this 
slow drift can easily be compensated for by 
using a piezoelectric motion of the cavity 
mirror. Details of long-pulse oscillator 
design are described in "Long-Pulse 
Oscillator Development" earlier in this 
section. 

The pulses are amplified by a Nd:YLF 
preamplifier before arriving a t  the shutter. 
The preamplifier uses a 6-mm-diam Nd:Y LF 
rod, 75 mm in length, with bare ends 
oriented at 6O relative to the rod axis. The 
gain at 1053 nm is 12. 

The duration of the pulse propagated 
through the remainder of the chain is 
determined by a shutter cnnsisting nf a 
Pockels cell driven by a laser-triggered spark 
gap. The shutter time can be adjusted to 
provide seed pulses with durations ranging 
from 1 ns to the full 100-ns duration of the 
Q-switched pulse. 

The shaped pulse is amplified by two 
phosphate-glass preamplifiers (0.95- by 12.7- 
cm rods, gain = 7), two a-rod amplifiers 
(2.5- by 40-cm rods, gain = 80), and a P-rod 
amplifier (5- by 40-cm rod, gain = 15). Laser 
o~itput is controlled by rotational adjustment 
of a half-wave plate located ahead of the 
polarizer at the end of the first a rod. 

The beam is diffraction propagated from a 
single "in-air" spatial filter. The divergence 

Fig. 2-387. Rebuilt 
Cyclops Inscr. 

isolators 
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angle was adjusted to give an approximate 
fill of the output end of the second a 
amplifier, and an inverted telescope is used 
to increase the beam size at the ,k? rod. Use of 
diffraction propagation of an approximately 
Gaussian beam provides a beam that is easily 
used in experiments, but at the cost of 
reducing the fill factor in the amplifiers. The 
spatial structure caused by diffraction is 
comparable in amplitude to that present on 
typical beams formed by image relaying. 

Two problems that may have some 
generality were encountered in assembly of 
the laser. The I-cm-diam Nd:YLF rods, 
slated for use in preamplifiers, were found to 
be of insufficient optical quality to allow 
their usage in a system containing only one 
spatial filter, and the thin-film poladzers, 
designed for use a t  1064 nm, function poorly 
ut 1053 nm. The polarizers can be tipped to 
peak the transmission of polarized light, but 
tipping the substrate away from Brewster's 
angle causes a weak modulation of the beam. 
Both these problems have potential impact 
on larger lasers and will be further 
investigated. 

The laser has operated since mid-October 
1980. It is currently capable of generating 10 
to 20 J in a 1.4-ns pulse. Pulses of this type 
are being used as input pulses in measure- 
ments of gain saturation in phosphate 
glasses. No major problems have been 
encountered. 

Author: D. Milam 
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Repetitive Preamplifier 
Power-Conditioning System 

We undertook the task of developing a 
flashlamp driver for a laser preamplifier to 
provide 300-5 pulses at a I-Hz repetition rate 
for the ILS lascr (a small laser system used 
to support research and development on 
solid-state lasers) and at a 10-Hz repetition 
rate to drive rod amplifiers for the Nova 
laser. The power-conditioning system for 

this driver contains two main elements: a 
power supply, and a pulse-forming and 
pulse-switching network. 

After reviewing the several techniques 
normally used to trigger flashlamps, we 
selected a simmer approach, whereby a low 
current continuously maintains the 
flashlamp at a low level of intensity of 
ionization. Simmering typically increases 
lamp lifetime by an order of magnitude, 
greatly increases reproducibility, and 
enhances reliability. 

For the immediate ILS use, we employed 
available Argus-type 5-kVA and I-kVA 
power supplies. For the higher repetition 
rate required for Nova, we are designing a 
switching power supply. 

The iwu series flasl~laulp~ Lo be drivcn by 
the pulse-forming network contain 0.59 atm 
of xenon, are 5-mm in diameter. and have a 
net length of 150 mm. With these values 
fixed, we used a simple code to select and 
optimize components of the lamp firing 
circuit. The nominal parameters selected 
were 2.5 kV with a 105-pF capacitor and a 
250-pH inductor. We designed the circuit 
shown in Fig. 2-388 to operate to a 
maximum of 5 kV to provide the experi- 
menter with flexibility. A dc simmer current 
of 70 mA was empirically selected. 

The lamp firing circuit delivers 300-5 
pulses to the flashlamps. It contains two 
series SCRs, protective diodes, and a trigger- 
coupling circuit. Dumping circuits are used 
to protect the large SCRs and diodes. 

The simmer start circuit is directly 
analogous to the lamp firing circuit, but its 
output to the lamp is a 1.5-ps, 30-kV pulse. It 
is protected from Lhe lariip firing circuit and 
simmer circuit by a blocking diode. Lamp 
simmer commences with the start circuit and 
is triaintained by the simmer circuit. Thc 
simmer maintenance circuit contains a filter 
capacitor, a current-limiting resistor, and a 
protective diode. Interlocks, dump, and 
protective relays are used where required. 

We have tested this power-conditioning 
system extensively with the Argus-type 
power supplies and have used it for 
experiments on the Cyclops laser. It operates 
as desired at up to 10 Hz, where overheating 
of the Argus-type power supply presently 
limits the operating time. 

The power supply selected for the 10-Hz 
Nova operation uses a 20-kHz switching 
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circuit. The advantages of a high-frequency 
switching supply, as contrasted with the 
Argus-type voltage-doubling supply, are 
regulation within 1 %; greatly reduced 
physical size; constant current charging, 
which extends capacitor life; and lower cost. 

The main potential disadvantage of a 
switching supply is the problem of radiated 
noise. We will take special care to ensure that 
radiated noise is minimized. 

A schematic of the basic supply is given in 
Fig. 2-389. The input voltage is 208 V, three 
phase. The output voltage is 0 to 3 kV dc, 
and the output power rating is 3000 W. The 
control of this supply is based on a controller 
chip (Silicon General SG3526). The base 
drive circuits are transformer isolated from 
the controller. 

The control unit is designed to start the 
simmer automatically, sequence the 
f l a ~ l l l a l ~ l ~  I"llillg, d11J L U I I ~ I U ~  Ll~t: ~ U W C I  k supplies. The simmer command, given once 
on startup, follows a logic sequence. The 
sequence begins with the opening and closing 
of iippmpriate relays in the pulse-forming 
network and produces a charge command to 
the I-kVA power supply; 2 seconds later, a 
simmer fire command is sent to the simmer 
circuit; 5 seconds after simmer commences, a 
charge command is sent to the 5-kVA power 
supply; and, 15 seconds later, the pulse- 
forming network is conncctcd to thc lamps 
via a relay. 

The command for the simmer start is 
produced by relays and a 9602 integrated 
circuit. A laser photodiode circuit monitors 
the simmer current to verify that the 
flashlamp is simmering. 

Integrated-circuit tashnnln~y is iised for 
the flashlamp fire-command circuits. Three 
variable-time-delay circuits are employed to 
provide commands to the flashlamp driver 
and to enable the 5-kVA power supply. The 
variable-delay circuits operate on a constant- 
current capacitor-charge circuit referenced 
to a comparator network. These combi- 
nations of circuits determine the length of 
time delay and generate the piilsas reqiiired 
for flashlamp drive. The 5-kVA enable is 
used to keep the power supply from 
recharging immediately after trigger, thereby 
protecting the SCR from restrike. To make 
the flashlamp fire-command circuit 
cnmpatible with the existing ILS rate 
generator, an 8820 integrated circuit is used 

Lamp fire circukt 

Simmer start circuit 

Lamp 
tread 

I 
Current monitor 

Fig. 2-388. The 10-Hz 
flashlamp pulse-forming 
and simmer circuits. 

I monitor Voltqe+ p- i;""" 
Fig. 2-389. The 20-kHz 
switching Dower suoolv .. " 

I V for the NQ:YLF rod 
amplifier. 
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as an input. For single-pulse mode, we use a 
push button and a 9602 integrated circuit as 
a parallel input. Both inputs are connected 
through a 4070B OR gate. 
Authors: L. P. Bradley, B. T. Merritt, and 
E. L. Orham 

Major Contributors: D. Johnson and R. Birch 

Basic Research 
Introduction 

Three research programs are supported by 
- Ll~e Diviaiull uf M a t c ~ i a l ~  Scic~~cz of the 

DOE Office of Basic Energy Sciences (BES). 
These programs, dcvotcd to studying 
properties and operating characteristics of 
optical materials for high-power lasers, are 
conducting research in the following fields: 

Optical materials. 
Laser-excited fluorescence in amorphous 
solids. 
Surface physics and chemistry of laser- 
induced damage. 

These programs complement those of the 
Laser Fusion Program by exploring basic 
phemomena of importance to the 
development of improved laser materials. 

Optical Materials Research. In the past 
several years, we have investigated many 
different low-optical-index materials in an 
effort to find materials with very small 
nonlinear refractive indices, n2. Solids having 
the smallest n2 values at wavelengths of 1 pm 
are fluoride crystals and glasses containing 
low-atomic-number ~a t i0ns . l ' ~  Of these, 
beryllium-fluoride-based glasses are 
particularly attractive for high-power-laser 
applications because of the combination of 
several favorable optical, spectroscopic, and 
physical ~ r 0 p e r t i e s . l ~ ~  

Beryllium-fluoride glasses have several 
unique properties180 and, therefore, have 
been the subject of many additional studies. 
During the past year, we prepared a number 
of special samples for spectroscopic 
measurements at wavelengths ranging from 
microwaves to x rays. Experiments included 
the following (titles in parentheses cite 
articles found in this section): 

Laser-induced fluorescence-line- 
narrowing (FLN) spectroscopy of rare- 
earth ions in unitary and binary 
fluoroberyllate glasses. The results were 
compared with the local structure 
predicted by computer simulations 
("Computer Simulations of Glass 
Structure"). 
Fluorescence line-narrowed measure- 
ments of the homogeneous line widths 
of neodymium ( ~ d ~ ' )  in glass, variations 
of the line widths with glass composition, 
and the effects of line widths on energy 
extraction from glass lasers 
("Homogeneous Line Widths and Energy 
Extraction in Laser Glass"). 
Electron-spin-resonance investigations of 
iron-group impurities in beryllium- 
fluoride glasses ("Beryllium-Fluoride 
Ch3303"). - - - . - -  

Studies of the phonon spectrum and ion- 
phonon coupling in glasses from FLN 
vibronic spectra ("Vibronic Spectra of 
Rare Earths in Glass"). 
Vacuum-ultraviolet-reflectance 
measurements of single- and multi- 
component-BeF2 glasses ("Beryllium- 
Fluoride Glasses"). 
Extended-x-ray-absorption-fine-structure 
(EXAFS) studies of rare earths in BeF2 
to obtain information about the average 
coordination at rare-earth sites 
("Beryllium-Fluoride Glasses"). 
Preparation of isotopically enriched, rare- 
earth-doped glasses of zero neutron 
coherent scattering length to investigate 
the local environments ("Beryllium- 
Fluoride Glasses"). 
For fusion lasers operating at shorter 

wavelengths, such as rare-gas-halide lasers 
(e.g., KrF at 248 nm) or the higher 
harmonics of the neodymium-laser 
wavelength, wide band gap optical materials 
are needed to reduce both linear and 
nonlinear absorption. When the laser- 
photon energy becomes on the order of, or 
greater than, one-half the fundamental band 
gap, two-photon absorption (2PA) is 
energetically possible. Data on 2PA 
coefficients of wide band gap optical 
material are limited. 1 8 1  '1'0 measure not only 
valucs at discrete wavelengths of interest, but 
also the 2PA spectrum, we first set up an 
Nd:YAG (yttrium-aluminum-garnet) laser, 
a tunable dye laser, and harmonics 
generators as a source to cover a wide 
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spectral range, and, second, developed 
photoacoustic and photorefraction 
techniques for detecting the weak 2PA. The 
development of the instrumentation and 
techniques is discussed under "Nonlinear 
Optics" in this section. 

At higher photon energies, the nonlinear 
refractive index of optical materials will also 
change. (The n2 and the 2PA coefficient are 
related to the real and imaginary parts of the 
third-order susceptibility, respectively.) To 
investigate the wavelength dispersion of n2, 
we set up a time-resolved interferometer, 
similar to that used previously for n2 
measurements at 1 pm.178 A major improve- 
ment to the system was made by adding a 
vidicon readout to the streak camera, thus 
reducing data-analysis time (described in 
"Nonlinear Optics"). Measurements of n2 of 
various optical glasses and crystals, at higher 
harmonics of the Nd-laser frequency, ate 
planned using this interferometer system. 

There is a conti~lued need for crystalline 
materials for solid-state laser systems, both 
as lasing media and as nonlinear materials 
for frequency conversion. We have, 
therefore, set up a state-of-the-art crystal- 
growth facility, which uses the Czochralski 
method for preparing materials from the 
melt (this facility is discussed in this section 
under "Crystal Growth Facilities"). 

Laser-Excited Fluorescence. For solid- 
state lasing media, such as Nd-doped glass, 
we are interested in the spectroscopic 
properties of the Nd3+ ions, in addition to 
the nonlinear-optical properties. The second 
BES research program uses laser-induced- 
FLN techniques to explore the site-to-site 
val ialioi~s in the spectroscopic propcrtics of 
activator ions in amorphous materials.'82 
While these microscopic inhomogeneities are 
not evident for lasers operating under small- 
signal conditions, they become important for 
lasers operating under large-signal or 
saturated-gain conditions where hole 
burning and gain reduction occur. 

To investigate the local structure and 
fields at laser ion sites in glass, and the site- 
to-site variations that cause inhomogeneous 
broadening, we are calculating the structure 
of glass from first principles. Each 
simulation shows a different ion configu- 
ration about the laser-ion; the collection of 
such configurations reproduces thc 
inhomogeneities in an aclual glass. Our 
computer simulations of the local structure 
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in simple rare-earth-doped BeF2 glass183 
demonstrated that there is no single rare- 
earth-site symmetry, or nearest-neighbor 
distance, or coordination number. 
Probability distributions for these properties 
were derived from the computer-predicted 
structures. We have now extended the 
computer simulations of glass, using 
molecular-dynamics (MD) techniques, so 
that systems of 400 ions of five different 
species can be treated. This allows us to 
model the complexities present in 
commercial multicomponent glasses. Radial 
distribution functions and coordination 
numbers at cation sites in beryllium-fluoride 
glasses, both simple and modified, have been 
determined. These determinations and their 
interpretation are luurld sum~narized under 
"Computer Simulations of Glass Structure" 
in this section. 

Knowing die yosiliu~~s uT Ll~e alliul~s alld 
cations surrounding the rare-earth ion in 
glass, the ncxt step is to model the 
interactions and calculate electronic energy 
levels and transition probabilities. From 
these results, broadband-excited and laser- 
excited optical spectra can be simulated. The 
simulations will be done using molecular 
orbital self-consistent-field calculations. 
Programs for these calculations are currently 
being developed. 

Both averaged and dynamic processes can 
be studied using MD methods. In the course 
of our simulations of BeF2 glass we 
discovered some anomalous low-frequency 
excitations at  defect sites. These may be 
related to the many anomalous properties of 
amorphous materials at low temperatures 
(scc "Anomalouo Low Frequency 
Excitations in BeF2 Glass" in this section). 

Laser-excited-fluorescence studies in glass 
have clearly demonstrated site-dependent 
diffcrcnccs in energy levels and in transition 
pr~babi l i t ies . '~~ Variations in the 
ion-phonon coupling strength are evident 
from studies of homogeneous line- 
broadening and relaxation by multiphonon 
emission. More direct evidence can be 
obtained from vibronic spectra, but good, 
easily interpretable data are not readily 
available. We have found, however, that 
using trivalent gadolinium as the probe-ion 
and sensitive FLN techniques, excellent 
vibronic spectra can be obtained. Results for 
a number of different glasses have providcd 
new information about the ion-phonon 



Basic Research 

interactions for rare earths in glass (see 
"Vibronic Spectra of Rare Earths in Glass" 
in this section). These interactions affect 
both the quantum efficiency and the energy 
extraction efficiency of glass lasers. 

Laser-Induced Damage. As noted 
throughout our discussions of solid-state- 
laser technology in this and previous annual 
reports, thresholds for laser-induced damage 
continue to be a limiting factor in the 
design and performance of fusion lasers. The 
lowest damage thresholds occur at surfaces, 
in thin-film coatings, and at film-substrate 
interfaces. The third BES program is a study 
of the physical and chemical properties of 
surfaces governing optical damage 
thresholds. 

To  address the effects of surface physics 
and chemistry on damage thresholds, we 
buill an ultra-high-vacuum chamber for in 
situ sample preparation, damage testing, 
neutral- and chargcd-particle emission 
measurements, and surface diagnostics. This 
apparatus, and the results obtained thus far, 
are described in this section under "Surface 
Physics and Chemistry of Laser-Induced 
Damage." Carefully controlled surface 
preparation and characterization, and 
accurate damage threshold measurements, 
should yield new insights into the stubborn 
problem of laser-induced damage. 

Orher Activities. We have continued our 
survey of laser host materials in the search 
for special characteristics and property 
extremes. Halide glasses were considered 
because the local fields should be relatively 
weak, resulting in narrow fluorescence 
bandwidths; and the phonon frequencies are 
low, resulting in more fluorescing states with 
high quantum efficiency. Last year we 
reported on the investigation of a series of 
mixed-anion chlorophosphate glasses. These 
glasses exhibited the largest simulated 
emission cross section, for the 4 ~ 3 1 2  + 41 
transition of ~d~ ' , in any glass measured to 
date.lS4 We have extended those studies to 
pure chloride and bromide glasses and have 
found even larger lasing cross sections for 
glasses based on bismuth chloride as the 
glass former. These results and a review of 
the spectroscopic properties of rare-earth- 
doped glasses and how they can be tailored 
are presented in this section under "High 
Cross Section ~ d ~ +  Laser Glasses." 

The radiative quantum efficiency of the 
upper laser state of ions it1 solids allects the 

overall pumping-efficiency. Accurate 
measurements of the quantum efficiency are 
frequently plagued by systematic errors or 
inadequate sensitivity. We have used 
photoacoustic techniques to measure the 
nonradiative contribution to excited-state 
decays and to determine, therefrom, the 
quantum efficiency. This method has been 

' I  
applied to rare-earth-doped glasses of both 
high and low quantum efficiencies, and to 
Nd:YAG crystals. The results, which differ, 
in some cases, from earlier values obtained 
by others, are presented under "Quantum 
Efficiency Measurements Using Photo- 
acoustic Techniques" in this section. 

The observation of FLN is a simple 
method to prove thal a lasing medium is 
inhomogeneous and, therefore, subject to 
spectral hole burning.lS5 Since FLN is 
observed In all Nd-doped glasses studied to 
date, hole burning is a common 
phenomenon. The degree of spectral hole 
burning is dependent on the ratio of the 
homogeneous-to-inhomogeneous line 
widths; therefore, we have investigated the 
relative magnitude of these line widths as a 
function of glass composition. lS6 AS 

described under "Homogeneous Line 
Widths and Energy Extraction in Laser 
Glass" in this section, an empirical 
relationship was discovered between the 
homogeneous line width and the velocity of 
sound in the glass. This provides guidance in 
selecting materials that minimize the effects 
of hole burning and maximize the output 
energy. 

Author: M. J. Weber 

Optical Materials Research 

Beryllium-Fluoride Glasses. Beryllium- 
fluoride (BeF2) glasses possess several 
attractive features as optical materials for 
high-power lasers. These include: 

The lowest known refractive-index 
nonlinearities in solids and, hence, small 
self-focusing and self-phase-modulation 
effects. 
A wide range of transparency, particularly 
in the ultraviolet. 
Laser-gain parameters in the range of 
interest for fusion lasers. 
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Satisfactory thresholds with respect to 
laser-induced damage. 1873188 

We have investigated beryllium-fluoride 
glasses extensively in the last few years 
(described in the preceding four annual 
reports). These studies have extended 
beyond the application for lasers. Simple and 
multicomponent BeF2 glasses are 
characterized by a continuous random- 
network model of glass structure, analogous 
to silicate glasses. However, the BeF2 glasses 
are more ionic, wide-bandgap glasses and, 
hence, are more appropriate for many 
fundamental glass studies. 

We have maintained a capability for 
preparing beryllium-tluorlde glass at LLNL 
and have melted several special glasses 
during the past year. Because of the toxic 
nature of beryllium, special facilities are 
roquirod. Tho melting and oaoting facilitie~ 
and general experimental techniques for 
preparing these glasses are described 
elsewhere. lg7>lg9 

A large number of rare-earth-doped 
fluoroberyllate glasses were prepared for 
optical-spectroscopy measurements. Those 
included several samples for fluorescence- 
line-narrowing experiments reported in 
detail later in this section (see "Computer 
Simulations of Glass Structure," "Vibronic 
Spectra of Rare Earths in Glass," and 
"Homogeneous Line Widths and Energy 
Extraction in Laser Glass"). 

Beryllium-fluoride glass is expected to 
have a very large bandgap. Thus far, 
however, efforts to determine the intrinsic 
bandgap from vacuum-ultraviolet (VUV) 
ahsnrption spectra have been plagued by the 
presence of trace impurities and scattering 
centers which mask the true absorption 
edge.'879190 In a collaborative effort with 
R. T. Williams and D. J. Nagel of the Naval 
Research Laboratory, we have recorded 
VUV-reflectance data for pure and 
multicomponent BeF2 glasses in the 8- to 
100-eV range; measurements were also made 
of optical transmission. photoemission, and 
angle-dependent VUV light scattering. The 
VUV source employed for these experiments 
was the SURF I1 electron-storage ring at the 
National Bureau of Standards. 

The near-normal reflectance spectrum in 
Fig. 2-3913 provides the first direct indication 
of the intrinsic bandgap of vitreous BeF2, as 
well as the electronic structure above the 
gap. A prominent peak at 12.8 eV is 

presumed to be associated with an exciton. A 
second steep rise beginning at 14 eV may 
then be associated with the onset of band-to- 
band transitions. A small peak near 30 eV is 
probably associated with transitions from 
the F- 2s level. For a alulticomponent glass 
of composition (mole %) 49 BeF2, 27 KF, 
14 CaF2, 10 AIF3, the dominant low-energy 
peak shifted from the 12.8 eV of the vitreous 
BeF2 to 1 1.3 eV. (The corresponding 
increase in the refractive index at 593 nm is 
from 1.28 to 1.34.) To compare the spectra of 
crystalline and amorphous phases of BeF2, 
several polycrystalline samples were 
prepared. Measurements are scheduled 
f u ~  1981. 

Electron-spin-resonance investigations of 
undoped, unirradiated BeF2 glasses were 
conducted by D. L. Griscom and 
M. Stapelhrnek of the Naval Research 
Laboratory. Two relatively intcnse 
resonances were observed, one of which was 
due to ~ n ~ +  impurities. The second 
resonance was shown-by temperature and 
frequency dependence studies coupled with 
computer line-shapc analysis-to be a 
ferromagnetic-reso1ia11ct: sigtlal due to 
precipitated-ferrite phases. The data suggest 
that these ferrites are somewhat 
heterogeneous and most likely comprise 
magnetite-like phases, similar to NiFe204. 
An optical-extinction curve, rising into the 
ultraviolet with an approximate fourth- 
power dependence on wavelength, was 
tentatively ascribed to light-scattering by 
ferrite particles 100 nm in diameter. 

Knowledge of the rare-earth-ion 
environment is important for optimizing 
laser glasses for fusion lasers. The local 
structure in BeF2 glasses has been simulated 
using Monte Carlo and molecular-dynamics 
methods (for a description of this work see 

Fig. 2-390, Near-normal 
reflectance spectrum of 
pure BeFz (from Williams 
and Nagel). 
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"Computer Simulations of Glass Structure" 
in this section). Validity of these computer 
simulations has been tested, to a limited 
extent, by comparing the results with optical 
spectra. A direct probe of the local 
environment can also be obtained from an 
analysis of the extended x-ray-absorption 
fine-structure (EXAFS) of the rare-earth 
absorption edge. Such spectra for 
neodymium in glassy BeF2 were recorded in 
a collaborative effort by J. Wong of General 
Electric at the Stanford Synchrotron 
Radiation Laboratory. Data on crystalline 
NdF3 were also recorded to obtain the 
necessary phase shifts required in analyzing 
the spectra. Data reduction is presently in 
progress. The results should yield the 
average rare-earth nearest-neighbor fluoride 
distance-and-coordination number for 
13c2+ by P-. 

The rare-earth environment can also be 
probed using neutron-scattering tcchniques. 
The particular system to be studied, in 
collaboration with A. Wright and 
R. Sinclair, is NaF-DyF3-BeF,. 
Measurements will also be made on pure 
BeF2 and a NaF-BeF2 glass having the same 
Na:BeF2 ratio as the DyF3-containing 
glasses. To permit study of the environment 
of the D ~ ~ +  ion, two NaF-DyF,-BeF2 
samples having the identical chemical 
composition arc: being prepared: but one of 
them will contain Dy isotopically enriched to 
give a zero neutron coherent scattering 
length (denoted OD~). The neutron- 
diffraction pattern of the latter will give 
information on the modification of the 
NaF-BeF2-glass matrix caused by the 
introduction of DyF3, while the difference 
between the two Dy-containing samples will 
give the environment of the Dy ion. These 
results can be compared with the EXAFS 
data and provide a further test of our 
computer-simulated glass structure. 
Preparation of the glasses for this 
investigation is under way. Beam time for 
conducting these experiments is scheduled 
for the second half of 1981. 

Author: M. J. Weber 

Major Contributor: D. D. Kingman 

Nonlinear Optics 
Measurements of Nonlinear Refractive 

Index. As an intense laser pulse propagates 
through a fusion laser, its phase front, 
initially planar, accumulates phase 
alterations. One class of these alterations 
arises from the intensity-dependent 
refractive index.19' An optical component 
with a large nonlinear index effectively maps 
the local intensity pattern onto the laser 
phase-front. For bell-shaped laser pulses, 
typical in small lasers, this effect increases 
the axial intensity of the pulse as it 
propagates, causing "whole-beam self- 
focusing." For high-fill-factor fusion-laser 
pulses, the result is slightly different. These 
pulses have modulation in the form of spikes 
and ripples superimposed on an otherwise 
flat profile, and these "hot spots" are 
in~ensified as the pulse propagates through 
the laser chain. This process is "small-scale 
sell-focusing" and, if uncontrolled by 
spatial-filtering, leads to damage in laser 
components or to a reduction in the 
focusable energy for target experiments. For 
optimum performance in high-power fusion 
lasers, we desire optical materials with the 
lowest nonlinear index, which will minimize 
the effects of small-scale self-focusing. 

A major trend in laser fusion research is 
toward the use of short wavelengths (< 1 pm) 
for improved target performance. In 1980, 
harmonic generation was used on the Argus 
laser, and incorporated into the design of the 
Nova and Novette lasers, to produce fusion 
pulses at 0.53 and 0.35 pm. We anticipate the 
need to measure the nonlinear index at these 
wavelengths, because physical theories'92 
indicate that as the wavelength is shortened, 
the index rises. In particular, we expect some 
enhancement from near-resonant, two- 
photon transitions in typical laser glasses. 
(The extent of this expected enhancement 
and its potential impact on laser designs is 
unknown; however, the two-photon question 
is being investigated, as reported in the 
second portion of this article.) 

In addition, even with a constant 
nonlinear index, the growth rate of small- 
scale ~ e l f - f o c u s i n ~ ' ~ ~  depends inversely on 
wavelength and is therefore three times 
larger at the third-harmonic wavelength than 
at the familiar fundamental wavelength. This 
fact illcreases [he importance of measuring 
the nonlinear index. 
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Fig. 2-391. Time-resolved 
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interferometer configura- 
tion for measuring the 
nonlinear refractive index 
of optical materials. 

Fig. 2-392. Schematic 
diagram of the vidicon 
computer-based data- 
acquisition and analysis 
system used for time- 
resolved interferometry 
nf t~r  Ref 197) 

In 1980, we began a project to measure the 
nonlinear index in fusion materials at 
harmonic wavelengths of the Nd:YAG laser. 
As our first step, we reconstructed the time- 
resolved interferometer, used previously by 
~ l i s s , ' ~ ~  ~ i l a m , ' ~ ~  and others, IY6 for 
accurate nonlinear-index measurements. 
Figure 2-391 shows the basic layout of this 
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experiment. A streak camera monitors the 
real-time fringe-pattern shift that is induced 
by the passage of the intense laser pulse 
through the sample. Simultaneously, the 
temporal and spatial distributions of the 
laser pulse are recorded. By correlating peak 
fringe-shift with peak laser-irradiance, the 
nonlinear refractive index of the sample is 
determined. 

A significant addition to the apparatus 
was made by using a digital video system,19' 
in place of photographic film, to record the I 
streak and laser profiles, Figure 2-392 shows 

I 
I 

a block diagram of the new recording and I 
I -7 i l l  

analysis equipment. We anticipate a major 
improvement in the rapidity of data analysis I 
for each sample: several minutes with the 
video system vs several days with the Color 

previous film techniques. Figures 2-393(a) 
and 2-393(b) illustrate the data output from 

* 
the vidicon-computer analysis system. 
Figure 2-393(a) shows the color-encoded 

Hardcopy spatial-energy distribution at a plane unit 
equivalent to the front surface of the sample. 
Figure 2-393(b) shows the time-dependent 
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., Fig. 2-393. Vidicon/ 
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output. (a) Color-encoded 
spatial profile of laser 
energy distribution in 
sample. (b) Video picture 
of the time-dependent 
output of the streak 

amera. 
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fringe pattern recorded with the streak 
camera. 

We are validating the performance of the 
present apparatus by measuring the well- 
known nonlinear index in a rod of Nd-doped 
ED-2 laser glass. These tests will be 
completed in early 1981. We will then 
convert the apparatus for measurement of 
the nonlinear index at 0.53 and 0.35 pm, 
using harmonic pulses of the ILS laser. 
Two-Photon Spectroscopy Studies. As 

fusion lasers are extended to ever shorter 
wavelengths, the question of two-photon 
absorption in wide-bandgap optical 
materials needs to be addressed. For this 
reason we are setting up a laser laboratory 
for two-photon spectroscopy studies. The 
primary goals of these studies are to obtain 
accurate absolute values of two-photon 
absnrptinn rnefficients fnr all preserltly wed 
optical materials at the operating 
wavelengths of the projected visible and UV- 
fusion lasers, and to find a relationship 
between the two-photon absorption cross 
section and some more easily measured 
sample parameter(s). With the above 
information, we can make informed 
decisions when selecting optical materials for 
short-wavelength, high-power fusion lasers. 

There are several techniques in use for 
measuring two-photon absorption cross 
sections. These include transmission 
measurements, laser calorimetry, 
photoacoustic, and photorefractive 
techniques. Of these methods, only the 
intensity-dependent transmission method, 
using well-calibrated high-intensity laser 
pulses, has been used for wide-bandgap 

 material^.'^^ Laser calorimetry studies have 
been performed on narrow-bandgap 
semiconductors; 199 while the photoacoustic 
experiments have been on either gases200 or 
liquids201*202 with relatively large two- 
photon absorption cross sections. A 
photorefractive thermal-lens technique has 
also been used for liquids.203 In this 
technique the change of focus of a low- 
intensity probe beam is measured as it 
traverses the region of the sample that has 
been momentarily heated by the linear- and 
nonlinear-absorption processes that occur 
when a high-intensity laser pulse traverses 
the sample. Of the methods described above, 
the most sensitive appear to be the 
phulua~oustic and photorcfractivc 
techniques. 

In our laboratory we have set up a 
Molcctron Nd:YAG-pumped dye laser, 
capable of producing 250-, 125-, and 50-mJ 
pulses at the hzrmonic wavelength of 530, 
350, and 270 nm, respectively, and, 
reasonably energetic pulses in the regions 
between, by pumping a dye laser. These 
pulses are 15 ns in duration, and thus fairly 
high intensities can be achieved by beam 
focusing. In fact, at most wavelengths, with 
our focused beams, our operating intensity 
levels are limited by the damage thresholds 
of the materials. 

We have also designed and assembled 
both a photoacoustic and a photorefrac- 
tive detection system. Tht: photoacoustic 
system is similar to the one that we used 
previously204 for measuring thin-film linear 
absorptions as low as one part in To 
achieve similar sensitivities with our new 

(a) Color encoded laser energy distribution in sample (b) Streak camera output video picture; pulse width (FWHM)=120 ps 
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15-ns pulse laser, the piezoelectric trans- 
ducer must have a resonance frequency in 
the 50-MHz rcgion. The need fur ~hese 
higher frequencies has presented us with 
some difficulties. The photorefractive system 
can measure either the thermal blooming205 
or the deflection of a probe He-Ne laser 
beam that occurs because of the presence of 
thermally induced refractive index changes. 
This system appears to be operating nicely. 

We have, at this point, performed only a 
preliminary photorefractive experiment 
using excitation radiation of 560 nm on a 
Corning UV filter glass (3-75) with an 
absorption threshold at 350 nm. Figure 
2-394 shows the data from this experiment. 
We plot the energy-normalized photo- 
refractive signal, q/E, vs the beam energy E. 
From these data and knowing, from 
conventional spectrophotometry, that the 
linear absorption eocfficicnt u - 0.1 ~111-', 
we obtain, using beam intensities estimated 
from energy measurements and from pulse- 
width and beam-diameter requirements, a 
value for thc two-photon absorplion 
coefficient p 2: 6 X C ~ / M W .  This value 
for p is reasonable for this particular 
material. We are assembling a beam- 
diagnostic system which will provide us with 
a more accurate evaluation of beam intensity 
in the lu~ure. From the signal-to-noise ratio 
obtained in this experiment, we believe that 
we will be able to measure ps of the order of 

crn/MW with the intensities available, 
find thiis h~ ahlp  to fulf'ill our stated goals. 

Authors: W. T. White, W. L. Smith, and 
A. Rosencwaig 

Major Contributors: D. Milam, M. J. 
Weber, M. A. Henesian, and T. W. Hindley 

Crystal Growth Facilities. To provide for the 
growth of new optical crystals for laser and 
nonlinear optics applications, an automated 
crystal puller facility was put into operation. 
Figure 2-395 shows the facility and a 
technician measuring the tcmpcraturc of a 
melt contained in an i~idiurn cruciblc priu~ Lu 
pulling a crystal by the Czochralski 
technique. 

High-frequency power, for induction 
heating of the melt, is supplied by a 25-kW, 
10-kHz solid-state gcncrator. A flow of 

nitrogen gas is employed to minimize 
oxidation of the crucible. Other equipment 
shown in the photograph is the vertical 
console containing the electronic 
components for controlling power to the 
furnace and for programming the crystal- 
pulling operation. The pulling feature uses a 
crystal-weighing technique for automatic 
control of diameter from the point of seed- 
on to completion of the growth run.206-208 
The electronic balance for continuously 
weighing the crystal and the apparatus for 

Fig. 2-394. The energy- 
normalized photorefractive 
deflection signal q/E vs 
incident laser beam energy. 

Fig. 2-395. Crystal 
growth station. V 
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pulling the crystal are on top of the furnace 
cabinet. The entire system is state-of-the-art 
and provides growth rates from 0.5 to 
250 g/h, with growth diameter controlled 
over 90% of the crystal length. Maximum 
capacity is 400 g; maximum temperature is 
limited by the size and melting point of the 
crucible material. 

Not pictured are the facilities currently 
being installed for powder feed preparation 
and for the purification of starting materials. 
These operations will be important in 
growing high-optical-quality laser crystals. 

This year we successfully synthesized 
Na31:i3AI2Fl2 (cryolithionate) powder by 
fluorlnatlng AlC13, LiCI, and NaCl powders 
with aqueous HF. Powder-pattern data 
indicate a cubic garnet l a t t i ~ e ~ O ~ - ~ '  I 
(a = 12.12 A) with a melting point at 750°C. 
This is a potentially interesting low-index 
laser host-material; techniques for growing 
large single crystals are under consideration. 

A sample of crystalline BeF2, produced by 
hot pressing powdered BeF2 glass and 
isomorphous with quartz, was cut and 
polished for optical-reflectivity measure- 
ments by personnel from the Naval Research 
Laboratory at the National Bureau of 
Standards. Results will be compared to those 
obtained from the amorphous phase of BeF2 
described earlier in "Beryllium-Fluoride 
Glasses." 

We plan to investigate the growth of 
several low-index fluoride crystals including 
both simple compounds such as AlF, (cubic 
AIF3 crystals have been grown using molten 
PbC12 as a solvent2I2) and complex 
compounds such as the cryolithionate above. 
Hosts for either transition-metal or rare- 
earth ions are of interest. Of particular 
interest are hosts that can be co-doped with 
both groups of ions, thereby providing the 
possibility of using sensitized fluorescence to 
improve optical pumping efficier~cy. AIIVLII~I .  
111aLc1idl o f  intrrr.st is thr, t111oro chlorides 
MFCI (M= Ba, Sr) as a possible host for v2+ 
and divalent rare earths. As described in the 
section on "Er~ergy-Storage Solid Statc 
Lasers V:MgF2", v2+ in MgF2 is a good 
et~elgy-blurage solid statc lascr. 

Authors: C. F. Cline and H. W. Newkirk 

Laser-Excited Fluorescence 
Studies of Amorphous Solids 

Computer Simulations of Glass Structure. We 
have simulated rare-earth-doped 
fluoroberyllate glasses by the molecular- 
dynamics (MD) technique of statistical 
mechanics.213 The result of the simulation is 
similar to the results of Monte Carlo 
calculations described p rev io~s ly~1~ :  a 
collection of glasses, each containing one 
rare-earth ion, and in which the local 
environment of each rare earth is different. 
From these structures, the spectroscopic 
properties of the simulated glasses can be 
computed and compared with experimenl."15 

'l'he MD technique, which is widely used 
to simulate fluids and glasses,213 involves 
nr lm~r i r~ l ly  inteerating Newton's equations 
of motion. A number of ions (our current 
programs can treat 400 ions of five different 
species) are contained in a cubic box whose 
size is determined by the density of the 
material. The ions i,j interact with the 
potential 

where r is the distance between the ions, and 
q, the charge of ion i. The parameter Aij is 
positive and is fixed according to the ion size. 
Periodic boundary conditions213 eliminate 
surface effects. The temperature of the 
material is determined by initially creating a 
Maxwell-Boltzmann distribution of ion 
velocities such that for N ions the total 
klnetic energy = 3N/2kT, T being the 
absolute temperature. Newton's equations of 
motion are integrated numerically using an 
algorithm due to verlet216 with a Lime slep of 
0.002 ps. (The maximum vibrational 
frequency of BcF2 is about 0.033 ps-l.) We 
made runs on a PDP 11-55 cornp~rlcr with an 
array processor (Floating Point Systems 
model 120B). Six hundred time steps were 
generated per hour. 

We began with a fluid started from 
random initial conditions at 10 000 K and 
slowly cooled. For temperalures above 
1300 K, where all fluids were in  thermal 
equilibrium, considerable topological 
changes in the fluid structure occurred over 
limes greater than 20 ps (computcd using the 
methodology of Ref. 217. A time of 20 ps is a 
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reasonably long computer run). At 
temperatures of 1000 K and below, fluids 
were metastable since relaxation times were 
so long that topological changes rarely 
occurred over 20 ps. Thus, on a time scale of 
20 ps, the glass transition region is between 
1000 and 1300 K. (The glass transition 
region, for computer glasses, is quite broad, 
as discussed in Ref. 21 8.) 

We formed glasses by lowering the 
temperature (in 10 temperature steps) of an 
initial equilibrated-fluid configuration to 
temperatures from 33 to 900 K while 
integrating the equations of motion. 
Generally, quenches were made over 4 to 
6 ps. As discussed in Ref. 218, computer 
simulated glasses have astronomically higher 
quench rates than laboratory glasses. 

'I'he MD technique provides information 
about both the static and dynamic properties 
of systems. Here we describe the structure of 
the simulated g1;lhsct.s Work on dynamic 
properties is presented in the following 
article. 

We have simulated rare-earth (RE)-doped 
BeF2 and also RE-doped BeF2 glass with 
uddilional alkali or dlkaline-edrlh modifiers. 
We give the compositions of the simulated 
glasses in Tablc 3-74, along wit11 a brief 
summary of some structural features of the 
simulated glabses. Figure 2-396 is a conlputer 
graphics display of a binary fluoroberyllate 
glass contaming a rare-earth impurity. 
(The blue balls represent beryllium, the green 
balls fluorine, the red balls calcium, and the 
white ball in the ccnter, a rare-earth ion.) 
collection of 100 such structures is used to 
represent an actual glass. 

The most important structural properly of 
fluoroberyllate glasses is the nearly universal 
tetrahedral coordination of Be ions by F 
ions. In BeF2 the F ions are coordinated by 
2 Be ions, while, in the modified glasses, a 
number of F ions have a single Be neighbor. 
The 2-fold coordinated F are referred to as 
bridging, while the 1-fold coordinated F are 
nonbridging. In general, nonbridging F are 
the anions nearest the modifier cations and 
also the RE, while bridging F are located 
farther from these cations. Although the Be 
ions have well-defined coordination 
numbers, the coordination shells of the 
modifiers are, in general, poorly defined. 

In Fig. 2-397 we show the Be-F Radial 
Distribution Function ( K U P )  g(r) and the 
average coordination number (CN) n(r) for 

pure BeF2 and for a glass modified by Na. 
 h he RDF is normalized to unit ion density 
at large r. Also, note the increase in the Be Table 2-74. COmpOsi- 

tions of computer- 
coordination number with increasing simulated glasses. 

Glass LIA) CI n~ r2 nz r3 ns 

lo0 BeFz lEG3 17.24 1.55 4.1 2.35 7.27 - - 
lo0BeF2 3NaP lEG3 15.85 1.55 4.1 2.35 7.46 2.3 4.5 

76 Beb74NaF lE* 16.61 1.55 4.52 2.35 8.36 2.3 6.8 

76 BeF274RbF lEuE3 18,W 1.55 4.35 2.35 8.51 2.S 10.0 

76Be&37C!aF$,l= 16.04 1.55 4.47 2.35 8.68 2.3 7.0 

Note: he l l  s i s ,  r~ - B& distance atfimmaximun! of Be-F RDF,nl - average 
c m ~ o n n u m b e r a f ~ e ~ ~ a t 2 . 4 ~ ; ~ - E 1 1 - F d a  tmaximumof 
EuF RDE nl - average eoanhation number d E u  by Fat 3 .h 
at first ;m&nm 0f M-P RDF, w'hem M = modifier &OW; n3 - average 
coordination number of M by F at first minimum of Nf-P R f P  

A Fig. 2-396. Computer 
graphics display of one 
configuration of a 
computer-simulated 
fluoroberyllate glass. 

Fig. 2-397. Be-F RDF, 
g(r), and average 
cuurdinatior number ot Be 
by F, n(r). for BeF2 and 
Na modified glass. 
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modifier content.) The Na curve is typical of 
all glasses with a high concentration of 
modifier (glasses 3, 4, 5 of Table 2-74). The 
Be-F RDF is sharply peaked at 1.55 d,  and 
n(r) has a broad plateau at about n(r) = 4, 
due to the well-defined tetrahedral 
coordination of Be by F.. Note that the Be 

Distance, r ( A )  1 
r ig. 2.399. Average 
:qordination number of 
:ations by F, for simulated 

Fig. 2-400. Probability b 
that a cation has exactly n 
F neighbors within 3.2 A. 

CN by F for the Na-doped glass is larger 
than for pure BeF2. This indicates non- 
bridging F can often lower their potential 
energies by approaching relatively closely to 
the BeF4 tetrahedra. 

The Na-F, Rb-F and Ca-F RDFs for 
various fluoroberyllate glasses are shown in 
Fig. 2-398. (The labels on the curves refer to 
the glasses 76BeF2-74NaF-1 EuF$76BeFl0 
74K bF-1 EuF3;76BeF2*37CaF2- 1EuF3. Notc 
that the width of the K U P  increases with 
decreasing field strength of Lhe modifier.) 
In Fig. 2-399 we show the average CN by 
F of the modifier cations as well as of the 
RE and Be (the CN is the average number 
of F about the catinn) (The labels on the 
curves refer to the average CN of that 
particular cation in the following glasses: 
Na-76BeF2-74NaF- 1EuF3; Ca-76BeF2- 
37CaFp 1 EuF3; Rb-76BeF2. 74R hF. 1 EuF3: 
Eu-same as Na; Be-same as Na.) We scc 
that the larger the field strength of the 
cation, the more defined the plateau in n(r) 
and hence the more well-defined the 
coordination sphere about the cation. (The 
field strength of a cation of charge q and 
radius r is q/r2. Field strengths decrease in 
the order Be > Eu > Ca > Na > Kb.) Thus 
Re ions, with the highest field strengths, have 
the most well-defined coordination sphere, 
while the large, monovalent Rb ions, with 
the smallest field strength, cannot be said to 
have a coordination sphere at all. As a 
corollary, the width of the cation-F RDF 
(Figs. 2-397 and 2-398) increases with 
decreasing cation field strength, and the first 
minimum of the RDF is more pronounced 
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g? , -  - 
&with increasing field strength of the cation. the F ligands than does monovalent Na or 
-=iComparing the three ions in Fig. 2-399 of the Rb and is about as effective as Be in pure 

same size (the Eu, Ca, and Na, of charge 3,2, BeF2 in this regard. This disordering effect of 
1, respectively), we see that the CN by modifiers has already been detected, in 
fluorine increases with increasing charge of another context, in silicate glasses by Raman 
the cation. All of the properties described spectroscopy.220 
above are not surprisir~g and art: easily In Fig. 2-403 we plot the distribution of F 
anticipated on physical grounds. ligands about the RE for the glasses of Table 

In Fig. 2-400 we show the distribution of F 2-74. (The cation name refers to the glasses: 
neighbors about the cations for glasses of Na-76BeF2.74NaF. 1EuF3; Rb-76BeF2. 
Table 2-74. (The curves in Fig. 2-400 are 74RbF. 1EuF3; Ca-76BeF2- 37CaF2- 1EuF3; 
labeled by the cation whose coordination BeF2-100BeF2. 1EuF3.) This gives the 
distribution is shown. The numbers refer to probability that the RE has exactly n F Fig. 2-4Ol.The 

the glasses: (1) 100BeF2- 3NaF. 1EuF3 (2) RDFS. 

76BeF2.74NaF. 1 EuF3 (3) 76BeF2. 37CaFs 10 I I I I I I I - 
1EuF3 (4) 100BeF2- 1EuF3.) Specifically, we - - - 
show the probability that a cation has 
exactly n F neighbors within 3.2 A. The fact 
that these histograms are not delta functions 
at a single n means that different cations 
have different numbers of F neighbors 
within 3.2 A, and that the same cation will 
have a different CN in different configura- 
tions. Note that the distribution of neighbors 
is wider the weaker the field strength, in 

.';;agreement with Fig. 2-399. Note, in addition, 
-$that the Na CN for glass 2 (3% Na) is much 

;%mailer than for glass 3 (45% Na) and that E 
the RE CN in glass 1 (BeF2) is less than in m 
the modified glasses (glasses 3, 4, 5). 

We deduce from Figs. 2-397 and 2-400 
that the coordination number of all cations 

t . increases with increasing modifier 
concentration. A similar effect has been 
observed experimentally by Raman 
bpecLroscopy for aluminum coordination of 
oxygen in silicate glasses.219 

To explore the structure of the RE site, 
we show in Fig. 2-401 the RE-F RDFs 
(the cation label refers to the glasses: 
Rb-76BeF, - 74RbF- 1 EuF3; Ca-76BeF2. 
37CaF2. 1 EuF3; BeFT 100BeF2. 1EuF3) and 
in Fig. 2-402 the average RE CNs by F for 
several glasses (the labels of the curves refer 
to the glasses: Na-76BeF2. 74NaF- 1EuF3; 
Rb-76BeF2- 74RbF. 1EuF3; Ca-76BeF2. 
37CaF2. 1 EuF3; BeF2-1 00BeF2. 1EuF3). 
Note the increase in CN with increasing 
modifier concentration, as discussed above. 
The peak of the RE-F RDF moves to slightly 
larger distances in the modified glasses. Note 
also that n(r) has a 111ore well-defined plateau - 

?,for the Na and Rh glasses than for the Ca 
tg1ass and for pure BeF2. The divalent Ca in 
-&the fiecond coordinatiu~r sphere of thc RE 

competes more effectively with the RE for 

Fig. MU 

cnnrdinat 

glasses. 
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b ~ g .  2-403. P~ubalrility 
tl~ai i l t r  RE hao esactly n F 
neighbors within 3.2 /B. 

neighbors within 3.2 A. The widths of the 
distribution are about the same in all glasses. 
However, the Na distribution is a bit sharper 
than that for Ca, in agreement with Fig. 
2-402 and the discussion above. In addition, 
all RE-F distributions in modified glasses are 
somewhat more peaked than that for pure 
BeF2 glass. (The distribution of glass 2, with 
only 3% Na, is about the same as in pure 
BeF2.) The differences between the RE site in 
pure BeF2 and the sites in modified glasses 

Pig. 2-404. Probability 
mht ih PE IWS t).%a~tIj I 
neighbor (within 2.4 A) 
s function of RE-F 

- . . Average for 
L - ; odified glasses r ~ - 2 -  - - - - - 

become greater when we examine 
distribution functions more carefully. For 
instance, the F ligands near the RE can have 
0, 1, or 2 Be neighbors (within 2.4 A), and 
the number of neighbors can depend upon 
the distance of the ligand from the RE. This 
distribution of Be neighbors is a type of 
disorder not given in the RDFs. It can have a 
profound effect on the F wave function and 
hence can affect the crystal field and the 
energy levels of the rare earth. 

In Fig. 2-404 we show the fraction of F 
ligal~cls with cxactly one Be neighbor (within 
2.4 A) as a TUIILL~OII of thc RE F distance R. 
This is the probability that the F is 
~lu~~bridging.  (The labels refer to the gl~sses: 
Na-76BeF2. 74NaF- 1 EuF3; Rb-76BeF2. 
74RbFq I EuF3, Ca-76I3cF2- 37CaF2. 
I FaF3; BeF2-100BeFz- 1 EuF2.) A Be-F 
coordination sphelr I.IT 7 4 A, thc first 
minimum of the KUb in Fig. 2-393, has bee11 
shown to be r e a ~ o n a b l e . ~ ' ~ ? ~ ~ '  Note that the 
behavior of this distribution is quite different 
in BeF2 and in the modified glasses. In BeF2, 
F inns at  distances greater than 2.8 A from 
the RE arc virtually all 2-fold coordinated 
by Be and bridging, while in the modified 
glasses Illally T; arc nonbridging throughout 
the glass and near the RE as well. The 
maximum in the distribution of Fig. 2-404 
for Na and Rb modified glasses is an 
intriguing result which at present has no 
simple physical explanation. 

In the modified glasses some F near the 
RE have no  Be neighbors within 2.4 A and 
are thus "free." In Fig. 2-405 we show the 
probability that a F has exactly zero Be 
neighbors (within 2.4 b) as a function of the 
RE-F distance R. (The cation labels of the 
curves refer to the glasses: Na-76BeF2. 
74NaF. 1 EuF3; Rb-76BeF2. 74RbF. 1 EuF3; 
and Ca-76BeF2- 37CaF- I EuF3; BeF2- 
100BeF2- 1 EuF .) Note that, except at the 
closest distances, the higher the field strength 
of the modifying cation, the greater the 
probability that a F has no Be neighbors. 
This is intuitively reasonable, since the 
higher field strength cations have a larger 
interaction energy with the F and 
presumably compete more effectively with 
Be for F neighbors. There are no free ions in 
any unmodified BeF2 glass we have 
simulated. 

Figures 2-404 and 2-405 show that there 
are significant differences in the structures of 
the RE coordination spheres between BeF2 
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glass and glasses with a considerable amount 
of modifier. 

Finally, consider glass 2 (Table 2-74) with 
its small concentration (3%) of Na modifier. 
In Fig. 2-406 we show the RE-Na R D F  
for this glass and, for comparison, that of 
glass 3 (45% Na). Note that in the glass with 
a small amount of Na, there is a strong 
tendency for the alkali to cluster about the 
RE. This result is consistent with the general 
observation that RE  ions are only sparsely 
soluble in pure glass-network formers such 
as BeF2 but are very soluble in glasses with 
even a few percent modifier ion. 

Additional insight into the geometry of the 
RE coordination shell results from a 
treatment similar to the one used for the 
moments of inertia of irregular bodies and 
which is described e l s e ~ h e r e . * ~ ~ ? ~ ~ ?  W3&gnL. 
form the matrix ** ,, :-l - 

- - - c - e l h  
- - -  -7:  +Ji- m . 

where L runs over all the ligands, rl(L) is the 
x-projection of the vector from the RE to 
ligand L (and 1-2, r3 are y and z), R(L) 
= z ~ ~ ( L ) ~  is the RE-ligand distance, and q(L) 
is thc chargc of ligand L. Thc matrix M can 
be diagonalized for each site. The three 
eigenvalues A 1, X2, X3 are generally unequal. 
'l'he6e e~genvsrlu~s are the Length ot: the thmf; 
principal axes of an ellipsoid which the 
ligands can be imagined to form about the 
RE. In Fig. 2-407 we plot Xi for the Na- 
doped glass (glass 3 of Table 2-74), for R, 
= 3.2 and n = 5 in Eq. (82). The site order is 
one of decreasing values of the smallest Xi, 
and is not the order in which the 
configurations were generated. In going tc 
tho right in Fig. 2 407, tho distribution of tho 
R - ~  weighted charge distribution of the ions 
about the RE  becomes flatter (like a 
pancake), since one of the eigenvalues 
decreases much more than the other two. *T-?~R, = 3.2 A, n = 3, for the glass 150BeF2- 
'1 EuF3. The sites are ordered by decreasing 

: 3 ~rncr1lcs.t cigcnvnluc. In gcncml, this. ordor 
1 -? ktm 
4 ~ ,  -porresponds to increasing 7 ~ o - 5 ~ o  splitting 
-- - . c ~ - ~ o r  Eu as the RE.) 

The use of the eigenvalues Xi provides a 
convenient way of describing the structure 
about the RE. In fact, they provide a 
gcncralization of symmctry to CI, since, 
when the site symmetry becomes greater 

than C1, some of the eigenvalues Xi become 
equal. -+-.<- 

-7 -+-j&c 
The second-order crystal field in a point- 

charge model [n = 5 in Eq. (82)] can be 
expressed in terms of the eigenvalues Xi. For 
E U ~ +  the 5 ~ o - 7 ~ o  energy level separation is, 
to a good approximation, Fig. 2-405. Probability 

that a F has exactly 0 Be 
neighbors (within 2.4 A) as  

- L-: a function of RE-F E = - const x ( x ~  - h2l2 + ( A ~  -$$,$:' r 
8 - distance R. This is the EL-+;; 

, , ' id (A2 - X312 (83) probability of a free 
fluorine. BeFz has no free 
F for any R. 

- 76 BeF2 ' 74  NaF 1 EuF3 *=% .. :- 
:cd!=;xime- 100 @*Fa. 3 NaF a T &F3 
I -- 

Distance, r (a) 
E ig. 2-406. I tic RE-\a 
RUb fur twu nuoro- 
beryllate glasses with 

Y different amounts of Na 

Na clustering tendency in 
the lightly modified glass.) 
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In general, E decreases (i.e., becomes more 
negative) in going to the right in Fig. 2-407. 

Fig. 2-407. Eigenvalues The distribution p(E) of 7 ~ o  energies 
of the matrix M in Eq. derived from Eq. (83) is shown in Fig. 2-408 
(82) the text as a for several glasses. It is seen that the width 
function of the RE site. 

Energy (relative unit&) I 
Fig. 2-408. Prohahility 
distribution of 5Do-7Fo 
energies E from Eq (83) 
for different simulated 
glasses calculated for R, 
= 3.2 A and n = 3. 

for BeF2 is considerably wider than for the 
Na- and Rb-modified glasses. The width for 
the Ca-modified glass is about the same as in 
pure BeF2. This trend is observed 
experimentally, for example in the splitting 
of 4 ~ j / 2  level of ~ d ~ +  in fluoroberyllate 

I 
glass, Th~ic  t h ~  ~ P P ~ P R ~ P  in w i d ~ h  or rhe 

' spectrum seems due to an increase it1 

, regularity of the ligand coordination about 
the Kh. 

The conclusions reached in our glass 
simulations to date are 

'I'he average coordination number of all 
cations increases in going from a unitary 
to a binary BeF2 glass. 
The RE does not have a single cuordirla- 
tion number, and the distribution of F ions 
about the RE is approximately equally 
disordered in all the glasses. There is a 
small trend in increasing order in the RE 
coordination sphere in the direclivr~ 
(EcF2, Ca)-(Na, R h), where 
compositions (Table 2-74) are denoted by 
the modifying ion. . Tho probability that F ligindr of the RE i 

i have 0 or I Be neighbors (within 2.4 A) 
is different in BeF2 from the modiried 
glasscs. 
Modifier cations tend to cluster near RE 
ions, in agreement with Lhe ubserved 

I solubility behavior of RE in BeF2 and 
modified glasses. 
The principal axis treatment shows that 

I the distribution of F ligands about the RE  
I ranges from near spherically symmetric 

(on the average) to a pancake-like 
distribution of nearby ligands. 

Authors: S. A. Brawer and M. J. Weber 

Anomalous Low-Frequency Excitations in 
BeFt Glass. Many inorganic glasses have 
anomalous thermal, acoustic, and dielectric 
properties at temperatures ranging from a 
few millidegrees to 100 K (see Ref. 223). 
While these properties have been 
documented by many workers, they have 
had no explanation in terms of glass 
structure. We have formulated a microscopic 
model, based on molecular-dynamics 
simulations, of the types of structures 
causing the anomalies in beryllium fluoride 
(BeF2) glass. This technique provides a new 
way of investigating the low-temperature 
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anomalous properties of glass, and is 
applicable to a wide variety of amorphous 
materials. 

The measured anomalies are of two types. 
In a number of glasses (including BeF2 and 
silica), when their temperatures are above 
10 K, broad, strong, acoustic absorption 
occurs that is associated with activated- 
hopping over potential barriers. The barrier 
heights vary from a few hundred to about a 
thousand K (Refs. 223 and 224). At 
temperatures below a few K, the situation is 
different. There, the specfic heat, thermal 
resistance, and negative thermal expansion 
are all unusually large and have anomalous 
temperature dependencies. There is 
considerable saturable acoustic absorption 
at all frequencies below 35 GHz. 
Phenomenologically, the excitations 
producing these very low temperature 
anomalies are two-level systems ('I'LS) 
interacting among themselves, and with 
acoustic and dielectric  disturbance^.^^^-^^^ 
The energy separations of the TLS range 
from 0 to at least 35 G I I Z . * ~ ~  

The experimental results in both 
temperature ranges indicate that an atom, or 
group of atoms, is somehow loosely enough 
bound to move about relatively freely 
(presumably over distances greater than 
0.5 A) encountering potential barriers small 
compared to the activation energy for 
fluorine diffusion (z 1.5 e ~ ) . ~ ~ ~ , ~ ~ ~ - ~ ~ ~  Thus, 
for instance, TLS and activated hopping can 
both result from some ions in double-well 
potentials with barrier heights ranging from 
a few hundred to a few thousand K. Such a 
model has been widely used.225~226 

As described in i11e preceding arlicle, wt: 

have simulated BeF2 glass using molecular- 
dynamics techniques. The result is a glass 
whose structural properties are those 
commonly attributed to BeF2 made in the 
lab. Most Be ions are 4-fold coordinated by 
F in approximate tetrahedra, and most F 
ions are Zfold coordinated by Be ions with 
widely varying Be-F-Be angles. 

C e ~ ~ l ~ a l  LV u u ~  d i b ~ ~ b b i ~ l l  is L11e 
observation of a number of 3- and 5-fold 
coordilintcd Llc ions and 3-fold coordinated 
F ions in the simulated glasses. We call these 
ion defects. Defects are always observed in 
simulated glasses.229*230 The exact number 
of such defects depends on the radius of the 
Be coordination sphere, which we take as 
2.4 A, the location nf the first minimum of 

the Be-F radial distribution function. It is 
convenient to use the terminology that a 
Be-I+ pair are bonded if they are within 2.4 A 
of each other. Here, bonded means 
proximity (see Ref. 229). With this, the 
definition of a defect as a Be ion with 
coordination number other than 4 (or an F 
ion with a coordination number other than 
2) is unambiguous. 

Defects are present in simulated fluids in 
thermal equilibrium. The number of defects 
in the fluid decreases as the temperature is 
lowered, and increases as the temperature is 
raised, provided that the temperature is 
above the glass transition region so the fluid 
can relax (showing that such defects are not 
peculiar metastable structures trapped 
during cooling). In addition, when a fluid at 
a temperature of 1300 K is quenched to a 
glass (T = 900 K) over a time scale of 5 ps, 
the quench IS so rapld that the fluid does not 
remain in thermal equilibrium, and the 
number of defects does not decrease 
appreciably during the quench. As a result, 
the defect structure of the parent fluid is 
frozen into the glass quenched from that 
fluid. The fraction of defects in a glass, as a 
function of the fluid temperature from which 
the glass was quenched (the fictive 
temperature), is given in Table 2-75. As we 
expected, the lower the fictive temperature is, 
the fewer the number of defects. 

We found that even below the glass 
transition region ions are capable of moving 
distances of 0.5 to 1 .O A in times of I to 
10 ps. The presence of defects is important 
because virtually all such low temperature 
atomic motion occurs at defect sites. 

Tu blluw Lllib, we C U I I I ~ U L ~ ~  L ~ I C  
coordination number (CN) of those ions 
involved in a "bond-breaking" event. Let a 
Be-F pair break a bond under the following 
condilions: Lhe pair are initially wilhin 2.4 A 
for a t  least 0.03 ps; later they are separated 
by a distance larger than some R, for at least 
0.03 ps (R, is typically 2.4 to 4.0 A). Now 

Note: PC, the ptobabltity @&&Be b n  W looardination 
u numhw.CN, d F , . ,  k&&Ww WB flno$ve ion 

has coordination i d  CW. vs'9["ff the fictive 

I able 2-75. Ion 
coordination numbers vs 
fictive temperature. 
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Fig. 2-409. Distribution of 
coordination numbers for 

consider the set "A" of all F ions involved in 
a bond-breaking event during an interval of 
from 1 to 20 ps). We compute the CN of 

ions involved in bond 
breaking at 333 K. 

Fig. 2-410. Fraction of 
B e F  bonds broken after 
3 p vs the inverse 

Reciprocal temperature, l/T, f 1/103 K) I - 

each F in Set A when it is a distance, r, from 
the Be ion to which it was originally bonded, 
and then find the distribution of coordi- 
nation numbers for all F ions in Set A. In 
this way, we get Pf (n,r), the probability that - 
an F in Set A (i.e., undergoing bond 
breaking) has exactly n Be neighbors when it 
is a distance r from the Be to which it was 
originally bonded. For a given F, different 
values of r are different points in the same 
trajectory. Values of r < 2.4 A describes 
coordination before bond breaking begins. 

The quantity Pf(n,r) is shown in Fig. 2-409 
for a run of 1-ps duration, starting from a 

I 

well-equilibrated initial configuration, and 
R, = 3.5 A. (Pb(n,r) is the probability that a 
Re ion has exactly n F neighbors averaged 
only over those Be ions involved in bond 
breaking, Pfis similar for F ions, with Be 
neighbors, and r is the distan~e betwoon 
separating Be-F pairs.) If B is the set of Be 
ions involved in bond breaking, then Pb(n,r) 
is the equivalent quantity to Pf (n,r) when 
averaged over the Set B (Pb(n,r) is also 
shown in Fig. 2-409). 

Figure 2-409 shows that the ions involved I 

in bond breaking at low temperature are 
I 

defects. The glass, quenched from a fluid at I 

1660 IC, is at a tc~llpcrature 01 300 K. A Lulal 
of five bonds were broken for this run with 

I 

R, = 3.5 1%; for R, = 3 A, about two to 
three times more bonds are broken. These 
results are typical of all temperatures below 

1 

the glass transition region. Thus, at 1000 K, - 

some 90% of the F involved in bond breaking I 

are 3-fold coordinated, and about 90% of Be 
ions are 5-fold. Even at 33 K, several F ions 
(typically 1 to 4) are found to move 0.5 to 
1.0 A away from the Be ions to which they 
were originally "bonded" in 1 ps. While 
simulation at 33 K is not physically realistic, 
since quantum effects dominate in real 
systems, the results still show that small 
activariom edergics arc involved. 

i t  is clcnr that for tcmpcraturcs bclow 
I000 K, and over times of 1 ps or greater, ion 
motion over a distance of 0.5 to I .O A occurs 
at defect sites. The activation energy for such 
motions was estimated by making runs at a 
series of temperatiires A t  each t e ~ i ~ ~ ~ e t ~ i l l  lllAr, 

wc calculated the fraction of initially bonded 
Be-F ions that separate by a distance of 
3.0 '1 or greater aftor 3 ps. Thc rcsults arc 
shown in Pig, 2-410 for two glasses with 
lictivc tcmpcrnturcs of 1668 and 1334 IC. 
(R,,, = 3.0, kb is Boltzman's constant, and 
EaCt is an effeclive a~tivaliorr eireipy.) Wliile 
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the data have considerable scatter, an 
estimate of the activation energy shows that 
the majority of sites have activation energies 
between 0.1 and 0.2 eV. A few sites are still 
active below 300 K and have activation 
energies less than 0.1 eV. Similar results are 
obtained for different R, and other time 
intervals. 

In many cases the motion is quasiperiodic, 
that is, some (but not all) of the F ions are 
observed to become rebonded (during 10 ps) 
to the same Be ion from which they had 
separated. The separation of several Be-F 
pairs vs time (at 300 K) is shown in Fig. 
2-41 1 for a glass with fictive temperatures of 
1667 K (curve N is the Be-F distance for a 
"normal" Be-F ion, that is, an ion not at a 
defect sile). This typical result indicates 
the existence of at least two metastable 
equilibrium positions, qualitatively 
cutlsisier~i w f ~ h  ihe double-well model of 
T L S . ~ ~ ~ * ~ ~ ~  We also have that breaking a 
bond typically rcquircs 0.1 to 0.5 ps. This is 
some 8 to 25 vibrational periods. Therefore 
the separation does not occur in a brief hop 
and, in this sense, bond breaking is more 
complex than the usual TLS model might 
predict. 

It is plausible that the defects observed in 
simulated BeF2 can give rise to anomalous 
low-temperature properties. The presence of 
activated-hopping over potential barriers 
less than 1000 K is consistent with sound 
absorption observed in BeFz above 10 K. In 
addition, the existence of activation energies 
on the order of 0.2 eV and motions that are 
quasi-periodic (indicating several metastable 
equilibrium positions) means the defects 

have the qualitative requirements for giving 
rise to a T L S . ~ ~ ~ , ~ ~ ~ , ~ ~ ~  Finally, Table 2-75 
indicates that in laboratory BeF2, with fictive 
temperatures around 300 K, the number of 
defects will be much less than I%, which, 
based on results with other glasses, was to be 
expected. 

Author: S. A. Brawer 

Vibronic Spectra of Rare Earths in Glass. Our 
past studies of the properties of RE (rare 
earth) ions in glass have concentrated on the 
structure of the host and its perturbation of 
the energy levels of the optically active RE 
dopant. The RE ions are enclosed in rigid 
cages of atoms that vary in geometry from 
site to site throughout the glass. The glass 
rletwork, ot course, is not fixed but v~brates. 
These vibrations, describable in terms of 
quantized nor-rnal n~odes (phonons), give rise 
to dynamic effects that are very important to 
laser action in RE-ion glass lascrs. 
Ion-phonon coupling affects the rate of 
nonradiative decay by multiphannn 
emission, the homogeneous line width, and 
quantum efficiency. These, in turn, affect the 
energy storage and saturation behavior of 
RE laser glass, as well as influence 
phenomena such as spectral hole burning. 

One manifestation of this ion-phonon 
intcraction is the creation of side bands in 
fluorescence spectra. Specifically, side bands 
are attributed to vibrational-electronic or 
"vibronic" transitions. In a vibronic 
transition an excited RE ion relaxes to its 

Fig. 2-41 I .  Be-F distance 
vs time for four Be-F 
pairs. 
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ground state by creating a phonon in the 
host as well as emitting a photon. Since some 
of the original electronic energy has gone 
into the vibration, the observed photon is of 
lower energy (longer wavelength) than the 
more probable zero-phonon transition. The 
range of phonon energies in solids cause 
vibronic transitions to appear as bands 
shifted from the zero-phonon transition 
band. By emphasizing the energy difference 
of shifted photons from the zero-phonon 
line, we can map out the vibrational density 
of states around the RE, weighted by a 
selection rule that accounts for differences in 
coupling to the electronic transition. 

Vibronic side bands associated with REs 
in crystals are commonly observed and are 
well understood. In glass, however, RE 
vibronics are obscured by the large 
inhomogeneous broadening of zero-phonon 
transitions. The only previously reported 
observation of R E-Glass v i b r ~ n i c s ~ ~ '  was 
obtained from excitation spectra. In this 
method, the vibronic structure is subject to 
the same inhomogeneous broadening as the 
zero-phonon line. 

During the past year, we made the first 
observation of vibronics associated with a 
RE in glass using the laser-induced FLN 
(fluorescence line narrowing) technique of 

Fig. 2-412. Vibronic Ref. 232, which allows quantitative 
sidebands associated with measurement of spectral structure. We 
Cd3+ in three glass conducted experiments addressing the 
hosts. 

400 800 1200 - 1 1  : 
Frequency (cm-' ) 

- 

following questions about the ion-phonon 
interaction. First, is there a site-to-site 
variation in vibronic structure? Second, are 
vibronics characteristic of vibrations of the 
entire glass network or impurity modes 
created by the presence of the RE? Third, 
what are the selection rules that govern 
vibronic transitions in glass? 

Our experiments use a frequency-doubled 
Rh6G pulsed dye laser to excite a small 
resonant subset of ions (ones with similar 
local environments) from the inhomo- 
geneously broadened absorption band. 
Samples are held at 20 K in a helium 
refrigerator to permit maximum line 
narrowing. The weak, frequency-shifted 
vibronic spectrum is delecled usir~g sensilivt: 
photon counting techniques. An LSI-I1 
microcomputer controls the experiment, 
slores arld displays data, and permits noise 
reduction through averaging of several runs. 

Gadolinium was chosen as the RE probe 
ion in all samples because of its $7/2 ground 
level. Since an S state experiences negligible 
splitting of Stark levels in any perturbing 
environment, we avoid overlap of vibronic 
and zero-phonon transitions from different 
levels. Excitation was into either the 6 ~ 7 / 2  or 
6 ~ 5 / 2  manifolds and fluorescence involved 
6~7/2-8~712 transitions. 

Oxide glass samples, containing 1 mole % 
Gd203, were melted by the Inorganic Glass 
Section of the National Bureau of Standards. 
Beryllium-fluoride glass with 0.5 mole % 
GdF3 was melted and prepared at LLNL. 
Vibronic spectra for three different glass 
hosts are shown in Fig. 2-412. The locations 
of high-frequency peaks in each spectrum 
correspond well with frequencies of the 
bond-stretching modes of the glass-forming 
tetrahedra (BeF4, Si04, PO4) in each 
material. The large signal at low frequencies 
does not imply a large density of states but is 
due instead to the long tail of the zero- 
phonon line. Modes that include motion of 
the massive RE ion itself are very low 
frequency and are obscured by the zero- 
phonon tail. 

To explore the question of site-to-site 
variation of ion-phonon coupling, we chose 
the simple glass former BeF2 as host glass. 
The structure of BeF2 glass around RE 
dopants is known from previous computer 
sir nu la ti on^.^^^-^^^ By changing the 
excitation wavelength, we selected a different 
subsct of ions with different local 
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environments. Within the 10 cm-I resolution 
of our experiment, the answer to the first 
question posed is that vibronic peak 
frequencies and relative intensities do not 
vary from site to site. (However, we know 
from F L N ~  studies that ion-phonon 
coupling does vary from site to site; the 
possibility that the relative intensity of 
vibronic structure with respect to the zero- 
phonon line may also exhibit site-to-site 
variation warrants further investigation.) 

Four different metaphosphate glasses were 
studied with respect to our second question 
to determine whether vibronics arise from 
vibrations of the glass network or from 
modes perturbed by the RE. Metaphosphate 
glass consists of phosphate tetrahedra joined 
at ~ w o  cor~lers to forrrl lorlg chainb. Modifier. 
cations sit between nonbridging oxygens, 
weakly linking the chains. Modifiers in our 
sa~t~ples  were La, Al, Ba, aucl Mg. La has Ll~t: 
same charge and approximately the same 
mass as Gd; therefore, doping the glass with 
La should have little effect on vibrational 
spectra. A1 has the same + 3  charge but less 
mass than Gd, whereas Ba has nearly the 
same mass but different charge (+2). Mg 
differs from Gd in both mass and charge. 

For reference, we recorded the Raman- 
scattering spectra of our samples. Raman 
scatter~ng probes vibrations over a much 
larger spatial scale (>3.5 nm) than vibronic 
spectra. Two different polarized spectra 
exhibit different selection rules and 
emphasize different modes: the H-H Raman 
spectrum has the electric field of the 
scattered light parallel to the electric field of 
the incident beam and couples strongly to 
the ~ymmetric modes; the H V Raman 

spectrum measures scattered light with the 
electric field perpendicular to that of the 
incident beam and tends to couple to 
antisymmetric modes. (We did not correct 
the recorded spectra to account for the low- 
frequency photon population at room 
temperature.) 

Vibronic spectra for all metaphosphates 
show similar structure below 800 cm-l. The 
high-frequency spectral structure, associated 
with phosphate-tetrahedra-stretching modes 
of the glasses, differs with each modifier. 
This structure is made up of the super- 
position of three peaks whose relative sizes 
vary with each sample. The center of gravity 
of the structure consistently varies in 
frequency with variations in Raman 
s1ruclu1'e. 

Figure 2-413 compares H-H, H-V, and 
vibronic spectra for Gd:La(P03)3. The 
silllila~ily belweel~ Llle H-V R ~ I I I ~ I I  a d  
vibronic spectra, for high frequencies, is 
striking. Figure 2-414 shows results of 
Gd: Mg(PO&, the material with the greatest 
difference between modifier and dopant. The 
similar high-frequency peaks in vibronic and 
H-V Raman spectra indicate that the rare 
earth does not greatly perturb these 
vibrations. Thus, in response to the second 
question, vibronics appear to be charac- 
teristic of the vibrations of the glass as a 
whole. 

The experimental results for metaphos- 
phate glasses point to the answer of our third 
question-vibronic selection rules are very 
similar to those governing H-V Raman 
scattering. This is not true without 
qualification however. Figure 2-4 15 
compares vibronic and Raman spectra for 

Fig. 2-413. Yibronic and 
polarized Raman spectra 
for La( P03),:Gd glass. 
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Fig. 2-414. Vibronic and 
polarized Raman spectra 1 1 1 ( 1 ~ ~ ~ 1 1 1 ~ ~ ~  
for M~(Po , ) , :G~  glass. (b) 
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BeF2. An extremely weak Raman scatterer, that it probes network vibrations on a 
BcF2 cxhibits a largc high-frcqucncy localized scale. 
vibronic peak and there is little correlation Author: D. W, Hall 
beween the two spectroscopies. High- 
frequency Raman scattering in BeFz is Major Contributors: S. A. Brawer, M. J. 
attributed to tetrahedral stretching modes Weber, and ,,. Kingman 
just as it is in metaphosphates. The relative - - 
weakness of BeF2 scattering is explained by 
its closed structure; its tetrahedral building 
blocks are joined at all four corners. As one 
tetrahedron expands, neighboring tetrahedra surface physics and chemistry 
close, making the net change in the volume 
that the Raman-scattered photon probes 

of Laser-Induced Damage 
nearly zero. This (anti)correlation of 
vihrntinns dncs nnt i n t l i ~ ~ n c c  the mnrc 
localized vibronic probe. 

In summary, we have observed vibronic 
transitions of RE in glass using line- 
narrowed techniques and have begun to 
employ vibronic data to investigate the 
ion-phonon interaction. We have 
demonstrated that vibronics generate an 
independent vibrational spectroscopy that 
differs from the more conventional 
spectroscopies (Raman, infrared, neutron) in 

T h i ~  prncrnm cnmplcments the directed 
research and development of damage- 
resistant materials reviewed earlier in 
"Damage Studies." The goals of this study 
are to determine the following: 

Physical mechanisms of surface and bulk 
material damage. 
Relation between damage thresholds of 
the bulk and atomically clean surfaces. 
Dependence of the threshold on physical 
structure of the surface. 
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Effect of surface absorption of foreign 
atoms, deposition of one or more atomic 
layers of foreign atoms, and of surface 
chemical reactions such as segregation of 
constituents or migration of impurities to 
the surface. 
The basic approach taken in these 

experiments is to prepare and characterize 
the surface in ultrahigh vacuum (UHV) and 
to  measure the damage threshold and 
phenomena associated with surface damage 
in situ. 

Our experiments in 1979 showed that 
surfaces of NaCl, KCl, and fused silica emit 
charged and neutral particles long before 
visible damage occurs. This fact has long 
been k n ~ w n , ? ~ ' , ~ ~ ~  and it is actively studied 
in the recent Russian l i t e r a t ~ r e . ~ ~ ~ - ~ ~ ~  None 
of these experiments, however, is performed 
under carefully controlled surface condi- 
tinns, plirpn though it is recognized by all 
experimenters that the emission signal 
depends strongly on surface conditions, and 
no experiment is specifically directed 
towards establishing the relationship 
between these phenomena and damage 
threshold. During 1980 we concentrated on 
measuring photoelectron emission from 
various dielectrics under UHV conditions. 
We hope that careful analysis of 
multiphoton-photoelectron emission 
processes (dependence on, bandgap. 
dependence on work function, dependence 
on surface properties, distribution of energy) 
can be used to differentiate between the two 
processes-multiphoton ionization and 
avalanche ionization-postulated to be 
responsible for laser-induced breakdown of 
transparent  dielectric^.^^^-^^^ 

To study laser-induced multiphoton- 
phntn~lec t rnn  ~rni99ion, we modified our 
UHV chamber, a commercially produced 
(Physical Electronics, ULTEK) stainless 
steel chamber designed for surface analysis 
(Auger, Sims, Esca), by attaching a 2-m 
extension to each of two opposing flanges to 
reduce the photon flux on the entrance and 
exit windows, and to discriminate against 
multiphoton photoelectrons emitted from 
these windows. We manufactured a doubly 
electrically insulated target holding chamber. 
A diagram of the experimental system is 
shown in Fig. 2-416. Thc laser wavelength is 
1.06 pm, the pulse length is always 1 ns. The 
laser has a spot slze ot' 3 lTllT1. I .aser in tensity 

is given as J/cm2 per pulse, by integrating the 
peak spatial intensity over time. 

The total charge emitted by the target 
(front and backface) is collected by a 
Coulomb meter with a resolution of C 
( ~ 6 0 0 0  electrons). To test whether electronic 
noise, generated by the laser firing 
procedure, or stray charges, produced by 
laser passage through the vacuum system 

Torr), produce spurious signals, we 
fired the laser through the system without 
installing a target. For fluxes up to 3.6 J/cm2 
(per nanosecond pulse), we find stray signals 
to  be less than C. To test whether the 
target chamber contains the emitted charges 
without significant leakage, we installed a 
gold foil as a target. The foil is electrically 
connected to the inner target chambcr. Thc 
results are shown in Fig. 2-417, together with 
the results of the blank shots. It is known 
that a t  the photon fluxcs investigated, gold 
foils will emit charges many orders of 
magnitude above the charge measured; i.e., 
the leakage of charges from the openings of 
thc targct chamber represents a small 
percentage of the total charges generated. 
Multiphoton-photoelectric emission from 
metals, generated by neodymium-laser 

1 Coulomb 

cryopump I 

Blank t * A *  

Flux (~/crn~/ns) 

Fig. 2-4 16. Experimental 
system. 

Fig. 2-417. Charge 
measured for blank shots 
and for gold foil connected 
to inner chamber. 
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Pig, 2 4 18, Nogativo 
ehnrgc c111iii4 f~uar a 
CdTc surface aa s function 
of photon flux (J/cm2 /us). 

Fig. 2-419. Negative 
charge emitted by NaCl 
as a function of photon 
flux (J /cm2 Ins). 

rlg. L - ~ L U .  Negative 
charge emitted by a fused 
silica surface as a 
function of photon flux 
(J/cm2/ns). I 

Fig. 2-421. Positive b 
charge emitted as a 
function of photon flux 
( ~ / c m ~ / n s )  by a fused 
silica surface contaminated 
with metal. 

pulso~ or 30-ps duration, has been sttidied 
~arafully in recent The total 
emitted charge has beer1 found to be 
proportional to the photon flux to the power 
n, where n is equal to integer [(Work 
function/photon energy) + 11. To relate our 
experimental results to these studies, we 
determined the multiphoton-photoelectron 
emission from cadmium telluride. Cadmium 
telluride has a bandgap of 1.5 eV (see Ref. 
247) and a work function of 6 e ~ . ~ ~ ~  The 
experimental results are shown in Fig. 2-418. 
The collected charge, c, is dependent on the 
flux, f, in the expected relationship c = f ", 
with n defined as above. A value of n = 5 fits 
the data above C. This is reasonable 
since the Fermi level may shift significantly 
as electrons are promoted into the 
conduction band. Since the neodymium 
alignment-laser beam was highly attenuated, 
it is clear that interband transitions are easily 
promoted in cadmium telluride. 

Next we turned our attention to high- 
bandgap materials, NaCl and fused silica, 
with bandgaps of 8.97 eV and 8 to 8.4eV 
(Ref. 247) and work functions of 4.2 and 
5 eV, respectively.248 ~ a ~ l  data are 
presented in Fig. 2-419. The photon flux was 
raised above the damage threshold (as 
determined by emission of visible light), and  
it appears that, in the predamage region, the 
photoelectron charge, c, varies with the flux, 
f, as c = f ", where n = integer (bandgap/ 
photon energy) + 1 = 8 to 10. At the damage 
threshold of approximately 5 ~ / c m ~ / ~ u l s e  
there is a change in n. Fused silica (Fig. 



Fig. 2-43. Negative 
charge emitted by a ZnS 
surface as a function of 
photon flux. 
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2-420) shows a similar phenomenon at a flux interband transitions (for ZnS, NaC1, SO2) 
of 10 ~/cm*/~ulse.  The value of n for fused or by the work function (for CdTe). These 
silica is again determined by the bandgap data do not allow us to differentiate between 
energy. In Figs. 2-421 and 2-422 we show the multiphoton and avalanche processes, but 
photoelectric-charge emission from a fused- they do allow estimates of electron 
silica surface which has been contaminated concentrations in the conduction band at the 
by exposure to a plasma generated by laser threshold for damage, and provide some 
light irradiation of stainless steel at insight into the effect of surface 
approximately 5 ~ /cm*/~u l se  (we irradiated contaminations on damage processes. 
the inside of the inner target-holding Authors: W. J. Siekhaus and W. G. Boyle 
chamber). The collected charge is positive, 
and the furlctional dependence on flux is 
changed. The value of n is 4 to 5. 

It is apparent from Figs. 2-420 through 
2-422 that photoemission from very-high- 
bandgap insulators leads to large scatter in 
the data. 1 his 1s partly due to the fact that 
the laser flux is accurate only to f 10%. We 
chose, therefore, zinc sulfide, with a bandgap 
of 3.88 eV (Ref. 247) and a work function of 
5,5 ev3, as tho next matcriol for study. In 
Figs. 2-423 and 2-424 we see the results of 
two runs. The best fit of n to both curves is 
n = 4. This may imply that the rate-limiting 
process is an interband transition, not 
transition into the vacuum. The electron 
affinity of ZnS must be known before a 
definitive statement can be made. In Fig. 
2-424, we see a very clear change at the 
optically observed damage threshold-the 
collected charge is independent of flux above 
5 J/cm2. .+ - 

Conclusion. We have investigated the Fig. 2-1211, Negative 

dependence of phntnclcctron cmiainn nn charge emitted by a ZnS ;d 

surface as a function of 
photon flux for CdTe, ZnS, SiOz, and NaCI. li 

photon flux. 
The electron c~ll issio~~ is i011t1~01ld eiL11e1 by 

4 Fig. 2-422. Positive 
charge emitted as a 
functior of' photon flux hy 
a fused silica surface 
contaminated with metal. 
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Laser Material Studies 

High-Cross-Section ~ d ~ +  Laser Glasses. The 
effective stimulated-emission cross sections 
of rare-earth ions in glass are about one 
order of magnitude smaller than in crystals 
because of inhomogeneous line broadening. 
For laser applications, the increased line 
width in glass is favorable for absorption of 
broadband-pump radiation and large energy 
storage, but the reduced stimulated-emission 
cross section is unfavorable for low- 
threshold, high-gain operation. In addition 
because of site-to-site variations in the 
spectroscopic properties of the laser ions in 
glass, there is a distribution of cross-section 
values. For a given laser frequency and 
polarization, this results in hole burning and 
reduced energy extraction under large-signal 
or saturated-gain operation. 

A number of studies in the past decade 
have demonstrated that not only is there a 
large variation in the spectroscopic 
properties of rare-earth-laser ions in glass, 
but that these properties can be tailored, 
within limits, by the choice of the glass 
network-forming and network-modifying 
ions.249 In the case of Nd3+, variations of the 
stimulated-emission cross section and 
fluorescence lifetime by more than a factor 
of 5 have been demonslraled. Below, we 
summarize those properties which account 
for these variations and show how the largest 
stimulated-emission cross section observed 
to date was achieved in an inorganic chloride 
glass based on BiC13 as the glass former. 

The stimulated-emission cross section a 
for a transition at wavelength X is given by 

where AY is the line width (in cm-I), S is the 
line strength, J is the angular-momentum 
quantum number for the upper laser level, 
and x is a local-field correction. For a 
medium of refractive index n, x is 
approximated by n(n2 + 1 ) ~ / 9  and n3 for 
electric-dipole and magnetic-dipole 
transitions, respectively. Therefore, from Eq. 
(84), four quantities governing the emission 
cross section are affected by the host 
composition: line strength, line width, 
refractive index, and wavelength. 

Line Strength. Optical transitions between 
states of the 4fn configuration of rare-earth 
ions in solids arc predominantly of electric- 
dipole nature. Transitions between J states 
can be treated using the approach of Judd 
and ~ f e l t ~ ~ ~ w i t h  the line strength de- 
scribed by 

where the doubly reduced matrix element of 
the tensor operator u(') is evaluated for 
intermediate coupling and the O j s  are 
empirical intensity parameters. Electric- 
dipole transitions become allowed by 
admixing of 5d states into 4f by odd-parity 
terms in the expansion of the crystal field 
interaction. These enter squared in the 
definition of the parameters and account for 
their variability with host. The range of 
variations observed for the intensity 
parameters of Nd3+ in various glasses are 
summarized in Ref. 251. The line strength is 
the most host-sensitive quantity in 
determining a. 

Line Width. Both homogeneous and 
inhomogeneous line broadening of optical 
transitions in glass are host dependent.252 
Inhomogeneous broadening dominates the 
line widths measured at temperatures 
~ 3 0 0  K. Stark structure of rare-earth 
spectra in glasses is usually only partially 
resolved. For the 4 ~ 3 1 2  + 41 12 lasing 
transitions of Nd3+, only a broad, 
asymmetric band is observed at room 
temperature. Since the line shape changes 
with composition, an effective emission line 
width 

is used instead of the FWHM line width.253 
This effective line width is a measure of a 
combination of the extent of the Stark 
splitting of the initial and final J manifolds 
and the inhomogeneous broadening 
resulting from site-to-site variations in the 
Stark splitting. 

For a given glass network former, the rare- 
earth line width generally increases with 
increasing charge and decreasing size of the 
modifier cations.254 Changes in the anions 
have a greater influence on the rare-earth 
line width since they are the nearest 
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neighbors. Mixed anion glasses introduce an 
additional degree of disorder. For mixed 
nearest-neighbor coordination, such as 
occurs in fluorophosphate glass, broad lines, 
straddling the two spectral regions for pure 
fluoride and pure oxide glasses, are 
obscrvod. 

Refractive Index. The effect of the 
refractive index in the local field correction is 
significant. As shown in Fig. 4 of Ref. 255, 
for a refractive-index change from n = 1.3 
for a fluoroberyllate glass to n = 2 for a 
tellurite glass, the local field correction 
produces a change of ~ 1 . 7  in the cross 
section of electric-dipole trallsitions for the 
same parameters. 

Wnvclcngth. T l ~ c  pedh wavalerigih of a 
fluorescence band in glass depends on the 
centers of gravity and the relative 
probabilities of transitions between Stark 
levels of the initial and final J manifolds, 
Thesc are both host dependent. Although the 
wavelength shifts with composition are 
small, ~ 2 % ,  the half-widths are only 1 to 2% 
of the peak wavelength. Therefore, a 
significant spectral mismatch may occur if 
different glasses are used in various stages of 
oscillator-amplifier systems. 

We have applied the above compositional 
variations to tailor the peak cross section for 
the ~ d ~ +  4 ~ 3  2' 4 ~ 1  transition. To 
narrow the e i fective line width, halide rather 
than oxide glass formers and large, 
monovalent modifier cations such as K, Rb, 
Cs, or '1.1 should be used. The line stlel~glll is 
increased by using larger, more polarizable 
halides st~ch as C1 or Br. This also increascs u 
due to the larger refractive index of these 
glasses. 

Of the chloride glasses, zinc chloride is a 
well-known but very hygroscopic glass 
former. These glasses have been proposed 
for fiber-optics applications.256 Our attempts 
to prepare water-free, Nd-doped ZnC12 
glasses with high-fluorescence quantum 
efficiency were not successful, however. 

Recently, a new class of inorganic chloride 
glasses based on BiC13 as the glass former 
was described.257 Several of these glasses 
doped with 1 mole % NdC13 were prepared 
by D. C. Ziegler and C. A. Angel1 of Purdue 
University. Most studies involved 
BiC13-KC1 compositions. The glasses were 
prepared from purified BiC13 and dry, 
reagent-grade, second components fused 
under a chlorine-gas atmosphere to repress 

the tendency to form reduced-bismuth 
polynuclear centers, principally ~i:+, which 
gives the glass a pink coloralion due to a 
strong broad absorption band at ~ 5 2 0  nm. 
Samples for spectroscopic studies were 
sealed in glass ampoules. The glass transition 
temperatures were low, l?ODC. The 
refractive index and Abbe number were 
estimated to be approximately 2.0 and 20. 
Other properties of the glasses are given in 
Ref. 257. 

The measured fluorescence line widths of 
~ d ~ +  in BiC13 glasses are extremely narrow, 
comparable to the narrowest line widths of 
fluoroberyllate glasses. In Fig. 2-425 the 
4 ~ 3 1 2  -+ 4~ ,, 12 fluorescence spectra of ~ d ' +  
in some simple fluoride, chloride, and silicate 
glasses are comparcd. (Glass coalpositions 
(mole '7%): fluoride-60 BeF2 40 KF; 
chloride-60 BiC13 40 KCl; silicate-67 Si02 
33 KLO.) Tho figure illuslldles Ll~e changes in 
line width and line shape and the shifts in 
peak wavelength with composition. For 
halide glasses, this nephelauxetic shift 
follows thc scries F; C1-, Rr-, I-. 

Judd-Ofelt intensity parameters were 
derived from a least-squares fit of measured 
and calculated absorption-band strengths. 
The values are given in Table 2-76 together 
with corresponding results for other simple 
oxide and halide glasses. The values vary 
widely for different glass formers. Using the 

Fig. 2-425. Comparisnn 
for the 4F.,,2+ *I,  
fluorescence spectrum of 
Nd3+ in halide and oxid 
glasses at 295 K. 



Basic Research 

calculated line strength and the measured 
line width, the stimulated-emission cross 
section for the 4 ~ 3 / 2  + 4 ~ 1  1/2 transition was 
5.9 X cm2. This is the highest value 
determined for any glass we have studied. 
For comparison, in Table 2-76 we show the 
range of spectroscopic properties ?or Nd3+ 
observed in other glass types. The large value 
of a for the BiC13-KC1 glass is a result of a 
combination of large line strength, narrow 
line width, and high refractive index. The 
large cross section and narrow line widths 
obtained for transitions of ~ d ~ +  in BiC13 
glasses should also be applicable to other 
trivalent rare-earth ions. 

Several additional BiC13 glasses were 
prepared and their properties examined 
including a 57 BiC13 43 TlCl glass. With 
respect to the BiC13-KC1 glass, there was a 
slight increase in line width (19.6 nm) and a 
shift in peak wavelength (1065.5 nm). 

Glasses of the heavier halides should be 
the extremes in terms of narrow optical line 
widths. The narrowest 4F3/2 + 4 ~ 1  112 line 
observed was AXeff = 18.1 nm for a glass 
having a composition 69.2 BiC13 30.1 KBr 
0.7 NdC13 (mole %). The peak wavelength 
did not change. In this mixed anion glass, the 
number of chlorine atoms is still much 
greater than the number of bromine atoms. 
Thus, the probability of Nd sites having a 
large number of Br- ligands, and hence of 
large nephelauxetic shift, is small. Similar 
behavior was observed for a chlorophos- 
phate glass.258 

Pure bromide glasses can also be prepared. 
A glass containing 69.2 % BiBr3 30.1 % KBr 
and 0.7 % NdC13 (mole %) was melted and 
sealed under vacuum. The glass-transition 
temperature for the undoped glass was below 

Table 2-76. Range of I O°C. Unfortunately the signal-to-noise 
variation of spectro- ratio was very small and no useful 
scopic properties for the spectroscopic data were obtained. 
4F3,2 + 41, transition The optical pumping efficiency259 of the 
of N&+ in various 
glasses. 

Nd-doped 60 BiC13 40 KC1 glass relative to 

1 Glass C m ~ ~ ~ s e ~ ~  Wavelength Line width Lifetime (10 cm ) A, (nm) eff (nm) TR &s) 
t 
$ Silicates 1.0-3,6 1057-1065 34-43 170-1010 
Wosphates 2.04.8 105211057 22-35 280-530 

'Se1Iuriti-s 3.0-5.1 1056-1063 26-3 1 140-240 

Fluo~pphosphates 2.2-4.3 1050-1056 27-34 310-570 

ri Ruoroberyllates 1.6-4.0 1046-1050 19-28 460-1030 
4 60 BiCl3 40 KC1 5.9 1064.5 19.2 - 

Note! All measuremenB were made at 295 K. 

ED-2 silicate glass was 91% for xenon 
flashlamp radiation in the 400 to 950 nm 
spectral region and for an ion-density- 
pathlength product of 5 X 1020 ions/cm2. 
Because of the absorption edge, radiation of,- 
wavelength <400 nm is absorbed by the 
BiC13 glasses. This is not a big loss in 
pumping efficiency for ~ d ~ + ,  but might be 
for other laser ions. Because of the shorter 
fluorescence lifetimes in the bismuth chloride 
glasses, short pump pulses are needed for 
efficient pumping. 

Good optical-pumping efficiency 
combined with the very large stimulated- 
emission cross sections make these glasses of 
interest for low-threshold, high-gain 
application. The resistance of the BiC13-KC1 
glasses to moisture attack is good compared 
to ZnC12 glass, but poor by usual optical 
glass standards. For practical applications, 
these glasses require protcction from  he 
atmosphere (the glass develops a weakly 
protective, while surface film of BiOCl after 
a few minutes exposure to air). The addition 
of other modifier cations, e.g., Ag, TI, Pb, 
may lessen the atmospheric attack but will 
also modify the spectroscopic properties 
somewhat. 
Author: M. J. Weber 

Quantum Efficiency Measurements. One of 
the principal parameters of interest for 
luminescence and quantum electronics 
applications is the absolute radiative 
quantum efficiency of the materials of 
interest. The precise determination of 
absolute fluorescence quantum yield by 
conventional luminescence means, whcre the 
number of quanta absorbed from a beam of 
monochromatic light is compared to the 
number of quanta emitted in the 
polychromatic fluorescent light, has proven 
to be very difficult.260 Another technique 
involves the rricasureillent of fluorescence 
lifetime,261 also a difficult procedure, since a 
separate measurement of the nonradiative 
contribution to the lifetime of the fluorescent 
electronic state must be made, or 
alternatively the radiative lifetime must be 
calculated as with Judd-Ofelt calculations 
for rare-earth fluorescent ions.262 

There is another method that has been 
somewhat neglected until recently, which 
obtains the radiative quantum efficiency by 
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determining the nonradiative part of the 
absorbed energy through calorimetry. The 
photoacoustic technique is a sensitive means 
for performing such calorimetric 
measurements,263 and it has been used quite 
successfully to obtain accurate absolute 
radiative quantum efficiencies in gases, 
liquids and highly absorbing solids. 
Recently, photoacoustic experiments have 
also been performed on fluorescent laser 
materials that are only weakly absorbing, 
such as Nd:YAG and Nd-doped glasses. 
Unlike the experiments on more highly 
absorbing solids, these photoacoustic studies 
have given quantum-efficiency values 
considerably different from those usually 
measured or calculated for Nd:YAG and 
Nd-doped glasses. 

We have investigated the problem of 
photoacoustic measurements of fluorescence 
quantum efficiencies, and have concluded 
that the discrepancies encountered in the 
experiments with the lightly doped samples 
are primarily due to the neglect of surface 
absorptions.264 

bor a samplc of thickness J > p (the 
thermal diffusion length), which has only 
one fluorescent level with lifetime 7 much 
shorter than (the photoacoustic 
modulation period), we can show that the 
photoacoustic signal is given by264 

Here ak is the absorbance of the sample, Pk is 
the incident power at the excitation 
wavelength hk, and S is the system sensitivity 
(V/W). The yua111u111 efficiency of the 
fluorescent level is given by rl and the mean 
emission wavelength by A,. In the case of 
~ d ~ +  where there are several discrete 
emissio~l wavelengths arising from 
transitions from the 4 ~ 3 / 2  fluorescent state to 
the various 4 ~ j  terminal states, the mean 
emission wavelength is given by 

Ilk, =x htlXt 
t 

(88) 

where tho bt's arc t l ~  LI d l lc l~i~~g I dies LO the 
various ground levels E,, and the At's are the 
corresponding emission wavelengths. 

Clearly, in order to obtain an absolute 
val~~r .  for 7, we need to know the xcnsitivity 
factor S, which in turn depends critically nn 

such difficult-to-measure parameters as the 
volume of gas in the cell, the acoustic 
reflectivity of the cell walls, etc. A ratio- 
metric approach offers a convenient solution 
to this problem. If the photoacoustic signal is 
measured at two absorbing wavelengths Xi 
and Xj, thc ratio of the twu signals will be 
given by 

And if we define a normalized photoacoustic 
signal q* = q/aP, then Lhe absolute quantum 
efficiency is determined by 

It is'important to note that an accurate 
evaluation of 17 requires very high accuracy 
in the determination of the photoacoustic 
signal, and particularly so for systems with * * 
low rl since herc q, - qj. 

Quimby and Yen265 (QY), using a gas- 
microphone photoacoustic method, 
obtained a value of r]  for lightly doped ED-2 
Nd:glass of 0.65 f 0.05. This value is 
considerably less than the value of 0.9 found 
by the luminescence-sphere method, and 
predicted by the exponential-energy-gap law. 
Qui~liby and Yen have suggested that the 
reason for this discrepancy might be site 
selectivity266 resulting from their use of a 
narrow energy laser line for excitation. 
Powell, Neikirk, and ~ a r d a r ~ ~ '  (PNS) have 
also used a PAS gas-microphone ratiometric 
technique to obtain absolute quantum 
efficiencies for ~ d ~ +  in garnet, vanadate, 
and phosphate host crystals. For the more 
highly concentrated samples, PNS obtained 
results in good agreement with previous 
measurements and calculations. However, 
for lightly doped Nd:YAG they obtained 
7 = 0.60, while most previous measure- 
ments and Judd-Ofelt calculations indicate 
that 77 is in the range of 0.91 to 0.88. In 
addition to this discrepancy, Powell et al. 
also observed that their photoacoustic signal 
varied as w-' for their lightly doped samples, 
whereas the Rosencwaig-Gersho theory268 
pi.tdicLs 311 o" 3,'3 behavior for these samples. 
Neither the apparently low value of rl nor tht: 
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observed frequency dependence in the PNS 
experiment are adequately explained. 

In both the QY and PNS experiments, a 
gas-microphone photoacoustic system was 
used, and, in order to obtain sufficient signal 
strength, argon ion lasers were employed as 
the light sources. Both the 476.5 nm and the 
514.5 nm argon lines are far from the major 
absorption bands of the Nd3+ ions. Thus, 
for the typical lightly doped laser materials, 
containing 1 wt% or less of Nd203, the 
absorption coefficient of the ~ d ~ +  ions at 
these two wavelenghts is of the order of 0.1 
cm-I or less. 

In a gas-microphone photoacoustic 
experiment, only the light absorbed within a 
thermal-diffusion length below the surface is 
relevant.268 At the modulation frequencies 
used in the QY and PNS experiments, the 

ependence thermal-diffusion lengths were generally less 
kf photoacoustic signal than 100 pm. Now the absorption term a in 
vith frequency in Nd- Eq. (go), is given by 
loped silicate glass. 

* p4t.r3 I O'0,t~7j~g+~.+EIwj~!s;.~-.;%,3 6 G  - m a ,  100 
fl tl . $$ . .. . ?:~$-~i~.~~g~+*~~~$- ...., !e 

z je rrl I Frequency (Hz) - 

where a is the absorption coefficient. Thus, 
the total photoacoustic absorption due to the 
Nd3+ ions is less than 0.1% of the incident 
radiation. With such a low absorption due to 
the intrinsic bulk ions, it is imperative to 
consider the influence of any surface 
absorptions arising from contamination or 
surface state effects. 

The anomalous w-' frequency dependence 
observed by PNS is a further indication that 
surface-absorption terms may be of 
considerable importance. From the 
Rosencwaig-Gersho theory,268 one can 
readily show that in the presence of both a 
surface-absorption term of absorbance a,, 
and a weak bulk absorption with absorption 
coefficient a ,  the photoacoustic signal is 
given by 

where I, is the incident light intensity, Z is a 
frequency-independent term containing all 
the thermal and geometric parameters, and 
wherep' = pw1I2 and is itself a frequency- 
independent term. 

We note that the first term, the surface- 
ahsorpti~n term, varies as w-', while the 
bulk-absofption term va~ies as LU-?/~. 

Furthermore, the two terms are 45' out-of- 
phase. If the first term is much larger than 
the seculld LC~III, lhcn an dcponden~e will 
be observed, and conversely, if the second 
term is larger, an dependcncc will 
be seen. 

To test this concept we studied several 
lightly doped Nd:glass (ED-2 silicate) 
samples using a gas-microphone 
photoacoustic system with a Xenon lamp 
and monochromator optical system. With 
this optical system we were able to measure 
the photoacoustic signal both at a 
wavelength of strong Nd3+ absorption 
(585 nm) and at a wavelength of very low 
Nd3+ absorption (550 nm). We found that 
the 550 and 585 nm signals were 45' out-of- 
phase and that these signals have different 
frequency dependencies [Fig. 2-426; the 
signal at 585 nm has been corrected for 
background (q2' = q2 - ql cos ?r/4)]. We see 
thal, indeed, the 550-nm signal shows an w-' 
dependencc indicative of surface absorption 
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while the 585-nm signal shows an 0-3/2 
dependence indicative of bulk absorption. 
Our results also show that the surface 
absorption in our samples is not negligible, 
and in fact at the argon-laser wavelengths of 
476.5 and 514.5 nm, the signal is found to be 
predomina~ltly due Lo surface absorption, 
particularly, at frequencies greater than 
50 Hz. We found a significant surface- 
absorption contribution to the total 
photoacoustic signal at these two wave- 
lengths, even in ultra-clean samples. Thus, 
we believe that both the QY and PNS results 
were considerably disturbed by the surface- 
absorption term, which was not considered. 

In our experiments, we employed a 
convcntional gas-micropho~ir, photoacoustic 
system with a Xenon lamp and 
monochromator arrangement. We made 
measurements at 585 and 750 nm, both 
positions of relatively strong ~ d ~ +  
absorption, and also at 550 and 700 nm, 
where there is essentially no Nd3+ absorp- 
tion. These two latter measurements provide 
us with the needed correction for the 
background surface-absorption term. Our 
measured quantum efficicncies for a set of 
~ d ~ + - d o ~ e d  ED-2 glasses are plotted in Fig. 
2-427 with probable error bars shown. We 
see that the quantum efficiency at low ~ d ~ +  
concentration approaches 0.9, in good 
agreement with both luminescence and 
lifetime values. 

Also in Fig. 2-427, we have plotted the 
quantum efficiencies that would be 
determined from relativc nvcrage 
fluorescence-lifetime measurements269 after 
assuming the PAS value of 0.71 for the 2% 
sample to be correct. We see that the 
photoacoustic q's and the relative lifetime 7's 
agree very well with respect to the 
dependence on Nd3+ concentration. This 
then indicates that when dealing with a set of 
similar samples that have different 
concentrations of Nd3+, we would need to 
obtain an absolute value of q with 
photoacoustics for only one sample, and 
then obtain the other q's from the easier-to- 
measure relative fluorescence lifetimes. 

The sizable decrease in quantum efficiency 
at higher ~ d j  ' concentration is, of course, a 
result oT iun-ion quenching. Using both 
the PAS-measured quantum efficiency 
at low concentration and the lifetime 
n~zasursl~nents, wt: ublairi absolute valucs for 
the nonradiative decay rate w,, for Nd3+ in 

ED-2 glass as a function of Nd3+ concen- 
tration, c (Fig. 2-428). The nonradiative 
decay rate is composed of two terms; a 
concentration-independent term that arises 
from multiphonon processes, and an ion- 
ion quenching term that varies as c2. The 
multiphonon term dominates until c > I%, 
after which the ion-ion term quickly 
becomes the factor determining the 
fluorescence quantum efficiency. Layne, 
Lowdermilk, and weber270 have shown that 
the average multiphonon rate for ED-2 glass 
is -200 s-I in good agreement with our result 
in Fig. 2-428. 

Although it is possible to obtain fairly 
reliable measurements of the absolute 
radiative quantum efficiency with gas- 
microphone photoacoustics, the pervasive 
presence of a sizable surface-absorption term 
makes this method difficult, particularly for 
lightly doped samples in which thc surface- 
absorption term may be comparable to the 
bulk-absorption term. 

We have, therefore, developed an 
alternative procedure which employs a 
piezoelectric photoacoustic technique. As 

I I I 1 
Fig. 2-427. Photoacoustic 
and relative lifetime- 
fluorescence quantum 
efficiencies vs Nd203 
concentration in ED-2 
silicate glasses. 

Fig. 2-428. Nonradiative 
decay rate vs Nd2O3 
concentration in ED2 
silicate glasses. 
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Fig. 2-429. Sample- 
detector mounting 
arrangement for 
r;czoclectric photo 
icwstic rxpcrimon~. 

shown in Fig. 2-429, a mirror is bonded to a 
ceramic piezoelectric transducer, and the 
mirrored transducer is then acoustically 
bonded with phenylsalicylate to the side of 
the sample. The mirror serves to minimize 
background signal due to the absorption of 
scattered light by the transducer. 

In a gas-microphone system, only that 
light absorbed within a thermal diffusion 
length beneath the sample surface plays a 
role in determining the photoacoustic signal. 
In a piezoelectric system, however, the light 
absorbed throughout the entire sample 
contributes to the photoacoustic signal. 
Since the samples are 0.2 to 1 cm thick, this 
provides us with a bulk absorption signal 
considerably greater than the surface 

T h ~ n  layers of 

/ 

Table 2-77, Qlrantum 
efficiencies of Nd laser 
materials. V 

' ~ i r r o r  \-sample 

Piezoelectric 
transducer 

- - 

absorption signal; thus surface absorptions 
generally present no problem in a 
piezoelectric measurement. Nevertheless, we 
still must take measurements at both 550 and 
700 nm to subtract out any other 
background signals. 

In piezoelectric photoacoustic detection, 
the magnitude and phase of the photo- 
acoustic signal are both complex functions of 
the thermal spatial profile produced in the 
sample through the absorption of the optical 
beam.27' To minimize this very difficult 
problem we attempt to have the same 
thermal spatial profile at both of the 
absorbing wavelengths. Thus, we do not use 
the 585 nm wavelength, but rather a 
wavelength nearby that has the same optical 
absorption as that measured for 750 nm. In 
addition, since the absorption bands have 
quite different linc shapes at the two 
wavelengths we use, we have found it best to 
work only with lightly dopcd samples so as 
to obtain nearly idcntical thermal profiles at 
the two wavelengths. 

In Table 2-77, we list the fluorescence 
quantum efficiencies measured for some of 
the ED-2 silicate glass samples with both the 
piezoelectric and gas-microphone methods. 
There is quite good agreement between 
the two sets of values, and the probable error 
for the low concentration samples is less in 
the piezoelectric merrsuremenls. The good 
agreement bctwcen the gas-microphone and 
piezoelectric meas~~remenls provides further 
confidence in the value of 0.9 for 11 that wc 
obtain for ED-2 silicate glass. 

We repeated the silicate piezoelectric 
photoacoustic experiment with ~ d ~ + - d o ~ e d  
borate glass. Borate glass has a high 
nonradiative multiphonon decay rate at 
room temperature of - 14 000 s-I, resulting 
in an average quantum efficiency 
substantially less than unity.273 We obtain 
with the piezoelectric photoacoustic 
technique a value for q for the borate sample 
(see Table 2-77) of 0.16 f 0.07, a value in 
excellent agreement with the lifetime 
measurement. The relatively large 
uncertainty in our value is a result of the 
increased probable error that occurs when 
the quantum efficiency is low and the 
quantity (4 - 4) in Eq. (90) becomes very 
small. 

There has been, for many years, con- 
siderable interest in the absolute fluores- 
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cence quantum efficiency of Nd:YAG, excitation, may provide absolute quantum 
a widely used laser material. In spite of efficiencies without the need for background 
many different experiments there is still measurements. 
uncertainty about the value of 7 for this 
material. Judd-Ofelt and lifetime calcula- 

Author: A. Rosencwaig 

tions"%ndicate that a 1 wt% Nd:YAG Major Contributor: E. A. Hildum 
sample should have an 7 of -,0.91. Howcver, 
experimental results over the years have 
ranged from 0.98 to 0.56. (See Refs. 261,267, 
269, and 274-277.) 

We have measured the quantum efficiency 
of a 1.2 wt% Nd:YAG sample using the 
piezoelectric photoacoustic technique, and 
have obtained a value for 7 of 0.97 f 0.02. 
Our result clearly supports the conte,ntion 
that the quantum efficiency for Nd:YAG is 
close to unity. 

In conclusion, the photoacoustic 
technique provides a reliable means for 
obtaining absolute values for the radiative 
quantum efficiency. The gas-microphone 
techn~que 1s quite accurate for highly 
absorbing solids. We have shown that in 
lightly doped laser materials with relatively 
weak bulk absorptions, surface absorptions 
from contamination or from surface energy 
states can play a major role in gas- 
microphone photoacoustic measurements 
and thus must be taken into account. We 
believe that it was neglect of this surface 
absorption that led to anomalous results in 
previous experiments. We have also shown 
that a piezoelectric photoacoustic technique 
is an attractive alternative procedure that is 
relativcly immune to su~'Face absorption 
effects. However, here too, care must be 
taken. This technique works best for weakly 
absorbing samples with measurements made 
at two wavelengths having equal absorp- 
tions. In both thc gas-miicupl~v~~e a ~ l d  
piezoelectric methods, accurate measure- 
ments of 7 require good signal-to-noise 
ratios and careful measurements of back- 
ground signals at wavelerigtlis where there is 
no absorption by the fluorescent ions. 

We recommend the piezoelectric method 
for a r o u t i l i ~ - ~ ~ ~ ~ a s u ~ ~ e r ~ r e n t  facility, 
particularly when dealing with Nd3+ laser 
materials. Othcr tcchiliques sl~vuld be 
considered for laser materials, such as c r 3 +  
qrstcms, which ha510 w r y  broad absorp- 
tion bands that preaeril background- 
measurement difficulties. We are presently 
rnvestigating the use of photorefractive 
techniqucs, which. when IISCI I  wilh pulsed 

Homogeneous Line Widths and Energy 
Extraction in Laser Glass. Optical spectra of 
ions in glasses are inhomogeneously 
broadened due to site-to-site variations in 
the local fields. Lascr ions in diffe~enl 
spectral regions of the inhomogeneous-gain 
distribution act independently and varying 
degrees of spectral hole burning result The 
energy extractable from an inhomogeneously 
broadened amplifier compared to that of a 
homogeneouslv broadened amplifi~r i s  a 
function of thc ratio of tht: homogeneous to 
the inhomogeneous line widths. As this ratio 
increases, the amplifying medium behaves 
more homogeneously and energy extraction 
for a glven input becomes more efficient. 
Therefore, the dcpcndcnce of the 
homogeneous list: widlh of optical 
transitions on glass composition is a 
consideration in the selection of host glass 
for laser applications. 

Homogeneous Line Widths. There has been 
recent intcrcst in the questivr~ of 
homogeneous line widths of paramagnetic 
ions in amorphoub rna~erials. Efforts thus far 
have been concerned with temperature 
dependence of the optical line widths of rare- 
earth ions which are anomalous when 
compared to their low-temperature 
crystalline c o ~ n t e r ~ a r t s . ~ ~ ~ ~ ~ ' ~  To obtain 
additional information about line 
broadening mechanisms, we measured the 
homogeneous line width of the 4 ~ 3 / 2 - +  419/2 
fluorescence transition of Nd3+ as a funct~on 
of host glass composition. We found a broad 
range of homogeneous and inhomogeneous 
line width values, with minimum and 
maximum values differing by at least a factor 
of 3. In additron, these values scale 
approximately as the inverse 2.5 power of the 
velucily or sourld in the glass. 

Samplcs included 10 oxide glasses: borate, 
silicate, borosilicate, alkali and alkaline 
earth phosphates, germanate, tellurite, and 2 
fluorldc glt13scs f l u o r o b r ~ ~ l l a ~ e  a d  
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fluorozirconate. The compositions of these 
glasses are given in Table 2-78. 

Table 2-78. Composi- As a measure of the inhomogeneous 
tions (in %) broadening, the line width AvIH (FWHM) of 
glasses used in studies of 
homogeneous line widths. 

the transition between the lowest Stark levels 

Silicate Phosphate _ 2- - - . - E 67B203. 15Na20.18Ba0 ?? $!! " a s  
- -- - - 5OP2O5*50MgO - = 3:'T - . - +! Fk 
- - Borate - 50P205.50Ba0 " %.-%= - -- 

5-111-4 us- . - -- - 6.. "2 67SiOz. 15Na20.18Ba0 lg nvz- 4 - -  75P205.25A1203 5"ddd"Gd 
= 

3: 
- 

3 ,-- Borosilicate En 55PzO5 *30Liz0*10Ca0*5A1203 ' 
75SiO2*9BzO3*9NaZO*6KzO*lBaO - - 55P2O5*30RbzO= 10Ca0*5A1203 - 

- - - -  - - 8 :  

Fluomzirconate - = Phosphotellurite - & . X - s r  .,I_., +., 
60ZrF4*34BaF2*6NdF3 - 5 = - .  - - - 89Te02* 1 lP205 '= 5- =KJ 

* r * ~ ?  kL f a4''!'l&< I 
Fluoroberyllate kmanate L= @ iq~i l  

-. 
m ,  Il l l t lYP7 

eFz -27KF. 14CaF2* 10AlF3 -'+A 67GeO2*1SNaz0. 18Ba0 ''"1 T"$, 

Note: A11 samples were doped with z l  mole % of NdzO3 or NdF3. 
"'?I 

Phosphotellurite 

f3a fluomri~conate 

Ma Be gemanete 

5 Ba phosphate - h 
Ehralli6etr 

5 40 
TI .- 
3 
a 
c .- 

\ 

Mg phosphate 

Root-mean-square velocity (km/s) 

r'ig. 2-430. ~og-log plot 
of the homogeneous line 
width of NdZ+ vs rms 
sound velocity fur various 
glasses; compositions are 
given in Table 2-78. 

of the 4 ~ 9 / 2  and 4 ~ 3 1 2  manifolds was 
determined from the absorption spectrum 
recorded at 4.2 K. At liquid helium 
temperatures, the homogeneous line width of 
this transition is expected to be << 1 cm-' and 
hence negligible. 

Corresponding homogeneous line widths 
AvH were measured using laser-induced 
fluorescence line-narrowing techniques.280 
The excitation source was a pulsed ~ i ~ : l ? j  
color-center laser which had a tuning range 
from 0.86 to 1 .O pm. All line width 
measurements were made by J. M. 
Pellegrino of the University uf Wisconsin. 

SuurlJ velv~ilies of the glasscs a t  295 K 
were determined from ulLrabullic: Lilnc-dclay 
measurements using the pulse-echo-overlap 
method.281 For the glass compositions 
studied, values of hoth the Inn.ptudina1 and 
transverse velacities exhibiled validLiu~ls by a 
factnr ot ahout 2. 

There is a definite correlation between the 
homogeneous line width and sound velocity 
in a glass at ambient temperature. In Fig. 
2-430, AvH is plotted as a function of the 
rl-~~Jl.rr~r'~~~-htl~~ili'e, v ~ l ~ l d l y  C ) ~ Y ( S U I I ~  givo11 by 

assuming one longitudinal and two 
transverse modes of propagation. For the 
large number of different glasses considered, 
the data exhibit a general trend given by 

Similar agreement is found for v ,  but the 
correlation with ve is poorer. 

Due to the large differences in glass 
compositions and site-to-site variations in 
Lllr local fields and interactions at the Nd ion 
in amorphous hosls, a slllooth dependence of 
AvH with v is not expected. The borosilicate 
glass, which is a mixture of two glass 
network formers, shows a large deviation 
from the general trend in Fig. 2-430. 
However, for subsets of glasses from a single 
source and with similar compositions and 
Nd collcel~L~atiuns, such as the Al, Mg, Ba 
metaphosphate glasses and the alkali 
phosphate glasses, the cul~elation is 
very good. 

The inhomogeneous line width AvIH 
determined from the 4 ~ 3 / 2 (  1) + 41912(1 ) 
transition at 4 K correlates well with the 
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effective line width of the 4 ~ 3 / 2  -, 'I 1, /2 laser 
transition at 295 K. This is shown in Fig. 
2-431. The latter is obtained by integrating 
over all Stark transitions and is used to 
determine effective stimulated-emission 
cross sections. 

There is no obvious correlation between 
AvlH and the homogeneous line width AuH a t  
300 K .  The ratio A v H / A v I H  does vary 
considerably for the present selection of glass 
hosts, from 0.16 for borate glass to 1.86 for 
rubidium-phosphate glass. Thus the ratio 
can be tailored, within limits, by changing 
glass network-forming and network- 
modifying ions. 

In summary, we have determined that AvH 
for ~ d ~ +  varies widely for different glass 
hosts. The observed widths are strongly 
correlntcd with the velocity of sound in the 
material; however, the dependence of AvH on 
v does not agree with predictions based on 
lcnown I ~ I C L ~ I ~ I I ~ ~ I ~ I S  kt line broadening in 
crystals.282 Also, there are special cases, such 
as  the borosilicate glass, where AvH differs 
significantly from the trend followed by the 
majority of the other samples. Nevertheless, 
the correlation of AvH with v should be 
helpful in selecting glass hosts to maximize 
energy extraction from laser ions. Further 
details of this work are presented in Ref. 282. 

Energy Extraction. The reduction in the 
energy extracted from an inhomogeneously 

broadened-gain medium compared to that 
from a homogeneous medium of the same 
small-signal gain is a function of the ratio of 
the homogeneous and inhomogeneous line 
widths AvH/AulH.  If this ratio is ? 1, ions in 
different spectral regions of the inhomo- 
geneoub distribution act independently and 
various degrees of spectral hole burning 
will result. To quantify this effect, we con- 
sidered the case of a Gaussian frequency 
distribution of Lorentzian lines, which is a 
reasonable approximation for many ion- 
glass combinations. The fraction of the 
energy extracted from such a system com- 
pared to that of a homogeneous system of 
the same initial small-signal gain is plotted as 
a function of AuH/AulH in Pig. 2-432. The 
product of the initial gain coefficient of 
the medium times the path length was 1 .O. 
The results are shown for two input fluences, 
where a, is the sat~~rat inn fluence for the 
homogencous two-level system. kor the 
small-signal case, (ai, = 0.0 I +,), the 
deviation from the output of a homogeneous 
medium is small even for large inhomo- 
geneities because the depth of the hole is still 
small. For ai, = a,, however, a deep hole 
is burned arid the gain coetticient is 
severely reduced when ( A v H / A v I H )  < 1.  If 
( A v ~ / A u ~ ~ )  << I, the energy extracted under 
large-signal conditions is greatly reduced. 
This would occur, for example, for glass at 

Fig. 2-43 1. Compariso 
effective line width of 
fluorescence (at 300 K 
and inhomogeneous 
width of absorption 
4 K )  for Nd"+ in vari 
glasses. 
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Fig. 2-432. Fraction of 
rue elst gy erl~acted 
from an inhomogene- 
ously broadened glass 
amplifier relative to that 
of a homogeneously 
broadened glass. 

low temperatures where the homogeneous 
line widths become very small. Huitlu- 
geneous line widths of optical transitions 
of rare earths in glass are directly propor- 
tional to the square of the absolute tempera- 
ture of the sample in the range from 4 to 
400 K.2793283 Therefore high-temperature 
laser operation is desirable to reduce spectral 
hole burning. 

At a given operating temperature, the 
selection of host affects AvH/AvIH. For 
example, in the case of phosphate glasses, the 
use of higher atomic-number alkali- or 
alkaline-earth modifier cations Increases AvH 
and decrcases AvIH and thereby improves Llie 
capabilily for encrgy extraction. As we have 
shown, the velocity of sound is a good 
indicator of the relative values of AvH. 

Reductiorl ill sncrgy extracted occurs 
wher~~ves thc glass has a distribution of 
stimulated-err~ibsion cross sections H L  I lit: 
laser wavelength. Thib can arise not only 
from site-to-site variations in the center 
frequepcy, but also from site-to-site 
variations in the liomogcncous l ~ n e  width ar 
the transition probability for stimulated 
emission for a specific wavelength and 
polarization.284 When the cross sections of a 
given site geo~~ietry arc different for different 
polarizations, Lhen, bccause of the ia~lrlorn 
orientation of the principal axes in glass, 
there will be a range of extraction rates if a 
polarized laser beam is used. Note that, in 
this case, no spectral hole burning will be 
evident. 

Knowledge of the distribuliul~ of cross- 
section values for a given frequency and 
polarization is essential to modeling the 
saturation b~havi( lr  in glass lasers. The use 
of unpolarized or circularly-polarized beams 
and multiple or swept frequencies are 
methods for operationally overcoming the 
consequences of the inhomogeneities in 
glass. Finally, it should be noted that hole 
filling by ion-ion cross relaxation in Nd- 
doped laser glasses occurs on time scales of 
> 10 ps and hence is not effective on the time 
scale of pulses used in fusion lasers, 1 to 
10 ns.285 
Author: M. J. Weber 

Major Contributors: R. A. Haas and .J. M. 
Pellegtino 
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