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FOREWORD

This report, which is in two volumes, contains reviews and articles that describe the unclassified ac-
tivities of the Laser Program at Lawrence Livermore Laboratory, during the calendar year 1977. It is one of a
continuing series of reports that chronicle the annual activities of the laser program; the reports were
published semiannually from 1971 to 197 and yearly since then. Our laser program is sponsored by the
Department of Energy (DOE). li represents an expansion of the program sponsored by the Energy Research
and Development Administration (ERDA) and originated by the Atomic Energy Commission.

Our goal from the onset of producing the 1977 annual has beea to generate a timely report of suf-
ficient technical depth to allow the reported results to be reproducible. We hope that many of our reported
data and analyses will benefit the laser and inertial confinement communities.

Organization of the report is similar to that of our laser program. After an initial overview of the
program itself (Section 1), we describe major facilities for laser irradiation and diagnostics (Section 2). Then
we report on our ongoing studies in theoretical /experimental laser fusion (Sections 3 through 6), followed by a
discussion of our activities in evaluating high-power, short-wavelength lasers for power reactors (Section 7).
System studies—the key to developing and understanding various laser fusion applications (power reactors,
weapons, etc.)—are reported in Section 8. Unclassified studies in laser isotope separation and laser-induced
chemistry are described briefly in Section 9. Note that Volume 1 contains Sections 1, 2, and 3. The remaining
sections are published in Volume 2.

Each year’s report is a product of hard work and cooperation by many people. And this year’s report
is no exception. The scientific staff of the laser program devoted extra time and effort to write technical arti-
cles of very high quality in the face of conflicting demands. Also, the program’s clerical staff worked long
hours to type and correct the articles in preparation for editing, Doris Hine and Olga Parker gathered the
many required illustrations, and [ am indebted to them for their patience and perseverance. 1 especially thank
Karen Wenzinger Holtz for her dedication and efficiency in coordinating all elements of the report between
the laser program and the Technical Information Department (TID). I acknowledge the cooperation and help
of TID members in preparing the report for publication: Chuck McCaleb, who, along with Phil Coyle of the
laser program, acquainted me with what pitfalls to expect; Bill Hamilton, for the many hours of consultation
on design aspects of the report; Wilma Leon, for her guidance and coordination of the illustrative and layout
work; Mary Phelps, for her constant cooperation and liaison in handling the composition; and TID editors
Bob Waite, Mike Genin, Karen Minkel, Maureen Donohue, Pat Lien, and John Strack for enhancing the
authors’ contributions.

Charles F. Bender
Scientific Editor
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SECTION 1

LASER PROGRAM OVERVIEW

1.1 Introduction

A long-range objective of the Lawrence Livermore
Laboratory Laser Fusion Program is to demonstrate the
economic feasibility of inertial confinement fusion as a
solution to the world-wide problem of declining energy
resources. In conjunction with this goal, nearer-ierm
applications of laser fusion are also being evaluated,
e.g., military applications such as weapons effects
simulations and weapons physics studies. An additional
objective of the program is to demonstrate the feasibility
of laser 1sotope separation and to develop the technology
required for large-scale isotope enrichment of uranium
and other clements. Completion of some program
milestones and progress toward others have been made
in the past year as a direct result of the close cooperation
between the program’s functional groups and private
industry.

1.1.1 Solid State

> The most important accomplishment in 1977 was

the successful completion of the Shiva laser system by
the LLL Solid-State Group. Conceived in 1972, Shiva
was designed to produce an unprecedented 10 kJ of laser
energy in a subnanosecond pulse for laser fusion ex-
periments. On November 18, 1977, Shiva produced
10.2 kJ of focusable laser energy in 0.95 ns. Four years
of innovation, construction, and experimentation cul-
minated in this successful system test. Shiva's perform-
ance verifies the design philosophy that was followed
with Janus, Cyclops, and Argus laser systems and
strongly substantiates the Nova system performance
predictions.

Construction of the Shiva laser has led 1o the de-
velopment of the following important technologies that
are necessary for advanced laser systems: laser opti-
mization theory, automatic laser alignment systems,
digital controls, and extremely clean optomechanical
assembly techniques.

The development of new fluorophosphate glass for
higher power laser systems, allowing twice the optical
flux density attained in Shiva, together with important
evolutionary developments in laser amplifier design and
system technology, makes it technologically and
economically feasible to build Nova, the laser system
with which we expect to first achieve scientific break-
even conditions. Our progress toward this goal also
depends on how well we understand the physics of
laser-target interactions.

1.1.2 Fusion Experiments

When laser light strikes a fusion target, the target’s
surface ablates, creating a plasma. The rate of energy
flow from the absorbing plasma to the imploding target
depends on the precise nature of the interaction between
the laser light and the plasma. Target experiments con-
ducted by LLL's Fusion Experiments Group with the
Janus laser have explored the cffects of resonance ab-
sorption, Brillouin scattering, and radiation pressure on
the energy flow during high-intensity laser-plasma
interactions. The results of these experiments have
shown that, under appropriate conditions, as much as
45% of the incident laser energy can be absorbed
through resonant absorption. It has also been shown
that, under adverse conditions, where stimulated scat-
tering was expected to be significant. the Jaser energy
ubsorbed by the target can drop to less than 10%. In
addition, the radiation pressure of the intense laser il-
lumination has been observed to steepen the plasma
density profile, modifying the relative contribution of
the laser absorption and scattering mechanisms and the
energy transport in the plasma. These data have been
used to improve the plasma physics models used in the
LASNEX computer code.

In the last two months of this year experiments have
begun in which highly sophisticated DT targets are to be
imploded to high densities with the Argus laser. New
diagnostic systems have been developed to measure key
observables in these high-density experiments. Also, an
absolute, time-resolved x-ray spectrometer, Dante, has
been developed to measure the x-ray output. In addition,
radiochemical techniques, including a radiochemistry
collector/counting system, are being developed to mea-
sure fuel density. and to diagnose the operation of ad-
vanced targets with high compressions and gains.

1.1.3 Target Design

The targets in our experiments are designed with
the LASNEX computer code, which simulates laser-
driven implosions and the resulting fusion microex-
plosions. The LLL Target Design Group uses the LAS-
NEX code to calculate the interaction and transport of
laser and fusion energy, as well as the fluid hy-
drodynamic motion of the target. Many of the nonlinear
laser-plasma approximations in LASNEX were de-
veloped from plasma simulation codes such as ZOHAR.
ZOHAR follows the electromagnetic fields and the
charged particles in the plasma through time, using
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Monte Carlo techniques with fully relativistic calcula-
tions. Important improvements were made in the atomic
and plasma physics models used in LASNEX as a result
of our high-density experiments. These improvements
greatly increase our ability to design higher performance
targets and to predict experimental results. The results of
the LASNEX-ZOHAR parameter studies are used to

® Optimize target designs.

® Evaluate proposed laser target fabrication and
diagnostic facilities.

® Devise optimal experimental strategies.

@ Interpret the results of our experiments.

1.1.4 Target Fabrication

Fabricating targets that match the designs spec-
ified by the target design group is a vital part of our
program. Our Target Fabrication Group currently pro-
duces several hundred targets per year for faser fusion
experiments. Some of the more advanced targets are
made up of multiple layers of materials that provide for
efficient absorption of the laser light as well as efficient
momentum and energy-matching in the implosion and
thermonuclear explosion. A high-quality surface finish
is essential to limit the growth of the Rayleigh-Taylor
instability, a condition that could weaken the implosion.
Hence, much of our target fabrication research is di-
rected toward producing and characterizing extremely
smooth and uniform layers of glass, plastic, metal, and
inorganic compounds. Some of the glass- and polymer-
coated targets that we have made and tested had surface
irregularities that measured less than 0.03 m.

1.1.5 Systems Studies

The Systems Studies Group at LLL has studied
commercial and military applications of laser fusion,
Some of the possible applications identified to date in-
clude electric power production, propulsion, high-
temperature process heat, fissile fuel production, burnup
of radioactive fission waste, synthetic gas praduction,
weapons physics research, and weapons effects simula-
tions. By far the largest markets and highest payoffs for
inertial confinement fusion are associated with electric
power production. Hence, a major effort has been de-
voted to evaluating the prospects of producing commer-
cial electricity with laser fusion. In pursuit of this goal, a
highly promising fluid wall reactor design called the
*‘liquid lithium waterfall* has been devised. It features
a thick, continuously recyclable first wall of liquid
lithium that protects the first structural wall from direct
exposure to the energy released in the fusion microex-
plosion. The liquid fithium waterfall concept has excel-
lent energy conversion, energy removal, and tritium
breeding characteristics. This design is potentially
cheaper and an order of magnitude more durable and
cleaner than previous fusion reactor designs.

1-2

1.1.6 Advanced Quantum Electronics

QOur increased understanding of laser fusion
technology and detailed analysis of its applications, in-
cluding military applications, have provided direction in
the search for new laser media that will someday drive a
fusion power reactor. Our Advanced Quantum Elec-
tronics Group has evaluated a variety of new laser media
and concepts in ierms of their scalability as efficient
*‘megajoule class'’ laser systems. Gas lasers based on
rare-earth molecular vapors, and lasers based on photo-
dissoctiation of simple polyatomic molecules containing
oxygen, sulfur, or selenium, have both been investi-
gated. Solid-state lasers of glass and lasers of calcium
fluoride doped with trivalent thulium have also been
studied. One very attractive laser system that looks scal-
able to a high energy and repetition rate uses a pulse
compressor for long-pulse noble-gas-halogen excimer
lasers. Based on information presently available, this
KrF stacker/compressor laser system has the best chance
of meeting the long-term (eleciric power production)
programmatic goal.

1.1.7 Laser Isotope Separation

In the short term, conventional nuclear energy will
undoubtedly play an important role in supplying the
nation’s energy demands. Uranium enrichment is the
most capital-intensive portion of the conventional nu-
clear fuel cycle. Laser isotope separation can potentially
reduce capital costs by 80% or more. Our LIS Program
has been actively developing lasers and uranium vapor
generators for uranium enrichment. Experiments during
the past year with the SPP-l1 laser testbed and the
Regulis facility have increased our understanding of the
physics of laser isotope separation. The necessary sci-
entific basis for atomic vapor laser isotope separation is
essentially complete, and crucial experiments are under
way to establish process scaling laws for production
systems. Successful completion of these experiments
will demonstrate the scientific feasibility of this ap-
proach to large-scale laser isotope separation of uranium
and firmly establish that this approach reduces the cost
of fissionable fuel for conventional nuclear reactors.

1.2 Program Resources

The resources of the laser fusion program and the
laser isotope separation (LIS) program for 1977 are
compared with those of prior years in Table I-1. In FY
1977, the operating budget of the laser fusion program
was $30.8 million and the budget for LIS was $8.1
million. The manpower numbers reflect all personnel in
direct support of the program: scientific, technical,
nontechnical, clerical, and craft. A breakdown of the



Table 1-1. Laser program costs and effort.
Fiscal year
1970 1971 1972 1973 1974 1975 1976 1976T 1977
Operating costs (millions of dollars)
Laser fusion 1.9 6.5 9.5 13.5 18.4 19.9 22.2 7.0 30.8
Laser isotope separation - — —_ — 0.74 4.8 7.2 2.1 8.1
Manpower
Laser fusion 43 124 156 232 223 230 244 259 281
Laser isotope separation — — —_ — 23 70 9% 92 93
Equipment (millions of dollars)
Laser fusion 0.1 04 0.9 11 117 2.0 24 0.5 28
~— 0.13 0.7 [ ) 0.3 2.4

Laser isotope separation -_— - e

“Transition quarter

two programs by budget and reporting category is given
in Tables 1-2 and 1-3.

In addition to the operating budgets, two authorized
line item projects were funded in FY 1977. The Shiva

Table 1-2. Laser fusion program costs and effort by
budget category, FY 1977,

Cost,

thousands

Budget ¢ s'egory Manpower of dollars
Nd:glass laser development 59 11,936
New laser development 31 2,455
Pellet design and fabrication 73 7,230
Target interaction experiments 81 6.538
Diagnostics development 29 1,950
Reactor systems studies § 520
Heavy ion source development 3 185
Total 281 30,805

Table 1-3. Laser isotope separation program costs
and effort by budget category, FY 1977,

Cost,

thousands

Budget category Manpower of dollars
Laser development 25 1,990
Separation experiments 438 4,119
Supporting technology 21 1,900
New concepts 2 100
Total 9% 8,100

project, tunded at a total of $25 million was completed in
FY 1977. This project had an average of 75 LLL staff
members in FY 1977. To handle peak construction and
assembly periods, an average of 60 temporary personnel
were brought in from outside industry throughout the
year, The second project, Nova, received construction
planning and design funds in FY 1977 to help define the
full project scope. costs, and schedule. This project to
upgrade the Shiva facility is estimated to cost $195
million over a 5-yr period. An average of 15 personnel
worked on Nova in FY 1977,

It is a policy of the laser program not only to
encourage but also to actively seek outside industrial
participation in the program. Currently, slightly less
than half of the laser fusion program s budget is spent on
internal manpower. By 1984, we expect to spend only
approximaiely one-third of the budget on internal man-
power, with the remainder going to outside procurement
of services and hardware. On projects such as Nova, the
manpower ratio, inside to outside. is approximately
one-third to two-thirds, but in total, more than 85% of
the Nova project dollars will be spent in outside indus-

ry.

1.3 Program Facilities

1.3.1 Introduction

Activities of the LLL laser program are conducted
in a variety of facilitics ranging in character from tem-
porary portable structures to major permanent buildings.
Two permanent buildings, 381 and 391, were designed
as laser laboratory facilities and have been constructed
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within the past four years. The program’s remaining
laboratories arc housed in older buildings that were
originally constructed for other purposes. At the begin-
ning of the year, all offices for professional personnel
were located in Bldg. 381 and in an old trailer complex
reassembled from the Nevada Test Site. By year's end.
two new office trailer complexes were completed, al-
lowing a move from the outdated trailer complex. Tech-
nician support has been, and continues to be., housed
mostly in program-owned portable buildings.

1.3.2 New Facilities Completed in 1977

In 1977, 72,150 ft* of laboratories, 36,250 ft* of
office space, and 2,160 {1 of technician support space
were added to the program 's inventory, while 16,750 ft*
of office trailers were retired. Significant individual
projects that were being woiked on in 1977 are bricfly
described below.

High-Encergy Laser Facility (Bldg. 391). The
design of the Shiva laser and its support functions was
already well advanced before construction started on
Bldg. 391. This cnabled us 10 closely integrate the laser
system with the building design, an approach that
minimized cost and construction time and enhanced
design flexibility. Most of the construction on the
building was completed in 1976, with assembly of the
laser and pulsed power systems following over the next
year. A detailed building description can be found in the
1976 Laser Program Annnal Report (UCRL-50021-76).

Building 177. To meet the requirements of the
LIS Vulcan process experimcii. the space within Bldg.

177 was remodeled and a large concrete pad was con-
structed next to it to house associated equipment. A new,
cnlarged mechanical utility piping bundle and a
3000-kV - A clectrical substation was installed. not only
1o support Vulcan, but also to replace cbsolcte existing
services (o the entire building. Both the alterations and
the addition to Bldg. 177 constituted a single $400.000
general plant project.

Design was finished and construction begun on a
2200-ft* building addition to housc the LIS Venus
copper-vapor laser system. The system will serve as the
common driver for it number of LIS process experi-
ments. Construction will be completed in 1978,

New Office Trailer Complexes (3725 and
3726). Two 15.000-f* office traller complexes were
constructed. one in April and the other in August, 1977.
They pravide modern office spice for about 150 profes-
sional personnel of the LIS pragram and the advanced
quantum clectronics group. The new trailers now con-
solidate most of the program’s professional staff in or
near Bldg. 381 and make possible the retirement of the
absolete trailers mentioned above.

Each complex is a T-shaped assembly of thirty-six
10-ft by 42-1t trailers (Fig. 1-1). Security fencing en-
closes both complexes ina» gle limited security zone.
with CAIN/television access booths. This is the first
outdoor installation of such a security booth.

Portable Buildings. An cxpanding number of
professional personnel and technicians have accom-
panied laser program growth. To provide housing and
work space for the 1977 increment. we have purchased

Fig. 1-1.  Trailer ceraplexes 3726 and 3725 and Bldg. 381.
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Fig. 1-2.  Nova luboratory facility. The current high-energy Waser Facility, which houses the Shiva taser. is on thee [eft: the laboratory
addition with the new target room and Nova haser bay is on the right.

a 2160-f1* portable building and oblained 6480-f1* of
rented trailers with office and drafting room space.

1.3.3 Projects Begun in 1977

Nova Laboratory Addition and Office Build-
ing. The Nova laser has been designed to reach the
milestones of scientific breakeven and scientific feasi-
bility. A target chamber to contain the actual fusion
experiment will be placed in o new target room. and half
of the total Nova laser system will be constructed adja-
cent to it. Once experiments using this new system are
under way. the Shiva faser will be upgraded to bring the
total Nova system on-line (Fig. 1-2). The new target
room, laser bay, and associated support functions com-
prise a laboratory addition building tor which the cri-
teria documents. architect-engineer selection and pre-
Title 1 studies were completed in 1977: Title 1 design
started at the beginning of 1978. The last stage of the
project is scheduled to begin early in 1979, with com-
pletion scheduled for early in 1981. Fast-track construc-
tion will be executed under the direction of a profes-
sional construction manager. Design criteria documents
have also been completed for an associated office
building of approximately 55.G00 ft* for 200 program
personnel: the office building will be built at the same
time as the laboratory addition.

New Offiee Trailer Complex (3724).  Torelicve
crowding in Bldg. 381, design has begun on a third
15.000-t1* office trailer consplex. 1t will be of the sume
design as the {irst two and will be sited next to 3725 and
3726. Its construction will also be supported with laser
program equipment funds. Completion is expected in
July 1978,

Advanced Isotope Separation Development
Facility. Th~ plans for the AISDF have been resub-
mitted for .unding as a 1980 tine item. This 154.000-1¢
facility would consist of two buildins located cast of
Bldgs. 38t and 341 (Fig. 1-31. Total estimated con-
struction coat is $27.100L000. One of the buildings
would have S4.600 f1* of “light™™ and “medium™
luhoratories. and 63.400 {1 of adjoining oftice space for
725 people: the secoud building would contain 36,000
ft* of “*heavy ™ laboratory space.

1.3.4 Fuivre Projects

Facility for LIS Mars Experiments. A general
plant fund of $400,000 has been allocated for con-
struction in 1978 of a new building for the LIS Mars
electron-beam vayrization experiments. The building
will have about 4000 ft* for offices and laboratories. It
will be located next to Bldg. 177. from which cither of
two driving laser systems can be directed into the new
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SECTION 2
SOLID-STATE LASER PROGRAM

2.1 Overview

The Solid-State Laser Program, part of the LLL
Laser Fusion Program, provides advanced neodymium:
glass laser systems for fusion experiments. It is also
charged with upgrading the output and overall reliability
of currently operating laser systems and providing
specialized laser technology for target diagnostics.
Other functions include development of technologies
applicable to future fusion laser systems and effective
management of design and construction of major fusion
laser systems.

The application of the Solid-State Laser Program
resources is determined by the major inertial confine-
ment fusion objectives:

® 10 to 100 times target compression.

® 1000 times target compression.

® Significant thermonuclear burn.

® Scientific breakeven.

® Scientific feasibility.

The major milestones and a timetable for laser facility
completion are presented in Fig. 2-1.

Our achievements and goa's for FY 1977 are laid
out in Table 2-1. The most notable achievement of the
year was the completion and firing of Shiva at 10 kJ
in 0.95 ns. Another important event was target ex-
perimentation on Argus at the 4.6-TW level. These
goals for the solid-state program were first set forth in
June 1976 in a proposal for the Office of Laser Fusion of
the Department of Energy (DOE). Virtually all have
been met on schedule and have exceeded specifications.

Whiie construction of the major laser projects is
directly funded through congressional line-items, the
development of higher risk technologies is funded under
the operating program. This approach to managing our
speculative scientific projects has been very successful.
It has permitted Argus to develop 4.6 TW on target; our
original goal was 3 TW. In addition, Shiva can fire
several target shots per week at 15 kJ in 1 ns (or at more
than 20 TW in 100 ps) compared to an undetermined
shot rate at 10 TW that was originally projected. These
advances resulted from breakthroughs in beam propaga-
tion, including spatial filtering and relay apodizing,

[} LI 1 L | L |
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Table 2-1. Program accomplishients.

Proposed Status
Argus Complex pulse-shaping target experiments >2 TW Two-step pulse on target, 4.6 TW on target
Shiva >20 TW, fall 1977 10.2 kJ, November 1977
>10 TW on target, December 1977 Target activation iegan in February 1978

Technology Improve reliability and flexibility Oscillator engineered

Digital control system

Auto alignment systemn
Nova Preliminary design Project team established

CP&D project completed

Fluorophospate glasses

(Hoya LHG-10, O.1. E-181,

Schott LG-812)

from imprc.vements in rcliability permitted by digital
control, from automatic optical alignment, and from the
new oscillators. Our laser design and optimization
techniques permitied us to incorporate these ideas into
the systems with great confidence. They also allowed us
to attain significant increases in performance and reduc-
tions in cost.

2.1.1 Shiva

The High-Energy Laser Facility (Shiva) Project
was conceived in 1972, Our goal was 10 kJ in a sub-
nanosecond pulse (10 TW) for laser fusion target irradi-
ation. On November 18, 1977, at 9:35 p.m., Shiva
reached this objective: 10.2 kJ of focusable laser en-
ergy in a 0.95-ns pulse (10.7 TW) were measured. This
successfully culminated four years of experimentation,
innovation, and construction. The performance con-
firmed the laser design philosophy that began with the
multiple-spatial-filtered Argus laser system. With addi-
tional tuning, Shiva can surpass its original objective.
Shiva’s performance strongly substantiated the Nova
system performance prediction, which is based on this
same design philosophy.

The 10.2-kJ Shiva performance was achieved with
20 beams, each averaging 500 J, with no component
damage. In fact, individual beams produced 600 J with
no damage.

Shiva has been finished within the budget allocated
by Congress and very close to the original schedule.
Original management goals promised a $25 million
budget* and a 10-kJ performance in October 1977.% The
project was completed within the $25 million budget,
and 10 kJ were demonstrated in November 1977. In
addition, Shiva is much more versatile than originally

*Schedule 44 for HELF, dated December 1974. This specified $25
million and an estimated completion date of Spring 1977.

fLetter to General J. K. Bratton, dated February 1976.
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conceived. It will shortly produce more than 30 TW in
100 ps with image-relaying spatial filters, and it has becn
outfitted with an automatic control system; neither of
these innovations were available for the original system
design.

2.1.2 Nova

Beginning in April 1976, the Office of Laser Fu-
sion authorized construction, planning, and design
(CP&D) funds for LLL to undertake a detailed analysis
and cost study of the Shiva upgrade options in the
100-TW regime. Subsequently, this study was
broadened to include greatly increased power levels
(200-300 TW) with a goal of obtaining the capability
for irradiating the most advanced laser fusion targets.
This showed that the capability existed te demonstrate
the scientific feasibility of laser fusion, with very high-
gain microexplosions driven by a Nd:glass laser (Nova),
nearly five years earlier than with other approaches. In
FY 1977, funds were provided to continue this aspect of
the study. A conceptual design of the laser and target
facility is shown in Fig. 1-2, § 1. See the Nova section
(2.3) for more details.

The major accomplishments on the Nova system in
FY 1977 were:

® Completion of the CP&D study.

® Evaluation of a wide range of advanced system
concepts.

@ Development of a conservative laser system
design capable of 200 — 300 TW and taking full advan-
tage of new fluorophosphate glasses.

@ Development of thorough cost and perfor-
mance data, now based on operational Shiva systems.

The integrated result of these accomplishments is
that we now have a very high performance laser design
based on commercially produced and measured laser
glass with a very complete cost and technical data base.
During the CP&D study, laser performance per dollar
increased, and the technical risk steadily decreased.



An interim CP&D report (CP&D-77) was pub-
lished in October 1977 and covered, in detail, the major
accomplishments of the past year, as well as reviewing
progress in all subsystem designs. This report is an
extension of the work discussed in the preliminary
CP&D report (CP&D-75). The complete list of sup-
porting documents contains more than 6000 pages. A
final CP&D report (CP&D-78), which defines and
analyzes the cost of the curvent Nova system design, will
be published in July 1978.

2.1.3 Laser Materials Research and Development

Nova Glass. Starting with a comprehensive mea-
surement program on the properties of new laser glass,
fluorophosphate glasses with the low ny and good energy
storage required by Nova were identified. These
glasses exhibit increases of more than a factor of two in
figures of merit for all laser components when compared
to silicatc and borosilicate glasses used on Shiva.
Fluorophosphate glasses, initially melted in 100-g sizes,
have been developed to the point where they are being
melted and cast in sizes weighing up to 30 kg. The
industrial work was generously supported by the Office
of Laser Fusion. In addition, programs to develop edge
claddings and finishing techniques for these new glasses
have made good progress toward making fluorophos-
phate laser glass available in commercial components
for use in Nova.

Neodymium Laser Glass Data Sheets. To
guide the development of improved laser glasses, data
on new Nd-doped glasses obtained in our computer-
operated spectroscopy laboratory have been sent to
major glass manufacturers and research groups in this
country and abroad. To date, six volumes of Nd:Laser
Glass Data Sheeis, covering approximately 200 diffe-
rent glasses, have been distributed.

BeF, Glass. Research on beryllium-fluoride-
based slass included measurements of nonlinear refrac-
tive index and Nd’* gain coefficients. The refractive
index nonlinearity measured at 1064 nm for simple BeF,
glass, is the lowest reported for any solid. In addition,
both the nuclear and electronic contributions to the non-
linearity were determined, providing information useful
in identifying the physical mechanisms operative for
short pulses. Laser gain measurcments were made,
using BeF, glass disks made at LLL. Because the spec-
troscopic parameters for these glasses differ from those
of glasses previously studied, the agreement obtained
between measured and calculated gain coefficients is a
further validation of our models for predicting amplifier
gain. Additional computations showed that fluoro-
beryllate glasses are also among the best glasses
for energy storage.

Dielectric Coatings. Antireflection (AR) coat-
ings have the lowest damage thresholds in our laser
chains. Their improved performance is the key to im-

proved performance on Argus, Shiva, and Nova. In a
collaborative effort with Optical Coating Laboratory,
Inc., we have demonstrated that the damage threshold
can be raised by introducing a barrier layer between the
substrate surface and the muitilayer AR coating. This
design was used for Shiva optical components. Addi-
tional work is required o understand the damage-limit-
ing mechanisms associated with the film-substrate
interface. The ultimate goal of our development pro-
gram is to raise the damage: threshold of the coatings to
that of the substrate surface (an improvement of about a
factor of two).

2.1.4. Oscillator Development

When it became obvicus some years ago [hat a
more stable oscillator was required, we approached the
problem in two ways. The first approach, funded by
LLL at SRI, developed a Nd:YAG laser that is simul-
taneously mode-locked and Q-switched with an active
modulator and Q switch. In January 1977, this oscillator
was completed and installed on Argus and has been
operating very well during the past year. This oscillator
has a range of pulse widths from 100 ps to
greater than 1 ns, obtained by adjusting the RF drive
voltage to the modulator and by using two etalons. The
oscillator is very stable; for a typical sequence of 500
pulses, all the pulses are within +3% in amplitude. The
development of this type of oscillator has been continued
at LLL, and has resulied in an oscillator for Shiva.

A second approach was started at LLL, utilizing a
regenerative amplifier. A low-level pulse from a cw
mode-locked Nd:YAG laser is injected into this re-
generative amplifier to give stable pulses at the required
level to inject into the Nd:glass amplifier system. The
regenerative amplifier program has also produced sta-
ble, short pulses. This approach was then further de-
veloped by adding a saturable absorber in the regenera-
tive amplifier and compressing the input pulse by a
factor of three or more. Shortened pulses for plasma
diagnostics have been successfully produced.

The actively mode-locked, actively Q-switched os-
cillator, described above as our first approach, has been
proved on Argus to be stable erough for coherent pulse
stacking to produce complex pulse shapes. This oscil-
lator system was chosen for the basis of our advanced
oscillator development (Fig. 2-2).

2.1.5. New Laser Architecture

During the analysis of Nova system performance at
200-300 kJ, we examined alternative system ap-
proaches. We considered laser geometries different
from the standard cascaded amplifier systems, ex-
emylified by Argus, Shiva, and the present Nova de-
signs. The basic concepts of these new systems are
shown in Figs. 2-3 and 2-4.
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Fig. 2-2. Coherent pulse stacking.
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While these concepts are the outgrowth of ideas
that have been prevalent in the laser community for
many years, they rely on recently developed tech-
nologies for their potential performance levels. Critical
technological breakthrough were:

® Low-n; fluorophosphate glasses that reduce (to
acceptable levels) the laser beam “*B** accumulation,

which can be severe in multiple-pass systems.

® Image relaying, which prevents the develop-
ment over long propagation paths of high-intensity dif-
fraction fringes from aperture and segment edges.

® Auto-alignment for controlling multiple mir-
rors.

Fig. 2-3. Large-arca multipass amplifier. which yields improved performance and reliability,




Fig. 2-4.  Larpe-nperture repeneratice amplifier with relayed geometry,

Table 2-2. A performance/cost comparison _;zl". the 120-cm-diam regenerative amplificr and the 120-cm-
square multipass amplifier with a preliminary Nova 30-cm amplifier design.

Standard chati /./

Regenerative amplifler

Multipass amplifier

30-cm Nova
2.2ky/$! miliion,

Design:
Performance/cost:

120-cm-diam on-axis, switched cavity
3.6 KIM$

120-cm-square off-axis multipass
4.5 kJ/$1 million

!.
'

® Component segmentation ((.fchniques to permit
the achievement of large apcrtures: for amplifiers and
optical switches. using commercial optical fabrication
techniques.

These system studies concluded that large-aperture
lasers, on the order of 1 m.in diameter, are potentially
very cost effective. Table -2 shows a comparison be-
tween an early Nova design, a 120-cm-diam regenera-
tive system, and a 120-cm-square multipass system.
This comparison was based on 1977 technology and will
change as technology dcvelops. While the reduced costs
and increased simplicit; are potentially attractive for
these new systems, the development costs and the de-
veiopment time preclude their consideration for the
200-300-kJ Nova laser because Nova must meet pro-
gram milestones in the early 1980°s. For 1-MJ reactor
class lasers, however, the use of large-aperture re-
generative or multipass systems may be mandatory.

2.1.6. Summary

This introduction to the detailed sections of this 1977
annual repont is intended to acquaint the reader with
some of the more important technical accomplishments
of this last year. We have described briefly the system
successes and some of the key technical innovations.
The foilowing sections of this report describe in detail
the main accomplishments of the past year.

In 1978, the progran: emphasis continues to be in
support of Shiva operations and in laying the basis for
Nova successes.

Authors

F. Holzrichter
J.

J.
T. J. Gilmartin

2.2 Shiva Preject

2.2.1 Overview

In the past year. construction of the Shiva High-
Energy Laser Facility was completed and the laser sys-
tem met its design goals. When the project was initiated
in 1973, its goal was to provide a laser output of 10k]J in
a subnanosecond puise. On November 18, 1977, at 9:35
p.m., Shiva achieved this objective, culminating four
years of experimentation, innovation, and construction.
The project design goals and actual results are shown
below.

25



Maximum energy from 20 beams
M=ximum energy, single beam
Design and construction

Cost

*At a l-ns pulse duration.

Shiva's success is a result of the dedication of both
laboratory personnel and industrial contractors who
contributed to the project and to a successtul series of
technological advances that led to the final Shiva con-
figuration. Key developments included the Janus, Cyc-
lops, and Argus laser systems, as well as the automatic
alignment, digital control, active oscillator, and beami-
relaying projects.

Shiva's performance has emphatically confirmed
the effectiveness of the laser design philosophy that
began with the multiple-spatial-filtered Argus laser sys-
tem. Argus was designed to produce 3 TW and has
subsequently provided 4.7 TW. This same design
philosophy, extended and refined, was used for Nova
system predictions. Shiva's performance further sup-
ported Nova predictions. With additional optimization
Shiva will be able to produce 12-13kJin 1 ns and 20 TW
in 100 ps. When the Shiva booster stages are added in

Design goal Measured performance
10 kJ* 10.2 kJ (0.95 ns)

500 J* 620 J (0.95 ns)

4.5 yr 4.8 yr

$25 millicn $25 million

early 1978, the laser should produce 17 kJ in 1 ns and
> 30 TW in 100 ps. The system is now being configured
for a target experiment during the first half of 1978.

2.2.2 Summary of Shiva History

On-schedule completion of the Shiva laser con-
struction culminated design activity that started in early
1973 when the Shiva project was formally established.
At that time, Shiva’s basic design was addressed, and
the program-supported research lasers Janus and Cy-
clops were constructed. Data from the Cyclops and
Janus lasers defined the Shiva optical design. Building
began in August 1974, and in June 1975 we froze the
number and size of laser beams. Also during this time
period, the automatic alignment systems were de-
lineated. In January 1976, a $1.8 million contract was
awarded for the long-lead-time, neodymium-doped
glass. We decided to use a multilevel, digital computer

Table 2-3. Shiva accomplishments.

August 3, 1977
Arm No, 5—528]Jatlns
October 20, 1977
Arm No. 1—4i2]
Arm No. 2—411)
Arm No, 3—422§
Arm No, 4 —405]
Arm No. 5—490)
November 1, 1977
Arm No, 6—372]
Arm No, 7—456)
Arm No, 8 — 408 J
Arm No. 9—418)
Arm No, 10— 2348 ]
November 7, 1977
Arm No, 16-20 demonstrated :t kJ level
November 12, 1977
Amm No, 11 —461])
Arm No. 12— 507 )
Arm No. 13—2395)
Armn No, 14 — 404 J
Arm No. 15— 419

2.1kJat1ns

2.0kJatIns

2.2kJat0.9ns

November 18, 1977
Arm No. 1 —650)
Arm No. 2—519) \
Arm No. 3—507)
Arm No. 4 — 587
Arm No, 5§—489)
ArmNo. 6—463)
Arm No. 7—588)
Arm No. 8 —544)
Arm No. 9—489)
Arm No. 10 — 448 )
Arm No. 11 — 469 )
Arm No. 12 —452]
Arm No. 13 — 547 ]
Arm No. 14 — 448 J
Arm No. 15~ 520 )
Arm No. 16 — 553 J
Arm No. 17— 448 ]
Arm No. 18 — 534 J
Arm No. 19 — 448 ]
ArmNo.20—501]  J

10.2kJ atn.95ns
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Fig. 2-8. View of the Shiva laser from the 5-cm rod amplifier toward the delta disk amplifiers at the end of the laser chain.

control system rather than our previous manual control
systems.

In February 1976, we mude a formal commitment
to ERDA (now DOE) to demonstrate the 10-kJ, sub-
nanosecsnd performance by October 1977 +3 mo.
During 1976, the detailed hardware design was com-
pleted and approximately haif the laser system contracts
were awarded. In July 1976, the building contractor
made Building 391 available for our use even though it
was not fully completed, and instaliation of the space-
frame started. Spaceframe installation was completed in
October, and laser installation followcd. In late 1976,
the new, actively mode-locked oscillator design was
demonstrated and chosen for the Shiva system.

By May 1977 all contracts of over $100,000 had
been awarded. Tible 2-3 shows the rigid pace of system
integration durir:g autumn 1977. On August 3, the first
Shiva arm was fired successfully at 525 J, verifying the
soundness of the system design, as well as its ability to
meet performance objectives. During October, we ran
the first five arms at a 2.1-kJ level. In early November
the remaining 15 arins weie fired in groups of five to test
their integration into the system. On November 18, alt
20 arms were fired simul{aneously and obtained an out-
put of 10.2 kJ in 0.95 ns. This performance exceeded the
design objective of 10 kJ in less than 1 ns.

Figures 2-5 and 2-6 show different views of the
Shiva {aser system. Figure 2-5 looks down the beam line
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Fig. 2-7. Shiva chain performance summary.



Fig. 29, Output beam from Shiva arm 20
at S50 4 in 095 ns, Small spots on the
photagraphb are caused by dust on the beam
splitter imemediately preceding the film,

The pulse width (FWHM) determined from this record is
0.95 + 0.05 ns. The multiple-pulse display provides u
convenient timing calibration of the streak camera. The
next section proves that this energy is completely focus-
able.

1.0

] ¥ I T | T
0.8 -1
‘? Fill factor = 0.71 -
&
&g 06 —
£
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5 o4} .
m - -
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T N N '
0 2 4 6 8 10 12
Centimeters

Fig. 2-10. Radial average of a microdensitometer scan of
the plate shown in Fig. 2.9, with the film density con-
verted to relative intensity, Output-beam fill factor derived
from this data is 0.71, indicating efficient use of the out-
put amplifier aperture,

Full-system tests followed an extensive system as-
sembly . integration, and test program. Paramount to this
effort was the early development ot arm 5 for prototype
test shots. On August 3, this arm first achieved design
energy of 525 ), although some component damage was
sustained. as discussed in the next subsection. On Oc-
tober 11, arm 5 achieved full design energy without
optical damage. In these and subsequent shots, the heam

10.2-kJ shot on 11/18

Fig. 2-11. Streak camera image of the pulse input into
the amplifier train for the 10.2-kJ shot.

2-10




exhibited outstanding spatial and temporal characteris-
tics.

Following successful test shots with arm 5, the
system was integrated by activating and firing five
amplifier chains at a time. On October 20, arms -5
produced 2.1 kJ in 1 ns. On November 1, arms 6-10
produced 2.0 kJ. On the third set of arms, some minor
difficulties with the electrical circuit of a Faraday rotator
preciuded a full-energy shot, but a low-energy shot
verified the operational integrity of these arms. The final
set of five arms yielded 2.2 kJ on November 12, and the
full-system shot of 10.2 kJ followed on November 18.

Authors Major Contributors
J. A. Glaze P. R. Rupert
W. W, Simmons E. S. Bliss
D. R. Speck C. W. Swift

R. G. Ozarski
D. R. Gritton
J. E. Swain

2.2.4 Single-Chain Laser Performance

Individual amplifier chains were characterized in
terms of focusable powcr/energy at the temporal ex-

tremes of its de_igned operating range, 1 ns (long pulse)
and 100 ps (short puise). Characterizations were made
with incident-beam diagnostics similar to those used on
Argus. This subsection profiles one of the 20 beams;
Fig. 2-12 shows it through the y-to-5 spatial filters. For
full-system performance, of course, results quoted here
would be muitiplied by 20. Our original single-ar
design goals, set three years ago, have been exceeded by
a comfortable margin.

A single laser pulse of requisite temporal profile
is generated at the oscillator, amplified in the pre-
amplifier, split equally 20 ways, and injected into the 20
beam lines. (ne of these beam lines is shown in some
detail in Fig. 2-12. Presently, a round, hard-edged
aperture called an apodizer defines the beam. Photo-
diodes (located at the second output polarizer of each
isolation stage along each chain) sample and record
interstage energy during shots. A streak camera, near-
field camera, and calorimeter (located in combination at
the end of the preamplifier table) record the temporal
shape, the spatial profile, and the energy at which the
pulse is injected into each beam line. The incident-beam
diagnostics package (behind the second turning mirror)
provides a relatively complete record in time and space
of output-beam characteristics. In particular, we can
measure total energy output, focusable energy (for
example, energy focused through a target-sized
pinhole), and energy distribution in several planes near

0sC end " Focussble enrgy’
pulse shaper (s car )

" ® Tout anergy -

e Ford ﬂold lrrly umorl
o (Noar ﬂold umm)

1 o TV wignment ,d,lplwv, .

ﬂd‘lkSF 1dilk SF 2
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Typical energy at 1 ns, J 063 7.2 96 512

{Oct. 11, 1977)

Incremental beam breakup AB 012 043 0.62 {1.00) 0.81
(calculated)

ZB=30

Fig. 2-14. Typical performance of a single Shiva arm at long pulse (1 ns). Interstage energy is measured at the location shown
" with integrating photodiodes.



Shot No. 4, Oct. 13, 1977

Shot No. 15, Oct. 20, 1977

spatially filtered beams is shown guite clearly in this figore,

|

|| 19cm l |r- 19 cm 1
80Jat 1ns 530J at 1 ns

Fig. 2-16.  Low- and high-encrgys photographs of the Shiva beam in the near fiehl at 1-ns pulses. The right structure characteristic of

filling factor is that fraction of a square-profile beam that
campletely fills the final disk-amplifier aperture. The
ring structure characteristic of spatially filtered beams is
shown quite clearly in Fig. 2-16. This modulation is
tolerable because its large scale length ensures slow
growth and XB is relatively small a long pulse dura-
tions. The neutral density filter attenuated the beam by
10 times in cach photograph. This beam is quite focusa-

ble (as shown in Fig. 2-17): the equivalent-planc array
camera provides us with a measure of high-energy
focusability.

Essentially all bcam energy resides within the
200-um circle superimposed on Fig. 2-17. Various
planes of measurement, as seen by the array camera, are
measvred relative to the plane of best focus of the 176
focus lens that will uhimately be used in the Shiva target

Shot No. 87091301; Beam No. 5

Fig. 2-17. An array camera phatograph

illustrating the equivalent-plane and far- [

field behavior of one beam of the Shiva 1
laser at high energies. The 200-4ni-diam 0.05 E
circle shown is representative of typical ’ 0

target size in the equisatent plane 750 zm
upstream from the plane of best focus,
Their equivatent  plane  locations  are
designated in the figure in micrometers,

05E, @
o ~O—

-750

2 3 4 5

i um diam

-250  +250 +750 +1250
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Design power at 0.1 ns, G\ 080 98 121 851 1500
Typical power at0.1ns, GW - 10 12 130 930 1500
(Jan., 1978}
fncremental beam breakup AB 015 055 083 1615 25
(calculated)

IB=7.1

Fig. 2-18, Typical single-line performance for Shiva at short time durations, 100-ps pulxe widths. Power represented is obtained
by dividing the time-integrated photodiode energy hy the full-width, half-maximum pulse duration, as measured with streak

chamber. Distances are shown in microns relative to this
plane. The spot diameter in the plane of best focus
corvesponds to about 1-1.25 waves of aberration. 1t
represents. esseitially, the passive aberrations accumu-
lated by the beam in traveling through the 120-0dd
optical components that comprise one Shiva arm.

Figure 2-18 illustrates 100-ps (short-. .sc) perfor-
mance when the carly stages are somev hat overdriven.
This demonstrates a short-pulse output capability 20%
greater than the design center value shown. The incre-
mental beam breakup AB is calculated for condicions
representing design power. For this panicular shot the
nonlinear phase retardation (2B)at 1.8 TW is approxi-
mately 9.

Figure 219 shows a contact print of the beam
profile at 1.8 TW as it emerges from the find (9
ampiifier. Note that the scale length of the ring modula-
tion is identical to previous shots and is determined by
the pinhole in the d&to-y spatiat tiller. However, the
maodulation depth has increased: the rings have sharp-
cned. At still higher drive levels, of course, these rings
break up into self-focused tilaments that are unfocusable
and can damage optical componens.

One sure sign of aseverely overdrivenamplifieris a
loss of signal near the temporal peak of the pulse. The
output-beam streak-camera records for 1.8-TW shots do
not exhibit significant temporal distortion.
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Fig. 2-20. Gain performance of Shiva disk amplifiers.

amplifier had a homogeneous gain profile constant to
within 5% over 80% of the amplifier aperture.
Master Oscillator and Switchout. The actively
mode-locked, Q-switched oscillator developed at Stan-
ford University and SRI under contract to LLL'* has
proved to be the only oscillator that demonstrates suffi-
cient pulse amplitude, frequency, and pulse-length sta-
bility to be practical for a large laser system. Experience

with the prototype oscillators used in the original re-
search and on Argus, combined with Shiva’s particulur
requirements for environment and control systems, led
to the design of Shiva's master oscillator.

Shiva oscillator optical design follows techniques
developed in the two prototype oscillators. Figure 2-22
compares the Shiva and Argus oscillator design
parameters. We chose a Shiva cavity Jength of 1.125m,

Displacement from
amplifier axis, cm
Shiva § disk amplifier
“Input energy
=280 kJ (20 kV)

40lllédggso'f'l'.a'ol'l'T' TTTTTT LI I S e
Cd amplifier aperture . L .
e \ i T
35 1\’: 251 d 20} -
£ B n
S 30 TR S - 1.3M
g 1 20} 4 ..[ i
? 25 H “ 16 -
TE! - X - L -
» 20 : 15k _ 1.4-_- —-
18 H B 4 12+
ot | L 1 1.0]1‘L||‘I|llll 1_0—|I|l llll-‘
-5 -3 -1- 01 3 5 6 4-2 0 2 4 6 -0 -6 -2 2 6 10

Displacement from
amplifier axis, cm
Shiva v disk amplifier
Input energy

- =210kJ (20kV)

Fig. 2-21. Gain profiles of Shiva disk amplifiers.

Displacement from
amplifier axis, cm
Shiva  disk amplifier
Input energy
=140 kJ (20 kV)
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4 mm (Argus) 5 pps Q-switch fp = 50 MHz (Argus)
5 mm (Shiva) 10 pps fo (Argus) fp = 66 MHz {Shiva)

fo/2 (Shiva)

Fig. 2-22. Optical configuration of the actively mode-locked, Q-switched lasers used in Argus and Shiva,

siightly less than that of Argus, to make a shorter pulse Q-switch follow designs discussed previously, except
length available and to reduce overall dimensions. A that the Q-switch is operated at half the cavity round-trip
larger diameter Nd:YAG rod reduced thermal focusing frequency. This eliminates a tendency toward residual
problems observed when operating the Argus oscillator mode locking caused by very small acoustic reflections
at greater than 5 pps. The acousto-optic mode locker and in the Q-switch <ubstrate, and allows for more efficient
ax
| split
66 MHz 66
G e T
aALis | L. mode :
SMHZ D lock driver RF amp
hp 86408
RF amp -
g
T
: - - drive .
RFon | : 'er.
. e | Q-syne
Q-SW |
- Y 4
- Simmer Lamps asw; | a0 Switch out
A [
© Lamps. -
R - ¥ eomrz_§
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Fig. 2-23. Shiva oscillator control electronics showing the RF source (HP 8640B) and the timing circuitry necessary for
operation of the oscillator and switchout.
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To Q-switch
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o : ‘ 1 o Trigger
| i 1 Comparator generator
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Out |- Out | -
~ Start Start Te
- , ‘ driver
. Delay by- Delay by :
events avents
counter counter L’:g’g
. Y ‘ Pulse selector

To ASE
- system
U 300 ns

Fig. 2-24. Details of the elecmmmlly controlled switchiout timing; fg is the 66-MH2 mode-lochng frequency that is synchro-
nous with optical pulses in the oscillator. The phase-selective gate ensures that the Q-switch opens af the same phase of the RF

signal each time the laser is Q-switched.

acousto-optic transducers operating at the lower fre-
quency. The rear-mirror radius was chosen as 3 m after
tests with 2-, 2.5-, and 4-m mirrors indicated the rosi-
tion of optimum stability. The oscillator is normally
operated with a 2-mm aperture to enhance a radially
symmetric mode profile, but it is not necessary for mode
control.

The control electronics for the Shiva oscillator and
switchout differed from previous designs in several im-
portant aspects. Most important was the provision for
computer monitoring and control of the oscillator
through the data bus interface. Several oscillator func-
tions (e.g., pulse rate, shutter conditions, Q-switch gat-
ing) are controiled or monitored in the control room.

On the Shiva oscillator, we used a completely
new approach to the problem of switching a single pulse
out of the pulse train. The temporal position of the
Q-switch envelope peak is fixed by the gain in the laser
at the time the Q-switeh is opened. The gain is very
precisely established by the flashlamp control and pre-
lase conditions.* The position of the individual pulses is
fixed by the phase of the RF signal applied to the
acousto-optic mode locker. Thus, the peak pulse in the

optical pulse train can be selected electronically by tim-
ing from the synchronous gate. which opens the Q-
switch. This scheme is implemented on the Shiva oscil-
lator using the Q-switch gate signal to start an event
counter that counts at the mode-locker RF rate. After the
countdown, an electrical signal is sent to the switchout to
select the appropriate pulse.

This electronic switchout technigue also allows the
Shiva system amplified-spontaneous-emission
(ASE) Pockels cells to be driven trom the oscillator. In
practice, two event counters are used in series. The first.
triggered by the oscillator Q-switch signal. counts down
a select number of RF cycles and sends a pulse
to the ASE Pockels cell spark-gap drivers. The first
counter then starts another event counter, which drives
the oscillator switchout. This scheme is invaluable in
operating a system such as Shiva, where electrizal and
optical propagation delays can be hundreds of nano-
seconds and gates must be timed to better than one or two
nanoseconds.

A block diagram of the osu illator and control elec-
tronics is illustrated in Fig. 2-23. The switchout control
is shown in more detail in Fig. 2-24.
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Fig. 2-26. Optical configuration of the Shiva switchout, showing also the avalanche driver.
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Fig. 2-27. Series-paralfel avalanche tran- 500K
sistor stack circuit. Thirteen stacks of HV-)- Py
eight parallcl 2N5551 transistors are used
to produce >3.5 kV with a 7-ns pulse
width. 5-10
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2.2.6 Control System Architecture

To satisfy a broad range of control-analysis and
data-acquisition requirements for Shiva, we have da-
signed and implemenied a hierarchical, computer-
based, modular-distributed control system. This system




handles the more than 300( control elements and 1000
data acquisition units in a severe high-voltage, high-
current environment. The system gives us a tlexible and
reliable configuration to meet the milestones for Shiva
within critical time limits.

By competitive bid, Shiva has standardized its
control system around Digital Equipment Corporation’s
PDP-11 minicomputer and LSI-1i microprocessors.
This single family of upward instruction-set compatible
machines is used in all levels of the hierarchical system
for control, analysis, and data acquisition. The control
system uses 45 LSI-11°s, four PDP-11/34", und a
PDP-11/70 to perform the necessary wystem functions.
as shown in Fig, 2-28.

The LSI-11°s serve as general purpose. front-end
processors (FEP) and are distributed throughout the laser
and target bays, as well as in the control room. These
FEPs provide locil control, data collection. data com-
paction, feedback control, system monitoring. and di-
rect operator interaction functions. The FEP's are con-
nected cither directly to ane of four PDP-11/34's, or
indirectly to a PDP-11/34 through concentrator FEP's.

The PDP-11/34"s serve as subsystem controllers
performing man-machine interaction through color dis-
plays. plasma panels with touch control, and special-
purpose control panels. Additionally. these medium-
level PDP-11/34" provide for overall coordination and
utility of a particular subsystem. The four distinet arcas
of subsystem responsibilities from a laser viewpoint are:

®  Alignment.

®  Power conditioning.

®  Laser diagnostics.

®  Target diagnostics.

The cantrol system desiga and implementation reflects
these areas with a distinet subsystem PDP-11/34 as the
op processor tor each area.

The integration and coordination of the subsystems
will be accomplished by the existing connection of the
PDP-11/74 system with cach of the PDP-11/34's, The
PDP-11/70 will act as the overall supervisory control for
the system. as well as handling the tasks of data archiv-
ing. analysis. program development. and PDP-11/34
backup. In addition. all the large peripheral equipment.
such as farge disks or magnetic tapes. are centralized on
the PDP-11/70 with access through an intercomputer
network from cach of the PDP-11/34 subsystems.

In 1977, the system was implemented, primarily
through the LSI-11°s and partially through the 11734,
The final integration into the control room through the
11/70 is continuing.

Development and Implementation. We were
able to successtully implement the Shiva control system
on a very tight schedule because of parallel development
on parallel processors and the standardization sround a
family of instruction-set compatible machines.

The designation of fou - subsystems and the sub-
sequent creation of subfunctions within cach arca al-
lowed the definition and development of cach subtunc-
tional area on a separate microprocessor (FEP) that was
somewhat independent of other subtunctions. This
parallel development allowed individual subtunciions to
become operational when necessary. without having
wait for other subfunctions.

The standardization on LSI-1T FEP's allowed the
transport of hardware and softwate between FEP's
whenever appropriate. Also. system-level support. such
as operating-system and language changes. could be
provided by a small number of people for all the FEP™s.

The standardization around a tamily of instruc-
tion-set compatible machines at all fevels aflowed the
software support and development 1o be done on the
PDP-11/70 for the PDP-11/34s and LSI-11 processors,
tealso allowed the same programs that were initially run
on FEP™ o be transported to the PRP-1134 processors
and pt. The Taser system, for instanice. was originaily
brought up with only FEP control.

Integration and coordination of the parallel de-
velopment effort was accomplished by planning. de-
signing. and implementing the system as a single, distri-
buted control and data acquisition system. We strove for
commonality of design concepts, hardware, and
softwure wherever possible.

[ntersystems Commumication.  Communication
hetween processors is accomplished through three dis-
tinet hardware and software interconnections:

% Parallel communications link (PCL)—DEC-
NET.

®  Scrial asynchronous linke -SHIVANET.

®  Common memory —task o task.

The interconnection of the PDP-11/70 and PDP-
117347 is accomplished with the PCL. a high-speed
(SOOK word/s) parallel path. The generalized network-
ing software. DECNET. is used over this [ink to allow
file transfer and task synchronization between ma-
chines. DECNET provides generalized high-level fune-
tionality between provessors hut is considered o slow
for direct-control operations.

Most front-end processors are interconnected
through fiber optic serial asynchroaous links. A typical
data rate between FEP's or FEP 10 PDP-11/34 is 9600
baud over these serial links. SHIVANET. a special
control-system-network software package. was im-
plemented to allow control-sy stem commands to be sent
between sysiems with minimum software overhead in
both time and space (memory). The SHIVANET
software is a straight-forward protocol allowing trans-
fers of small packets of control infermation between the
machines at essemially hardware <peeds.

The third interconnection mechanism between pro-
cessors is common (or shared) n cmory in the power
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Fig. 2-29. A typical control subsystem with logical connections between the central control console, through the processors, to
the aptical components. Control operations are performed by sending messages between the processors.

conditioning subsystem. This is a quad-ported memory
shared by the PDP-11/70, PDP-11/34, and two redun-
dant LSI-11’s. Machine-to-machine communication is
handled through data and control areas . this memory
with the appropriate handshake flags. Data from the FEP
is archived on the PDP-11/70 disk through dedicated
programs in each machine communicating through the
memory. No generalized network package through this
memory system is eavisioned at this time.

Each of the above intersystem communication
methods has some advantages and some disadvantages.
The combination gives a viable solution to the com-
munication problem in the Shiva control system. We
plan to implement another high-speed link between the
major processors so that high-speed control functions
can be performed over one link, and DECNET can
operate on the other.

A Typical Shiva Control Subsystem. Although
each subfunction control within Shiva is different, the
general approach is common. Many of the FEP systems
are described in detail in their respective areas (such as
power conditioning or target positioning). Here, we
describe an idealized subsystem and how it works.

Figure 2-29 shows a typical multiple FEP control
subfunction. The laser component (a mirror) to be

moved is connected to a stepper motor that is interfaced
to a particular FEP. This FEP has a local switch panel.
An operator can depress a switch and move the selected
component. Although this appears simple, it is a com-
plex internal operation. Eventually, the operation can be
integrated into a remotely controlled system with pos-
sibilities for closed-loop control at any level.

Thus, when the switch is depressed, a polling pro-
gram in the local FEP detects the change in value of a
data bit. This fact is recorded in a common contro! data
area within the local FEP. Another program within the
FEP knows that a change in that data area means that a
particular motor should be moved. This program sends
the appropriate control values to the designated motor
interface card, which causes the motor to step and the
component to move (i.e., push the button: move the
mirror).

Now if we include another program in the FEP 10
communicate with a second higher level FEP, a message
can be received that tells the program to change the same
common control data area, causing the same motor to
step and the component to move.

If we have a group control panel on the second FEP
(see Fig. 2-29), we can first set a value saying which
motor (in which FEP) and then depress the step switch.
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Note that the details on how each of these six
concepts are implemented are unimportant to ac-
complish the automatic and manual control functions.
The details, however, do influence the cost, perfor-
mance, and schedule of the control system. On Shiva,
each subsystem uses some unique software and
hardware designs as well as some common software and
hardware to supply the six needed control system re-
quirements listed above.

Man-Machine Communication. Control of
laser and target systems is accomplished through pre-
programmed scquences and manual operation. Manual
operation consists of an operator communicating with
system programs to directly perform an operation or to
change a preprogrammed sequence. This communica-
tion between operator and system is accomplished
through:

® ‘“Soft-wired’* switch and status panels.

® Computer terminals.

® Color displays.

® Plasma display panels with touch control.

® Programmable switches.

In many cases, a human operator interacts with a
combination of these devices. Figure 2-30 shows the
central control console. Overall control for the laser
system will be provided by this control console when it is
completed. Initial Shiva laser and target shots in 1977
used both local and central control consoles. Total in-
tegration of the control and data acquisition functions
necessitates completion of the central control console,
which is scheduled for 1978.

Major Computer Hardware System Summary.

PDP-11/70
Memory: 384K 16-bit words (core).

Storage: RP-06 drive (176M bytes).
4 RK-05 cartridge drives (1.2M bytes
each).
1 RX-01 floppy disk (2 drives).

Displays: | VSV-01 color display.
Tektronix 4014 graphic terminal.
Orion plasma panel.

Terminals: 10 HP-2645 editing.
Printers: 2 Versatec D-110A printer/plotters.

PDP-11/34 (four)
Memory: 128K 16-bit words (core).

Storage: 3 RK-05 drives.

Displays: 1-4 VSV-0I color displays.
1-2 Orion plasma panels.

Terminals: Console DECwiiter 11.
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2.2.7 Alignment Systems and Controls

Fabrication, Checkout, and Installation of Sen-
sors and Gimbals. The alignment systems described
in the 1976 annual report have all been fabricated. In
addition, we have tested and iustalled most of the sys-
tems, and they are performing the tasks shown in Fig.
2-31. The sensor package and processing electronics for
the oscillator/preamplifier alignment system were de-
signed and builtat LLL. One of the large output gimbals
at the end of each chain was also designed at Livermore,
but the remaining gimbals and alignment sensors were
designed and fabricated by outside vendors.

Aerojet Electrosystems Company designed the
0.1-prad-resolution output-pointing gimbal. They also
designed and buiit the chain input-pointing sensors and
the output-pointing, focusing, and centering sensors. As
the primary vendor for Shiva alignment components,
Aerojet did an outstanding job. Their reliability contri-
buted significantly to our ability to meet the schedule
and performance goals. Hughes Aircraft Company de-
signed and built the pulse synchronization system,
whichensures simultaneous arrival of all 20 pulses at the
target. This system also performs very well, as will be
seen later in this section.

We insisted that, before installation, the 65 motor-
driven gimbals and 41 alignment sensors be individually
tested against performance specifications so initial ad-
justments and optimization could be done off-line. This
checkout procedure was completed in 1977 for all but
the output-pointing, focusing, and centering system; for
this, checkout has continued into 1978.

The photographs in Fig. 2-32 show some of the
installed hardware. Figure 2-32(a) shows the oscillator
alignment sensor with its top removed to reveal the
pointing and centering detector modules, as well as the
mounts for the optics that direct samples of the beam to
each detector. The sensor package is fastened securely to
the preamplifier table and is positioned within one of the
main bulkheads of the laser spaceframe. In this location
it is well protected from accidental bumps and other
disturbances that could compromise its usefulness as an
alignment reference. This sensor provides error signals
for aligning the master pulse oscillator, cw alignment
oscillator, and pulse synchronization oscillator. Its con-
trols are integrated with those for performing beam
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Fig. 232, | lled alig 1 comp

shown with the reflected heam diagnostics package attached.

(a) The oscillator alignment sensor, shown here with its cover plate removed, pro-
vides centering and pointing infor ion for aligning the three Shiva ascillators to a cammon reference. (b} Two of the 20-chain-

input-pointing sensors are shown here. Afiter the beam propagates from Ieft to right through the heam expander. it passes through
the upper part of the sensor’s white heam-splitter box where 3% of the light is reflected down ot of the main heam line and then
back through fenses in the 'white tube onto the positior semsitive detectar. (¢} The battom eutput-peinting. focusing, and cen-
tering (PEC) sensors look up toward the target chamher. (d) One of the top PFC sensors, which looks down toward the target, is

lens on the target chamber is about 4-1/2 m. The red
plate visible on the side of some of the sensors covers a
port to which a return heam diagnostics package will
later be attached. This puckage is described in § 2.1.7
and is shown in Fig. 2-32(d) attached to one of the upper
PFC sensors. It uses the PFC objective lens tor collect-
ing information from the target at the time of the shot and
augments the basic PFC target-viewing capability by
providing focus adjustment and higher magnification.

Test activites on the pulse synchronization system
were completed in 1977 in carly 1978 the system will be
installed on Shiva as shown in Fig. 2-33. The PSS
system will be the last alignment system to become fully
operational. because. as can be seen from the figure. it

relies on the other subsystems 10 accuraely align the
beam through cack amplificr chain and onio the target.
Performance of the Production Systems.  All
Shiva alignment systems meet or exeeed their perfor-
mance requirements. Figure 2-34 illustrates some
operating characteristics of various subsystems.
Figure 2-34¢a) shows the temporal response of the
oscillator alignment system to simultaneous pointing
and centering errors on both the vertical and horizontal
axes. This system hax an acquisition range ot = 400
prad in pointing and + 4 mm in centering. The figure
shows that, after 2010 30 s of closed-loop operation. the
errors at the sensor are reduced to 10 urad in pointing
and < 14 mm in centering. The residual pointing error
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Fig. 2-33.  The pulse synchronization system, which injects a mode-locked cw beam into an amplifier chain and compares the timing of
the reflected signal with the timing of the signal from a local reference arm.

contributes a small fraction of a microradian 10 the
pointing error at the chain output. Effects of the residual
centering error are also very small at the chain output
because each beam is re-apertured at the input to its
amplifier chain.

The linearity and cross-coupling characteristics of a
typical chain-input-pointing sensor are shown in Fig.
2-34(b). Solid lines show indicated error as a finction of
actual error on both the azimuth and elevation axes. The
closed-loop control program assumes a linear response,
as indicated by the dotted lines. Dashed lines show the
error indicated on the axis orthogonal to the axis on
which error has actually been introduced. Although
some nonlinearity and cross-coupling are seen in these
data, neither effect is serious enough to significantly
degrade the closed-loop control of the system. Residual
alignment errors of <15 urad are routinely achieved at
the input to each chain.

Figure 2-34(c) demonstrates the sensitivity and sta-
bility characteristics of the pulse synchronization system
(PSS). The error signal from the PSS null meter was
recorded on a strip chart during a test on the Cyclops
laser system, using optical parameters representative of
a typical Shiva arm. The chart plots the amplitude of the
error-meter signal vs time for approximately 2.5 h. De-
flections of the error meter were generated periodically
by changing the system path length 1.5 mm in one
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direction, followed by a similar change in the opposite
direction, and then a return to nominal zero position.
Thus, the peak amplitude of each spike on the trace
corresponds to a relative time shift of about 5 ps in pulse
arrival at the target. These results indicate that the PSS
has sufficient signal-to-noise ratio and adequate long-
term stability to perform the required synchronization
task on Shiva.

The operating principles of the PSS are shown in
Fig. 2-33. The Nd:YAG laser injects a cw mode-locked
pulse train into the preamplifier beam line. This pulse
train is allowed to propagate down a selected amplifier
chain to a spherical surrogate target that has been cen-
tered in the target chamber. The reflected laser beam
(attenuated by 70-80 dB) returns to the PSS and is
heterodyned with the frequency-shifted portion of the
laser output from a reference arm. The amplitude of the
beat frequency signal depends on the relative optical
path fengths of the reference arm and the signal path
down the selected amplifier chain. A differencing and
null meter technique¥ is used to generate the error signal
shown in Fig. 2-34(c). On Shiva, the path length of each
chain will be adjusted by changing the length of an
optical delay line at the inputend of that amplifier chain.

*The details of this signal processing have been somewhat simplified
compared with the description found in the 1976 annual report.
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Figure 2-34(d) is an example of the temporal re-
sponse abtained for closed-loop output pointing with the
PFC system. Each sensor has an acquisition range of
about 90 urad, and the figure shows the temporal re-
sponse from simultaneous pointing errors of 45 and 50
urad on the azimuth and elevation axes. As seen from
the data, the errors are reduced to approximnately 1 urad
after 1 min and to several tenths of a microradian after 2
min.

Spatial filter pinholes are presently aligned in a
manual/remote mode by operators viewing pinhole
silhouettes on TV monitors. Each incident-beam diag-
nostic sensor contains a TV camera and appropriate
optics to image the pinhole planes.

Alignment System Controls. Controls for the
alignment systems were designed at LLL and fabricated
from a combination of commercially available and spe-

cially builtparts. They are a part of the Shiva three-level,
hierarchical control network described in § 2.2.6. Six
LSI-11-based, first-level systems control oscillator
alignment, chain input pointing. spatial-filter pinhole
positioning, output PFC, focus lens positioning, and
target positioning. Initially, Shiva alignment has been
controlled from the first level, and the 1arget-alignment
control system illustrates typical architecture and control
capabilitics at this level,

The target-alignment control system provides a
computer-based operator interface for installing, posi-
tioning, and inspecting the surrogate ball and fusion
targets in the target chamber. Primarily, the target in-
serter, target positioner, and three TV viewing systerns
need to be controlled. The inserter is a stepping-motor-
driven track assembly that inserts and retracts the entire
target support pylon from the target chamber for instal-
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Fip. 2-35. Local or first-level contrals for
the output alignment systems, grouped
together along one wall in the target bay,
Three racks shawa here eontrol the P1-(
sensars id output ssmbols, the focus tens
positions, and the wrget positioner and
viewers.

lation of & new target, without disturbing the main vac-
vum system. The positioner is a four-axis translator that
accurately manipulates either the alignment or fusion
targets with 2-pm resolution in the x. y, z frame. The
fourth axis allows rotation about x for achieving proper
orientation of nonsymmetric targets, The TV systems
provide target illumination and viewing capability al
orthogonal locations along the equator and at the south
pole of the target chamber. Two fixed-posttion systems
verify the target's alignment witl.  vect to the center of
the chamber. The third system will allow remote survey
of the target for inspection purposes when instalied.
The operator interacts with these devices through
one of several alignment control panels in the target bay.
as well as through two smali remote-control panels lo-
cated at the target chamber on the inserter frame. The
main target-postioning panel is in the lower right corner
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of the alignment controls arca shown in Fig. 2-35. It
provides all status and control functions needed for
target alignment while the panels at the target chamber
arc intended primarily for target installation and inspec-
tion. The control architecture is shown in Fig. 2-36. The
analog input unit contains transducer-encoding equip-
ment, and the target alignment drive chassis contains
standard, in-house stepping-motor drives and other
interface electronics. In this chassis. control panel func-
tions and status inputs and outputs are translated to
high-level logic through opto-isolators for increased
immunity to power faults and noise in the system. The
LSI-Il microcomputer also has a floppy disk and a termi-
nal. which are not included in the figure.

A typical task for the system is insertion of a new
target and subsequent positioning of the surrogate at the
center of the target chamber. This positioning can be
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Ehe architecture of the target alignment controls, illustrating the microprocessor-hased approach to first-leseb control than

done semi-automatically using the locai controls shown
in Fig. 2-35. Stepping motors on the target positioner
can be slewed manually at selectable speeds or com-
manded to go to a preset or previously saved position.
The integrity of the alignment is checked by concur-
rently centering the image of the target in the reticles of
two orthogonal (*‘five eye ") viewing systems. After the

beams are all aligned to the surrogate target, using the
output PFC system. the manipulator positions the actual
fusion target in the center of the chamber in preparation
for the shot. To assist these operations. the control
system provides basic motion control and status infor-
mation for the positioning and viewing hardware. The
control panel displays both the calculated target posi-
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tion, based on stepping-motor commands, and the mea-
sured target position, based on transducer feedback on
the x, y, and z axes.

We have implemented an interlock structure to
protect the fragile target assembly from possible damage
during manipulation. A set of rules is checked about
twice a second against status inputs, and motor motions
are interlocked during possible interference conditions.
This will prevent such occurrences as driving a target
into a closed valve or running a misaligned inserter into
the x-axis pylon. In addition, a warning system helps
prevent violation of the target chamber vacuum system.
The computer senses the status of the pylon valve and the
pressure differential in the positioner. An audible and
visible alarm occurs during improper valve operation.

Target control software is written in BASIC with
several custom subroutines to handle time-critical oper-
ations. The three asynchronous coroutines, shown on
the block diagram (Fig. 2-36), are arranged for speed
and concurrent control of several functions. Routines
communicate by accessing the common memory block
for commands, status, and data. Interlocking is handled
by control flags in the common memory, as is some
scheduling.

Program [ is a short, fast loop that services the
control panels for commands and receives system-status
input. An interlock subroutine calculates output status
and can inhibit certain commands. Program 2 decodes
and executes functions and configuration options re-
cejved from Program 1 or Program 3. Program 3 handles
communication between the target-alignment micro-
processor and the second-level computer in the control
room.

Remaining Tasks. In 1978, we will install the
remaining PFC sensors and add the return beam diag-
nostics packages. thereby completing the output align-
ment system. The pulse-synchronization system can
then be used to synchronize the arrival of all 20 beams at
the target. Operating procedures and control algorithms
for the various alignment systems will be optimized to
achizve efficient closed-loop alignment of all 20 beams
from the oscillator to the target. Finally, integration of
all alignment-system controls in the control room will
make it possible to implement closed-loop alignment of
the spatial-filter pinholes, a task that requires coordi-
nated use of several first-level systems.

Acknowledgments. The major industrial con-
tributions to Shiva's alignment systems and alignment
controls were:

® Aecrotech: 6-in. gimbals and lens drive trans-
Iation stages.

® Acrojet: large gimbal design.

CHIP and PFC sensors.
® DEC: computers.
® Hughes: pulse-synchronization system.
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® Thiem: large gimbal production.
Quality products from contractors such as these have
played a key role in the success of Shiva.
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2.2.8 Laser Beam Diagnostics

To assess the performance of the laser, three major
areas are monitored: the oscillator and switchout, the
amplifier chains, and the characteristics of the beam at
the target plane.

The elements of laser diagnostics currently im-
plemented in Shiva are listed here.

Oscillator performance is characterized by :
@ Energy in swilched-out pulse.
@ Timing relationship of switched-out pulse to
Pockels cell gates.
® Pulse length.
Chain performance characteristics are:

@ Relative energy growth and loss along each

chain.

® Absolute output energy of each arm.

® Absolute focusable energy of each beam.
Target plane characteristics include:

® Absolute reflected energy from the target along

vach beam line.

® Spatial profile of beam ai equivalent target

plane for all beams.

@ Temporal profile of beam at cutput.

Shiva Diagnostic Sensors. To record relative
and absolute energies in Shiva, two types of sensors are
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used: calorimeters and photodiodes. Photodiodes are
used in the early stages of the chain where the energy
available for sensing is low. The focusable output
energy and the energy from the target are monitored with
calorimeters. Calorimeter and photodiode signals are
amplified and sent into the data acquisition system to be
digitized and processed.

‘The relative energy growth in each chain is moni-
tored by intercepting a small fraction of the beam that is
split off by the polarizers. Figure 2-37 shows how
energy measurements are made by splitting a fraction of
the beam at a beta Pockels cell polarizer assembly. Laser
light of the desired polarization p and of the undesired
polarization s enter the polarizer-rotator package. Ap-
proximately 97% of the s polarization is rejected at each
of three faces, along with approximately 1% of the p

polarization. At the fourth polarizer surface, previous
reflections have reduced the remaining s polarization to
less than 0.01%, while approximately 1% of the p
polarization is reflected. This means the ratio of p to s
polarization reflected is greater than 100. This reflected
energy is focuted onto a photodiode. The output signal
of each photodiode is integrated, sampled, digitized,
and reduced by a microprocessor. Data from each of the
40 diodes are multiplexed onto a single interface.

Tte photodiode holder for a Pockels cell assembly
is shown in Fig. 2-38, and an installed photodiode sensor
on a Pockels cell is shown in Fig. 2-39. The output of the
photodiode is amplified by a programmable charge
amplifier whose signal is read by the data acquisition
system described later. The location of the photodiode
sensors for a typical chain is shown in Fig. 2-40.
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A photodinde cnergy seisor, shown mounted on a |

whels cell pafsrszer assembly,

Absolute cocrgy measurements ot the output
chergy of cach beany are recorded wath calornmeters A
SO apertute calotimeter, with o sensitivits ot ap
provinaely 00 GV 1oy cplosed for total energy
measurgents A\ 25 mm apeiture, 70001V -sensitiy
A calormmeter iy used o measure focusable traction
cergy and energy retlected trom the target. These
ciparimeters mtereept o fracton ot the bean i s
trarsmitted through the tinal wrning mirror. The t ac-
tional transmission of the wrnmg mirror and other optics
is calibrated by using a bull aperture calorimeter placed
directly in the beanuin tront of the target chamber. The
total-energy and tocusable-Traction calorimeter are
housed in the incident-heam diagnostics package By,
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The retlecied-energy calorimeter s housed n the e
flected beam diagnostic package (RBIY The relation
ship of these packhages to the faser chinnois shown m g
2.4

Incident and Return-Beam Diagnostics,  The
IBD package intercepts approviniately 2 to 46 of the
beam transmitted through the final turning mirrar. The
lunctions of this pack e
®  To measure the total energy of cach beam.

® To mceasure the focusable fraction of cach
beam
® Torecord the equis alent target plane and tocus

olane spatial beam profiles.
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® To provide TV imaging system for pinhole
alignment.

® To provide for recording of the temporal beam
profile.

Figure 2-13 shows the beam paths and dimensions of this
package.

To rccord the spatial profile of each beam, a multi-
ple-array camera is used. Imaging optics provide a mag-
nified (1B/5 x) image of the equivalent focal plane at the
target, as well as planes at 400-um equivalent incre-
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ments before and after the focal plane. Mirror pairs,
arranged as shown in Fig. 2-42, produce a series of focal
planes at several exposures to ensure a good exposure of
each plane for analysis.

A fraction of the light is focused onto a fiber optic
cable and routed to a streak camera to obtain a record of
the temporal beam profile at the output of a chain.

The IBD package also produces a magnified image
of all the piniiole planes of the spatial filters in cach beam
line. This image is used to align the spatial-filter
pinholes (see § 2.1.5).
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Fig. 2-43. The return-heam diagnostics package, showing the major elements and the beam path to them.
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The RBD package is appended to the alignment
PFC package. This combination is shown in Fig. 2-43.

A folding mirror in the PFC sensor directs the beam
into the RBD sensor for the high-power shot. A
calorimeter in the RBD measures the energy reflected
from the target. A multiple-array image camera provides
an image of the target plane in reflected light. Coiection
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of reflected light at a fiber optic cable for routing to a
streak camera is also provided to record the temporal
shape of the laser light reflected from the target.
Data Acquisition and Control. Data acquisition
and control of Shiva laser diagnostics have been im-
plemented according to the scheme described in the
1976 annual report. Figure 2-44 shows the front-end
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processor (FEP) and second-level computer network
currently being used for Shiva laser diagnostics.
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2.2.9 Power Conditioning

This year a 25-M) pulsed power system was suc-
cessfully installed and activated on Shiva. Design details
for this system have been previously reported, and few
changes were made in the original design. Work was
completed within the projected budget and schedule
restraints, and the system is now routinely operating at
full levels. In addition, all performance requirements
have been met or exceeded. Figure 2-45 shows a portion
of the 25-MJ capacitor bank that was installed for Shiva.

Production. A large fraction (~80%) of Shiva
pulsed power hardware was produced by outside firms
for LLL on fabrication contracts. Table 2-4 lists the
quantities of some of the major components and subas-
semblies produced.
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Fig. 2-45. Capacitor energy-storage modules. These mod-
ules, stacked seven high on steel racks. fill the basement of
the Shiva huiiding. This figure shows a 2,5-MJ segment of
the 25-MJ Shiva pulsed power installation.

Wherever possible, well-defined subassemblies
were sent to vendors for fabrication. After delivery,
these were installed in their final system configurati >ns
and tested for early component failure or manufacturing

errors. Deliveries were coordinated with final assembly
and installation requirements.

For every storage capacitor, acceptance lot tests
were carried out at the vendor’s plamt before delivery.
They was followed by full-energy tests of each energy-
storage module before installation. Early cost-engi-
neering studies by Maxwell Labs and Physics Interna-
tional helped us identify and implement cost-effective
selections and manufacturing techniques. Many of the
options uncovered by these studies were used in the final
system design.

Installation. The major installation activities oc-
curred from December 1976 to September 1977. The
schedule was coordinated with phased activation of the
laser system. Oscillator and preamp sections were put
on-line first, followed by all the components in a single
arm of the laser.

Following the delivery of subassemblies from the
vendors, energy-sturage-module switches and power
supplies were assembled by a small group of contract
technicians at the site and under the direction of LLL
employees (see Fig. 2-46). Each module was then tested
at full voltage and energy levels to uncover “‘infant
mortality " and production-related failures (Fig. 2-47).

Electrical Insulation Tests. Following the as-
sembly and installation of the pulsed-power system, we
tested the electrical insulation extensively. Each module
(capacitors, cables, switches, and junction boxes) was
tested 10 45 kV on both the high-voltage and ground
sides of the circuits. Testing was done in the late evening
or early morning when it was possible to **lock out™" the
laser bay and bank areas to ensure personnel safety.

We uncavered several manufacturing »ad installa-
tions errors through these tests; the most common were
bushing-to-case insulation failures in the capacitors and
coaxial cable shields installed too close to building
ground points. Each group of modules was tested in this

Table 2-4. Some of the components and sub assemblies produced for the Shiva pulse power system.

Component Number produced
5-kJ energy storage modules 100
3-kJ energy storage modules 1105
20-kV, 3-k]J capacitors 6761
20-kV, 5-kJ capacitors 800
20-kV ignitron switch units 76
Bark shorting assembfies 190
27-kV, 100-kVA power supplies 2
Bus bar assemblies 1770
Bus interface units 200
LSI-11 computers 4
High voltage junction boxes 450
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Fig. 2-46. Shiva energy-storage modules being assembled at LLI.

fashion and corrected when necessary before final test-
ing at full voltage and current. In all, more than one
square mile of dielectric was tested.

Grounding System. Because of the very high
peak-power levels (~50,000 MW) generated during the
laser pump cycle, the pulsed-power grounding system is
carefully configured to minimize coupling needed for
the many, low-level control and diagnostic functions
associated with the laser.

This was accomplished by isolating low-level
equipment from pulsed-power circuitry and by main-
taining a coaxial configuration for the pulsed-power
circuitry. Also, the laser amplifiers and the total system
grounding concept are designed so that the possibility of

a pulsed-power fault extending outside the pulsed-power
circuitry is minimized. These grounding concepts were
discussed in the 1976 annual report.

The pulsed-power ground was isolated from the
laser spaceframe and building ground and carried to
earth rods at the substation. Within the laser amplifiers.
the flashlamp reflectors are insulated from the outer
cases and tied both to the cable shields and the pulsed-
power ground. This allows the reflectors to act as elec-
trostaiic shields between the pulsed-power system and
the clean ground, as well as ensuring that displacement
currents and fault currents associated with the pulsed-
power circuitry are contained within the isolated ground.
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Fig. 2-47. Shiva energy-storage modules being tested prior to installation,

Fatensinve operating expertence with the faser his
Lontied the logie of this design Both disolacemient and
taalt cuitents have been successtully contaimed within
tie pulsed power ground systeni.

Control Sastem. The control system lor the
Shiva powcer-condiioning systent was designed to - be
instadled inincrements and brought 1o full operation in
several phases The tiest phise controlling the major
pulsed-power components using manual control
pancls  has been accomplished without signiticant
problems. Figure 2-48 shows these control pancls,
which provide the visual status of power-condinonmg
clements and facility interlocks. Color-coded switches
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allow the operatar i recontigure operational elenients of
the sastem ol needed

Commurication hetween the contral pancels awnd the
pulsed-power components s accomplished with st
huted bus concept desertbed m Section 22 6 and illos
trated m Fig 249 The communication reguirement s
sevlundamental to the suceesstel operation of the overall
laser systenmy that two ESE T nicrocomputers hase been
configured i a completely redundant tiushion The re-
dundancy concept was also used throughout the power
conditioning centrol system to ensure thai, i the cvem
of a4 nuyor component Lu'are. the redundant ssstem
couthl maintin Lser operations until the tailed ssstem
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Fig. 2-48.  Control pancis used to set and monitor the status of Shiva power-conditioning components.

v CONTROL

was repaired. A redundant control system also provided
side benefits that aceelerated the activation of the overall
faser system: one system was able to support ongoing
laser activities while expansion and troubleshooting of
the control sastem were carried on with the second
system. New controb sastem elements were brought
on-line independently of ongoing luser operations. Fol-
lowing validation of the new capabilities. a simple
switchover provided other laser systems with proven
control options.

Software development and software/hardware in-
tegration were facilitated by the system design coneepts
of redundancy wnd muhtilevel computer control. The

sottware deselopment process proceeded along tradi-
tonal lines. ic.. first implementing on-line functions.
then adding off-line tunctions. The on-line software
includes program components that:

® Exccute program Lasks and specitic command
and measurement sequences.

® Interpret and eaccute operator directives.

®  Format and vutput test event data.

® Conmstruct and format messages ta the op-
Crator.

® ‘Transfer information between program com-
ponents.
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Fig. 2-49. Distributed bus system uscd for control of Shiva power-conditioning elements.

This on-line software is basically complete; only
minor modifications are required to remain compatible
with changes to the hardware control system. Future
expansion of the control system software will be in
off-line operation, especially as related to pretr st system
configuration setup and posttest data redu:iion. The
pretest programs will ensure the operational stafus of the
power-conditioning system and will set pulsed-power
parameters (e.g., power supply settings, ignitron trigger
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enabling/disabling, trigger times) to a predefined con-
figuration. Posttest programs will reduce test data to
formats suitable for scientific evaluation of Shiva per-
formance and investigation of anomalous performance.

Expansion of the control system is primarily related
to the implementation of a pulse ionization lamp check
(PILC) system and a waveform analysis data system
(WADS), as shown in Fig. 2-50. These systems will
check that amplifier flashlamps will ionize before a
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Fig. 2-50. Block diagram of the PILC/WADS electronics used to acquire flashlamp data before and during a system shot.

system snot and will provide for recording actual lamp
currents during a system shot.
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2.2.10 Optical Components

Quality and Number of Components. The
Shiva optical train from the oscillator to the target focus
is about 132 m; contained in this s approximately 3.9 m
of glass, of which 3.3 m is laser glass.

To amplify, propagate. and focus laser energy on
very small targets, we must maintain high optical quality
throughout each laser - hain.” Because the chains contain
many elements, individual component tolerances are
very tight.

In round numbers, Shiva contains about 2500 indi-
vidual optical componeats, not including ~ 25% spares.
About 1500 elements help propagate the laser beam, and
1000 are used for alignment, control, and diagnostics.

From the oscillacor to tlie stage at which the laser
splits into four beams, there are about 70 laser optical
ciements; for each beam of that four-beam section there
are approximately 15. Starting from the beam-splitter
array, the laser optical elements in each of the 20 arms
are shown in Table 2-5. Typical beam-line optical com-
ponents are shown in Fig. 2-51.

Types of Components. ‘ihere are eight basic
optical materials in the laser system (plus a liquid dye
cell):

® YAG (oscillator).
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Table 2-5. Typical Shiva beam-line optical components.

No. of optical Nominal output Typical peak-to-valley wavefront
Component elemenis per arm beam diameter, mm quality per assembly at 1.064 nn
Beam splitter | 21 A9
Path adjustor mirrors 2 21 A4
Front-end relay 2 21 A2
Rod amplifier 1 21 A/10
Polarizer 2 21
Pockels cell assembly 3 27 A8
Polarizer 2 21
Spatial filter 2 4 A2
Rod amplifier 1 4 A0
Polarizer 2 4
Pockels cell assembly 3 4 A7
Polarizer 2 44
Spatial filter 2 91 A2
Disk amplifier 6 91 All0
Disk amplifier ¢ 9 10
Polrrizer 2 i
Faraday rotator 1 9 A9
Polarizer 2 91
Spatic) filter 2 9 A2
Disk amplifier 6 M A0
Spatial filter 2 145 A2
Disk amplifier 4 145 A10
Spatial filter 2 202 Al12
Polorizer 1 202
Faraday rotator 1 202 A9
Polarizer 1 202
Disk amplifier 3 202 A8
First turn mirror 1 202 A4
Second turn mirror 1 202 IS
Focus lens 1 202
Vacuum window 1 185 A7
Blast shield 1 185

6; elements X 20 arms = 1380 total elements on Shiva arms

® BK-7 (lenses, mirrors, polarizers, substrates,
etc.). )

® KD*P crystals (Pockels cells).

® Crystal quartz (small-diameter rotators and
wave Dlates).

® Fused quartz (some small substrates).

® Nd-doped silicate laser glass (rods and disks).

® Tb-doped silicate Faraday rotator glass.

® Neutral-density glass (calorimetry diagnos-
tics).

The majority of the components have flat optical
surfaces, but there are also many /11, /6, and /2.8
lenses, which are aspherized for the removal of spherical
aberration. Components that transmit the beam are de-
signed to be as thin as practical to reduce the effects of
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the nonlinear index of refraction of the plass.® For most
flatwork, vendors made very effective use of modern
continuous-polishing equipment, usually including pre-
cise thermal controls.® For aspheric surfaces, vendors
developed quite efficient techniques for figuring and
process - testing. With one exception (the set of
220-mm-aperture, /2.8 lenses for alignment and focus
control, which required about 120 um of asphericity),
the surfaces were ground and polished spherical before
figuring. In the case of the /2.8 lenses, th: -urfaces
were aspherized in the ground state,

The various types of thin-film coatings are:

® Antireflection coatings on laser rods, Pockels
cell window exteriors, lenses, windows, Faraday rota-
tors, and on the back surface of beam splitters.



Fig. 2-51.  Typical beam-line Shiva optical
components. A S-cm-aperture Pockels cell
assembly is shown at top; at the bottomis a
20-cm-aperture debris shield. The compo-
nents are shown in order of use. Each
edge-clad neodymium-glass laser disk,
however, represents several actually used:
each arm contains 18 of the smaller disks,
four of the infermediate size, and three of
the larger.

® Beam-splitter coatings.

® High-reflectance coatings.

® Polarizer coatings.

In Shiva, essentially all optical surfaces have thin-
film coating« except the laser disks and the ‘‘back™’
surface of the substrates for thin-film polarizers, both of
which are used at Brewster's angle.

The laser disks, however, are edge-clad with a
thick, glassy film (applied as a frit) to absorb 1.064-pm
light for the suppression of parasitic modes.

Telerances and Special Characteristics. Even
though the building and operating of Cyclops and Argus
had provided a great deal of experience in the manufac-
ture of optical components for use in high-energy lasers,
the magnitude of the Shiva optics procurement provided
a substantial challenge.

The telerance levels of the Shiva components are
illustrated in the specifications in Table 2-6. In many

cases, the specifications are as tight as feasible, consid-
ering budgetary and schedule constraints and the state of
the art.

Performance characteristics and final specifica-
tions were often the result of extensive technical interac-
tion between LLL and participating vendors and in-
volved prototype development and qualification tests.

Modes of Procurement. In general, Shiva opti-
cal components require three distinct sequential stages
of manufacture:

@ Optical material.

® Optical finishing.

® Thin-film coating.

(The laser disks are not thin-film coated; the edge-clad-
ding of the laser disks is really part of the material
manufacture, because the fine annealing of the blank
occurs after the cledding is applied.)

The simplest way to procure a component is to buy
it completely finished from a singlc vendor. The practi-
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Tabl 2-6. Tolerance chart.
10em 20 em
Spatial filter Spatial filter
Aperture size Disks lens Polarizers Disks lens Polarizers
0.03 mm* 0.03 mm® 0.03 mm? 0.03 mm* 0.03 mm? 0.03 mm?
0.125 max 0.100 max 0.100 max 0.2 max 0.2 max 0.2 max
Inclusions/100 cm? dimension dimension dimension dimension dimension dimension
Stress birefringence nm/cm 2.5 6.0 2.0 5.0 6.0 6.0
Wavefront P.V. — 0.633 um
after coating when applicable A2 A10 M2 A8 A10 A8
Wavefront slope/cn 0.633 2m A3 N33 to \/22 30 M40 to A/22 A33to A/22 A/30 to A/20
AR coating reflectivity — 0.1% _— — 0.1% —_
Thin-film polarizer
P transmission -— — 95% — - 9%6%
S transmission —_ - 1.5% -— -— 1.5%
Thin-film coating damage >30GW/em?  >40GW/em? >HGWiem® >40GW/iom?
in 0.1 ns, in 0.1 ns, in 0.1 ns, in 0.1 ns,
>10GW/em?  >10GW/em? >10GW/em? >7 GW/em?
in 1.0 ns, in 1.0 ns, in 1.0 ns, in 1.0 ns,

cality of this, however, depends on vendor capability,
scheduling, relative cost, and the state of the art. Buying
a finished component is often practical when:

® The vendor can do the entire operation.

® The part to be subcontracted is reasonably low
risk or inexpensive.

® Exact requirements and specifications are
known sufficiently well in advance of delivery that a
vendor can be responsible for subcontracting long lead
items.

The total optical component procurement for Shiva
and laser-program operations was approximately
$5,000,000. About 57% of the components were bought
as finished parts; these included:

®  Most flat BK-7 optics for beam diameter 10-cm
or less (~5%).

® Laser glass rods and disks (~40%).

® Faraday rotator elements (~8%).

® Pockels cell assemblies (~4%).

For the first item, the finishers or coaters (fre-
quently within the same organization) were the prime
contractors. For the last three items, the material man-
ufacturers were the prime contractors. Each manufac-
turing stage of the remaining 43% of the optics (large
polarizers, mirrors, windows. focusing lenses, and all
the spatial-filter lenses) was separately subcontracted by
LLL.

Quality Control Program. Most of the inspec-
tion of optical components was done under a source
inspection program at the optical vendors. One hundred
percent inspection for selected critical specifications,
along with appropriate documentation, was spe-ified on
the drawings. The documents were forwarded in dupli-
cate to LLL, where onc remains on permanent file in the
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Laser Optics Depot; the other travels with the compo-
nent. On virtually all first runs, and on a frequent spot-
check basis thereafter, these inspections were witnessed
by experienced technical people from LLL.

This system worked extremely well; if there were
problems with manufacture, test, equipment, or in-
terpretation, they could usually be dealt with in *‘real
time, " as the parts were generally right off the produc-
tion line. For equivocal cases, the part was sent to the
test facility at LLL for retestin; - 1d review. This even-
tually helped standardize test equipment and data in-
terpretation on Shiva optical components.

Exceptions were sometimes made to the principal
of source inspection, e.g., the testing of wavefront qual-
ity for large-aperture optics after coating, where the
coating vendor’s current interferometry did not include
the diameter required. In this case, the parts were tested
for wavefront at LLL after coating. Another example is
the case of laser damage testing, where LLL has unique
calibrated facilities for the appropriate wavelengths and
pulse durations.

One additional final test has been performed on all
Shiva optical components. Each subassembly (e.g.,
laser head, spatial filter, mounted mirror) is tested for
wavefront (and, where appropriate, stress birefringence)
before installation in the laser. For this purpose, two
30-cm-aperture interferometers are available in one of
the LLL laser-assembly areas: a ~0.633-um Zygo
Fizeau with a specialgfong bed, and a 1.06-um, LLL-
built Twyman-Green esiding on a 25-ton granite slab).

Results. All tfie optical fabrication has been
completed. The performance of the assembled laser in-
dicates peak-to-valley wavefront quality of 1.0to 1.5 A
at 1.064 um in a full-power mode.



(&)

Fig. 2-52. Interferograms of typical wavelronts on Shiva optical components. (a) Interferogram of a six-disk, 10-cm-aperture 8- ;
amplifier. The tota) wavefront distortion averages A/10 at 1,06 um. The interferogram was taken a1 0,6328 um double pass and is ty pical
of all 80 Shiva disk amplifiers. (b) An interferogram of a Shiva focusing lens (also used in the incident-hea . diagnostic assemblies).
This is a single-clement. f/6 BK-7 lens, shaped for minimum coma and corrected for spherical aberration by an aspheric on the front
(more curved) surface. The clear aperture here is 210 mm (slightiy larger than the heam diameter). At this aperture. the f No. is 5.8,
requiring ahout 9 mm of asphericity of the surface. The interferogram is double-pass ut 0.633 pm. (¢) A double-puss Fizeau inter-
ferogram in transmission at 0.633 um, showing the 218-cm clear aperture of a polished (but uncoated) polarizer subsirate a1 Brewster's
angle (56.43-deg angle of incidence for BK-7 at 1.064 um). The heam projected on each surface is an clips¢ measuring 394 hy 218 mm:
the thickness is only 10 mm. The inner surface inscrihed on the interferogram represents a zone over which the slope error tolerance is
tighter. o
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2.2.11 Spaceframe

Support for the Shiva hardware is a framework of
square steel tubing designed 10 hold all optical elements
stable against forces of static loading, thermal change,
and vibration."" This spaceframe has been completed for
most of the year (see Figs. 2-6 and 2-53), and we have
found that the 20 laser beams and spatial-filter pinholes
will remain fully aligned over a 24-h period. Thermal
and vibration measurements confirmed stability.'!-"
Table 2-7 presents measured and calculated vibratory-
frequency values, as well as measured and calculated
deflection amplitudes; in both we see fairly close corre-
lation.

Supports for the Shiva spaceframe are designed 10
accommodate thermal expansion when the air tempera-

Fig. 2-83. View of the farget chamher
frame. looking up from the floor. Major
construction near completion is shown,
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Table2-7. SaplV finite element code was used to calculate the natural frequencies of the space frame. They are
compared with tiie actual measured frequencies after construction. The actual motion of both space frames was

measured and is compared with the calculated values.

Calculated Required Measured
Lowest natural frequencies J.2Hz 3.8 Hz
4.5Hz 4.4 Hz
6.1 Hz —_
— 10.0 Hz
—_ 119 Hz
144 Hz 123 Hz
14,7 Hz 15.4 H2
18.4 Hz 19.6 Hz
- 219 Hz
26,2 Hz 26.1 Hz
26,8 Hz 26.9 Hz
Maximum deflection amplitude
at top of frames
Amplifier frame A0 pm b m
{120 uin.) 47 inl)
Target frame A0 um 2.5 am
1120 pin.) (98 uin.t

ture changes. Roller-bearing supports allow the frame o
expand from a single fixed poini—the seismic anchor.
This anchor was designed to withstand an earthquake
acceleration in any direction equal to 25% of the acceler-
ation of gravity.

Test'ng a huge structure s response to large forces
is difficult, costly, and frequently impossible: however,
the Livermore earthquake of June 20, 1977, provided us
with the opportunity to test the Shiva frame. The carth-
quake had a magnitude of 4.7 on the Richter scale at 1
mile from the epicenter. The Shiva building was within 2
miles of the epicenter. and the quake was strong enough
to visibly shake the frame. Subsequent investigations
showed that no deformation had occurred. and only
minor realignment of optical components was neces-
sary.

The first priority for Shiva was to complete the
assembly and installation of the laser bay equipment.
which included all hardware through the y- amplifier
stage. This was completed in October 1976. Target
room construction continued to the end of the year and
imvolved the installation of auxiliary platforms. the

target chamber. turning mirrors. beam pipes. and o huge
amount of diagnostic equipment tsee Fig. 2-54).

All hardware systems associated with beam trans-
port and amplification were put together with surpris-
ingly few problems. That convenience allowed
scheduled commitments to be met within reasonable
tolerances. Major subsystems that were fabricated. as-
sembled. installed. and operated are:

® Front-end hardwave (see Fig. 2-55).

o Splitter array [sce Fig. 2-56 (a) and (b)].

® Rod cmplifiers: assembled 50 units,

® Spatial filters: assembled 123 units (see Fig.
2-57).
® Pockels cells: assembled 42 units.

Faraday rotators: assembled 44 units (see Fig.

2-58).

€ Disk amplifiers: assembled 110 units (see Fig.
2-59).

® Interstage hardware: assembled connections
for each component for 20 chains.

® Beam pipes (see Fig. 2-60).
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Fig. 2-54. The target chamber, shown
mounted in the 1arget spaceframe. There
are six levels of platforms mounted in the
core of this spaceframe for supporting
equipment.
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Hg. 2.55. Oszillator and prnmplmer table with asscciuted
t-end hardware. This is | d at floar kevel in the interior
spaces of the laser spacefeame.

Fig. 2-56. (a) The splitter array for six laser beams, shown mounted to the spac> -«me side rails. Gimbaled mirrors with anguiar
adjustments (o point the beam accurately down each chain are located here. Retroreflector mirrors are also located here. Covers and
beam pipes for the closed nitre men gas system are shown. (b) The retroreflectors for each beam. mounted on a motor-driven base to
udjust and equalize the pathien,ths of each laser beam,
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Fig. 2-60.  Ehe upper mircor platform in the target chanther
with the mirear gimbal suppart mounted toit. Thisis part of
the closed beam pipe ssatens, This stable structuse is imade of
prid- i pe steet tor low weight, high stftness, and masimoum
noair flow,

® lurnig mirrors: assembled 40 units see Fig.

260,

®  Cias sastem
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Fig. 2-61, Fina) turning-mirror gimbal, shown din
its pedestal. 1t consists of two coneentrie rings mounted on
torsion hars, which ure tarqued for fine angular rdjustments,
This mirror points the beam directly toward the target. The
gimbal has a full beam-aperture clearanee on the rear surfice
for pointing. focusing. and centering dingnosties and for
incideni-heam dingnostics,

12, P. M. Johnson, Lawrence Livermore Laboratory, Livermore,
Calif., private communication on results of Building 391 laser
spaceframe thermal-response test 11977).

13, P. M. Johnson, Lawrence Livermore Laboratory, Livermore,
Calif., private communication on Building 391 air conditioning
system for the laser bay and target room 11977).

14, Laser Program Anmiul Report ~ 1976, Lawrence Livermore
Laboratory, Livermore, Calif., 50021-76 (1977), § 2-2.7.
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2.2.12 Target Systems

The target chamber'® was installed and carefully
aligned with respect to the laser beam and diagnostic
port focations. The geometric center of the chamber was
located by the intersection of three wires through op-
posing ports and was defined for relocation by a tooling
telescope and a special mounting fixture. This center
now forms the reference point for all beam alignment,
target alignment, and target diagnostic sensors, many of
which have been installed (Fig. 2-62).

In view of the immediate need to conduct experi-
ments with room temperature targets, we installed a
smaller, ess costly target positioner than was originally
planned. It now appears that this positioner, with rela-
tively minor modifications, will also be usable for
cryogenic targets.

A right-handed spherical coordinate system (Fig.
2-63) has been adopted for location of all beams and
target diagnostics. The angle @ is zero at the top center
and increases to 180 deg at the bottom center. The angle
< is zero in the vestical plane containing the target
positioner and inc-cases to 360 deg in a coun-
terclockwise direction when viewed from above. The
target positioner operates in three orthogonal directions:
x is horizontal in the line of the target positioner: y is
horizontal in the perpendicular direction; and 7 is verti-
cal, positive upward.

For target irradiation. it is necessary to focus a
cluster of beams on an arbitrary point in space. Because
cach beam has its own unique set of spherical coordi-
nates and because each lens positioner moves around
that coordinate system, a point defined in terms of the
target coordinates must be redefined for each beam to
allow that lens positioner to be addressed. A coordinate
transformation matrix has been derived and im-
plemented on the microcomputer control system to
allow any beam or group of beams to be automatically
focused on any specified point that is defined in the
target coordinate system.

The chamber has a total of 184 ports for iarget
diagnostics, located on the sphere and on the top and
bottom heads. The large number of ports allows us to
plot the distribution of effects versus angles of laser
beam incidence and polarization. All sealing surfaces
are flat, with vacuum seating by special O-ring seals
with aluminum retainers. All port faces are perpendicu-
lar to a radial line of sight within 4 mrad. Most target-
diagnostics sensors are designed to be placed outside the
chamber to reduce vacuum load:. Exceptions include
the “*box’" calorimeter and some crystal x-ray spec-
trometers. All target-diagnostics se.sors are electrically
isolated from the target chamber and each other to pre-
vent ground loops. Organic materials and trapped vol-
umes are reduced to a minimum to reduce the vacuum
pumping load.

The vacuum systeni has two mechanical pumps for
roughing and two Roots blowers, for speeds in the 10!
to 10 Torr range, located on the ground floor. Close to
the target chamber are two turbomolecular pumps and
two cryogenic pumps. The chamber can be pumped to
10°* Torr in about 20 min, reaching a base pressure of 3
X 10" Torr in 24 h. This speed and base pressure will be
improved when needed for cryogenic targets by means
of nude cryopumps placed directly in the chamber. All
controls are remotely operated from a console on the

257



'.‘nz:._.._

¥

=
=
s
-
=
3
.
-
=
§
g
-
]
]
3
3
=
=
=1

Sty tarnctchamber rndls sapported m the spaceframe Easer beams enter from abose and below through plenuins

fae el T
tec e o crneres and tooprescrve dloantiness The nomeroos hlack vsdimdaorns e enceesy badanee mreabrdos cach vantaonimne anon
Calianneior e e b ter hight cabirmn b photadiodeand e Eaeadas cop Pl Bl prpe et W tarcgonmnd contans o

wvert o e e ten that uses hocdge Blters and PEN plee edes eoseparate oncee s Eaads Thie fechimicn oo the nehy s
adpusting s e e epe whicds i o lidocal Rk potos o B i nrrors

2-58


http://lil.uk
http://lllliil.nll.nl

Tgi‘g‘etposii}ipner S

l-;ilr 263, Shiva coordinate system,

mezzanine and are interlocked to prevent any operation
that would cndanger the pumps or the experiment.

Reference

15, Shiva UpgradeiNova, CP&D Preliminary Repo.i, Lawrence
Livermore Laboratory, Livermore, Calif., LLL-MISC-2242
(1976).
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2.2.13 Project Management

Design and Construction. Successful comple-
tion of the $25-million Shiva construction project, on
schedule and within budget, was the result of the efforts
of more than a hundred companies working in conjunc-
tion with LLL scientists, engineers, and technicians.
More than 80% of the total project cost, including
building and laser systems, was contracted to industrial
firms through competitive bidding. Table 2-8 lists the 42
firms, each with total contract values of more than

$100,000. A large number of industrial firms partici-
pated because of our desire 10 use commercial firms for
all hardware fabrication tasks and for many specialized
R&D functions.

Design and construction of the $9-miilion Shiva
building were directed by an architect and engineering
firm. In add:tion to that contract, 27 other construction
contracts had a total contract value of $7,521,000.
Laboratory personne! monitored building construction
at a cost of $158,000.

Our philosophy on the Shiva project was to use
laboratory personnel for those tasks in which they had
unique capabilities. Thus, most of the laser design ac-
tivities were performed by laboratory designers sup-
ported by outside personnel. However, in design arcas
where superior expertise existed in industry, it was used.
Tire Shiva alignment system is an example of acrospace
companies participating in the complete effort from con-
cept design through hardware fabrication. For the
alignment system, three companies received funds to
conduct concept studies and prepare prototype propos-
als. Two companies were awarded follow-on prototype
contracts for separate portions of the alignment system.
One company was then awarded a production contract
for 20 pointing, focusing, and centering (PFC) sensors,
and for 20 chain input-pointing (CHIP) sensors. The 20
CHIP gimbals and the 20 PFC gimbals were produced by
two other manufacturers. These alignment contracts to-
taled approximately $2,500,000. Various alignment
subsystems were produced under individual fixed-price
contracts to meet the performance demonstrated by the
prototypes. LLL integrated the various subsystems and
accepted responsibility for overall system performance.
This arrangement aliowed the companies to bid a fixed
price without undue technical risk.

Typically, laser components were built by indus-
trial concerns from LLL-prepared drawings. These fab-
rication efforts resulted from fixed-price competitive
procurements. If drawing discrepancies were present,
the correction cost was the responsibility of the Laboral-
ory. This procedure allowed companies to bid fixed-
price production with drawings supplied by the Laborat-
ory.

Many large commercial componenis, such as
flashlamps and energy storage capacitors, were based on
LLL-supplied performance specifications. Two firms
supplied the flashlamps; the total contract vailues ex-
ceeded $600,000. The 7000 energy-storage capacitors,
with a combined contract value of more than
$1.500,000, were supplied by two other companies.
Design -tudies to develop the most cost-effective
methods of producing the 25-MJ energy-storage bank
were also performed outside. The results of these studies
were incorporated into the final capacitor bank. Com-
mercial specifications were set for many small electrical
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Table 2-8. Major Shiva cecatraciors (>$100,000).

Sm Bus Total
Company name Location Itemis) Bg Bus contract*
Scott Company of California Oakland, CA Building mechanical SB $2,290,000
Owens-1llinois Totedo, OH Laser glass BB 1,848,870
Aerojet Electrosystems Co. Azusa, CA Alignment system BB 1,716,242
Maxwell Laboratories San Diego, CA Capacitors SB 1,216,000
Norman Engineering Company Los Angeles, CA Architect-engineering SB 1,146,000
Hoya Optics, USA Menlo Park, CA Laser glass SB 1,119,940
Rigging International Oakland, CA Spacefrarze and platforms SB 1,098,158
Alliance Tool and Die Rochester, NY Beta amplifiers, spatial BB 1,057,818
fiters, and hardware
Ralph Larsen & Sow, Inc. Burlingame, CA Concrete construction and SB 899,000
building finish
Morris Daley, Inc. Burlingame, CA Concrete construction BB 854,000
Del Monte Electric Co, Inc. Hayward, CA Building material BB 795,000
Smith & Williston Scattle, WA Cradles and hardware SB 728,898
Thiem Industries Torrance, CA Delta amplifier, final gimbals SB 674,172
and hardware
1LC Technology Sunnyvale, CA Flashlamps Sh 564,617
Perkin-Elmer Corporation Norwalk, CT Optics BB 473,947
Newberry Electric Corporation Richmond, CA Electrical construction SB 471,000
Optical Coating Laboratory, Inc. Santa Rosa, CA Optical coatings BB 455,518
Riverside Steel Construction Sante Fe Springs, CA Structural steel SB 389,000
Digital Equipment Corporation Maynard, MA Computers BB 355,924
Aerovox Industeries New Bedford, MA Capacitors BB 311,000
Spectra Physics Mountain View, CA Optics BB 238,456
Aerospace Welding, Inc. Milpitas, CA Delta hardware SB 236,942
Helfrect Machine Company Saginaw, MI Gamma amplifiers and SB 223,517
hardware
FMC—Engineering System Division Santa C.:ra, CA Rod amplifiers and hardware BB 222,318
Cleveland Crystals Cleveland, OH Pockels cells SB 208,748
Fulton Shipyard Antioch, CA Bridge cranes SB 195,000
Bostrom-Bergen Metal Products. Oakland, CA Miscellaneous metals SB 183,000
M ey Mechanical Company Oskland, CA Mechanical construction SB 183,000
Perkin-Elmer, Ultek Mountain View, CA Manipulators BB 178,690
Opti-Systems Irvine, CA Optics SB 170,280
Peterson Construction Products. Los Angeles, CA Metal siding and meta! BB 161,000
roofing
Larry W. Aksland Manteca, CA Earthwork and asphalt SB 159,000
conerete paving
Aerotech, Inc. Pittsburgh, PA Gimbals SB 157,552
Schott Optical Glas; Duryea, PA Optics BB 141,020
Hughes Aircraft Company Culver City, CA Pulse syn. system BB 135,916
Elma Engineering Palo Alto, CA Transformers SB 127,376
EG&G Salem, MA Flashlamps BB ii2,500
Al Lee Los Angeles, CA Access floor SB 119,000
Coleman Precision Campbell, CA Mechanical hardware SB 109,437
Mechanical Specialties Co. Los Angeles, CA Chamber SB 108,680
Cosco Hayward, CA Fire protection SB 108,000
Lasermetrics Teaneck, NJ Pockels cells SB 100,514

*Some of the contract totals also include concurrent laser program procurements
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and mechanical components, which were generally pro-
cured directly from jobbers or supply houses or through
the Laboratory storeroom.

Because of stringent vibration and rigidity re-
quirements. large steel spaceframes for the laser and
target chamber were designed by LLL. The structures
were fabricated and installed by an industrial firm that
also designed and installed the ladders and platforms in
the target room. These contracts had a total value of
$1.198,155.

Shiva uses several thousand optical components.
from small lenses to large turning mirrors. The small
optical components (<< 10 cm), such as lenses, mirrors,
and polarizers, were fixed-price contracted as finished,
complete components that would meet LLL specifica-
tions. Laser glass was procured from glass manufactur-
ers as finished components, because the subcontracted
finishing cost was a small fraction of the part’s value.
However, for a large (220 cm) polarizer or turning
mirror, LLL procured the substrates, had them finished
to LLL specifications, and then separately contracted for
the coating efforts.

Figure 2-64 shows the Shiva contract distribution
by frequency within various dollar categories. For
example. eight companies had coniracts with values
over $1,000,000. Table 2-8 lists the 42 companies, in
order of descending contract value, that supplied ser-
vices other than off-the-shelf hardware to the Shiva
project and had contracts totaling more than $100.000.
Twenty-six of the 42 companies with total contracts of
more than $100,000 were small business firms.

91
34

- $10 k—lOO k. 8100 k-$1 M >$1 M
Dollar amounts

I-"lg 2-64. Shivn pmcuremenu “The Shwn project involved~
 large ‘number of industrial firms, The number of com-
plniel wllhin the duee ranges of conmct values is shown,

Laboratory personnel assembled the laser
amplifiers on site because they were too delicate 10 be
shipped fully assembled and because they required our
unique cleaning capability. Laboratory personnel also
installed or directed installation of all laser hardware as
well as the aligning and debugging of the laser system.
During all on-site LLL activities, our in-house personnel
were supplemented by contract ME and EE technicians
and contract designers. Figure 2-65 shows graphically
how on-site labor was distributed 1o design, assemble.
and install the Shiva laser systerm.

Cost and Schedule. The Shiva project. despite
its size, complexity, and technological advancement.

wooFET T T T T T T T T T L 71 11T 1T
- Contract designers = 3
u h
180 Contract ME technicians j
C .
- .
100 |- -
80 - 1
0 B Tk e | |
July-June : 'l October-September i October-
FY 76 i ] FY 77 iDecember
' ‘ { " FY78
July-September
Transition Quarter
Fig. 2-65. Laboratory and contract manpower for Shiva. Although more than 80% of the Shiva work was with outside companies,
the assembly and installation tasks were performed by Laboratory employees supported by contract personnel.
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Digital control
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Fabrication Install I‘
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Fabrication

Install IA
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Fig. 2-66. History of Shiva project, showing various subsystems and related milestones.

Complete

10.2-kJ A
performance

was completed remarkably near schedule and within
available funding. Figure 2-66 provides a graphical his-
tory of the project and documents the various mile-
stones. Table 2-9 summarizes the planned major Shiva
milestoties and pinpoints when they were accomplished.

Budgets for the project subelements were estab-
lished 4t the design freeze on July 1, 1975. Atthat time,
the building was estimated as $8.8 million and the final
cost was $9.0million. The laser, with contingency, was
estimated at $16.2 million and the final laser cost was
$16.0 million.

Project Organization. The project organization
was the classical project structure with a project office,
engineering project elements (which are themselves or-
ganized and managed as subprojects), and staffs, which
perform control, integration, and support roles for the

project as a whole. Temporary specific support was
provided from various LLL functional groups under the
direction and control of the project team. much as out-
side vendors were used. This allows maximum use of
specialized skills and talents without requiring con-
tinued full-time participation beyond the point of
maximum effectiveness. Each member of the team had
defined responsibilities and participated in the project
for as lung as was necessary to complete his assignment.
Team personnel were located close to one another to
ensure effective and efficient coordination between
various elements of this p~icct.

The project was led by the Shiva project manager,
the project scientist, and staff. There was a project
engineer under them for each of the following laser
subsystem systems:

Table 2-9. Record of Shiva schedule estimates early in the project and the date the actual milestones were

accomplished.
Schedule estimate on Schedule estimate on
July 1, 1975 January 10, 1976 Actual
Alignand fire onearm — July 1, 1977 August 3, 1977
Demonstrate 10 kJ October 1977 +3 mo October 31, 1977 November 18, 1977
Fire a target shot -—_ December 15, 1977 (Estimated early 1978)
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® Mechanical systems. The mechanical systems
project engineer was responsible for the laser and
target-chamber spaceframes, as well as for the me-
chanical aspects of all laser components (amplifiers.
rotators. polarizers. etc).
® Power condiifuning. The power-conditioning
project engineer was responsible for the electrical sub-
system, which generates and controls all electrical en-
ergy supplicd 1o the laser system.
® Optics. The optical-component engineer was
responsible for specifying, procuring, and evaluating all
required optical components. He specified the types of
components based on laser parameters supplied by the
project scientist and the project technical staff,
®  Alignment and controls. The project engineer
for this subsystem was responsible for the aptical align-
ment system. He was also supported by a computer
control system project engineer to control these and
other functions required for system alignment.
®  Turget systems. The target system project en-
gineer was responsible for the target vacuum vessel,
vacuum system, target positioner, and focus lens
mechanism.
® Laser diagnostics. This project engineer was
responsible for the laser beam diagnostics and their
interface into the computer system.
Author Major Contributors
T. J. Gilmartin
J. A. Glaze
J. F. Holzrichter

R. 0. Godwin

2.3 Nova Overview

Nova, a 200-10-300-TW laser system. is now well
into the design phase. The project includes the design
and construction of a 1.06-um Nd:glass laser and an
advanced target system, as well as buildings to house the
Taser and scientific staff. The objectives of Nova are to
demonstrate scientific breakeven (TN energy = laser
energy) and scientific feasibility (TN energy > laser
energy).

The project will cost $195 million and will bc
completed in 1984, It consists of 40* laser amplifier
chains driven from a single laser pulse generator. The

*The specific laser system parameters discussed in this section are
subject to changes for further optimization until the optical design
freeze.

laser chains (see Fig. 1-2) arc arrayed in two opposing
laser bays aligned cast and west from the centrully lo-
cated target room. The cast laser und laser bay . target
room. and supporting laborataries are new construction:
the west laser and west laser bay will use existing Shiva
facilities converted to the Nova design.

The construction and activation of the 20 laser
chains in the east bay will oceur first, folloming a
scenario that achieves higher performance than Shiva at
the carliest possible date (Fig. 2-67) with part of the
syst.m and then proceeding to complete these chains.
Once experiments have begun using the Nova systein.
Shiva will be shut down and its conversion initiated.

Lasers of Nd:glass can achicve performance in the
100-TW regime sooner and with lower risk than other
short-wavelength lasers. This capability is based on re-
cent advances in technology and design,

Significant advances made this yeur inslude:

®  Development of acommercial fluorophospheate
laser glass that is better than our initial assumptions.
which were based on then-available fluorophosphate
optical glass. The lower nonlinear index of the new glass
results in less beam breakup and fewer spatial filters than
occurred in our initial design.

® Use of wuncoated input fenses on the spatial
filers. which provides increased energy extraction by
raising the damage-limited berm fluence.

® Isofluence refinement of chain staging and in-
corporation of image-relayed spatial filters to achieve a
high fill fuctor and good energy extraction while uni-
formly stressing damage vulnerable optics.

® Increase in the owpur amplifier aperture.
which decreased the number of chuins.

®  Use oflarger focusing optics at greater distance
from the target. This increases the faser damage immun-
ity of the focusing oplics. increases the power capability
(while decreasing cosls through use of less expensive
lens and window substrates), and climinates one debris
shield because of greater standoff from the fusion micro-
explosion.

The current design, including these changes. is
compared with our initial design in Fig. 2-68. The power
is improved primarily because the achieved n, of com-
mercially produced fluorophosphate laser glass is lower
than projected for the initial design. This development
has been accomplished though tne joint efforts of LLL,
Hoya. Owens-1llinois. and Schott, with direct support of
the Gffice of Laser Fusion (DOE). Increased apertures
of amplifiers and final focusing optics allow us to take
fu!l advantage of this better laser glass.

The energy output is dramatically improved. pri-
marily because high-dumage-threshold. uncoated lenses
will be used at critical damage points. These improve-
ments have decreased the number of chains from 48 10
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Project
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Nova Il
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Laser
Optics
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Nova
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Funding Rate: BA 3 20 56 48 37 31
[ Design and specify Activate W Laser installed
Bid and award M Operations 0 Beneficial accupancy

V Deliveries start

Fig. 2-67. Nova project schedule and funding rate,

40 and simplified the chain design with fewer compo-
nents, while increasing the overall system performance.
The system performance, shown in Fig. 2-69, is
based on current laboratory experience and Shiva
operating conditions for damage thresholds, pump effi-
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ciency, beam w»ifcimity, and fill factor. Improving each
parameter will increase the system performance, as indi-
cated in the figure by the shaded area. In pursuit of these
benefits, we are actively developing better optical coat-
ings with direct support from DOE (§ 2.5.3), more
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cost-efficient electrical energy storage (§ 2.3.4). more
efficient amplifier cavities (§ 2.4.1), better component
cleaning techniques, and more optimal spatial-filter
image relays. These developments will help us meet our
laser fusion objectives of scientific breakeven and sci-
entific feasibility. We can confidently predict that the
Nova laser system will achieve 300 TW at 100 ps, 200
TW or 200 kJ at t ns, and 300 k) or more for pulses
longer than 3 ns.

The subsystems and components of the Nova sys-
tem are described in this section. These include optics.
mechanical systems. power conditioning. controls and
diagnostics. target systems, and buildings.

Authors

T. J. Gilmartin
R. O. Godwin
W. F. Hagen

W. W, Simmons
J. B. Trenholme
J. F. Holzrichter
C. W, Meier
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Fig. 2-70, Schematic layout of the Nova bascline chain. The design is » linear chain with diameter sections coupled by
expander-filter-relay optics whaose input lenses are uncoated to increase system performance. Fluorophosphate laser plass is used to
improve the performance of the laser for short pulse durations.
231 Laser System Design d0-arm system will he capable of producing more than

The Nova laser systent is designed 1o produce an
autpul power of 300 T W tar short pulse durations and an
energy of 300 K1 for long pulses.

The Novachainin Fig 2 700« our ltest coneeption
of ane of the 40 arms of Nova, Overall, the design is a
series af disk ampliticr sections coupled by spatial-filer.
image-relay systems that act as beam expanders. This
coneept is sinnlar 1o Argus and Shiva. but a number of
Nova's design teatures lead to considerably higher per-
formance per unit cost. These design features include:

& Lncowted expander filter-relay input denses for
higher output traan long pulses without damage to these
heavily lowded components.

®  Fluorophosphate faser glass 1o improve short-
pulse performance. reduce coating damage in the 1-ns
region, and reduce the number of spatial filters reguired.

@ Larger autput apertures ta decrease the numher
uf chiins.

® Turning mirrors and focus optics larger than the
tinad ampliticr so that damage 10 their coatings does not
limit the taser’s performance.

This amplifier chain is an isofluence design in the
1-ns-putse regime. which micans that many components
in the chain reach their fluence limits simultancously.
These fluence limits are determined by damage to opti-
cal components. with appropriate safety margins to
allow for hot spots in the beam.

The estimated performance range of this chain as a
function of laser pulse width is shown in Fig. 2-71. A
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desired pulse width tn this case.

Extensive discussion of our design-optimization
procedures have been given in the previous annual report
and in the CP&D reponts. The block diagram in Fig.

2-72 summuarizes the activities of those design proce-

dures. Amplifier and system simulation codes are based
on detailed design information as well as on material
properties. These simulation codes are normalized 10
actual amplifier and system performance. We then com-
bine the simulation and cost scaling to optimize
amplifiers and chain designs. This is accomplished by
varying design features and material selection to find the
highest performance-to-cost ratio. A system is assem-
bled from a number of cost optimal chains consistent
with target requirements, such as illumination geomet-
ries. More detailed beam-propagation simufations refine
the chain design and determine the best spacing of com-

ponents.

For nunosecond pulses. the most cost-optimal de-
sign is anisofluence chain with uncauted spatial-tilter
input lenses. The taper rate of the chain is set tor the
1 as) and the diame-
ter steps are selected o satisfy extraction efficieney .

isofluence. und standard amplifier constraints The re
sulting design works bestat its design pulse widih, but it
also performs well tor ten-fold increases or decreases in
the pulse width.

Laser Amplifier Design.  Owr tundamentad de-
sign tools are computer simukations of pumping in
amphitiers. The models are carefully matched o actual
amplifier performance (see. for example. Fig. 2-731 w0
that predictions of unbuilt designs will be as accurate as
possible. Two independent models have been writien to
nd ervor detection. The models

allow cross-checking
aceurately account for:

® The capacitor inductor-lamp cacuit that debiv-
ers hunk energy 1o venion tlashlinps ta the wplitier
head.

® lranster of hght energy from the Jamps to the
laser glass. (The efficieney ol this process decreases
with mereasing lamp current )

®  Absorption of light by the laser glass dthis de
pends on the dopimgy and transter ot this energy 1o the
upper laser level

Amplifier tests Spectroscopy Cost data System performance Research
Gain Al?sorption Amplifiers Beam propagation Damage flux
Los_s. Life time Isolators Fill factor Saturation flux
Pump efflcugncy Cross section Spatial filters Spatial filter transmission Gain recovery
Edge coating n Ny, A Focusing optics Isolation Optical quality
, v
Amplifier Cost System
simulation scaling simulation
Target Amplifier Chain Alignment
requirements optimization optimization .°°""°.|
diagnostics
Target
illumination S(‘);itier:
funding e
Fig. 2-72,  Laser system design. The information flows from the basic experiments shown in the firstles e through simulation madels

to optimization codes, Laser chains are then awembled from optintized components and anals 7o in detail to obtain the highest
performance-to-cast ratio for a specified laser pulse duration, A number of these aptimised chains are then selected within the

constraints of funding and ilumination geometry on target.
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Fig. 2-74. The faser-amplifier gain models, normalized 1o
silicate glass, providing reasonable gain estimates for other
silicates (such as L.G-650). phosphates (Q-88). and fluoro-
phosphates (1.G-802),

®  Decay of energy from the upper level because
ot doping-dependent relaxation processes.

® The mcrease of the natural loss rate due to
amplification of spontancously emitted photons within
the disk.

8 Reduction or clamping of gain by parasitic os-
cillations inside the disks.

These computer pumping models allow us to de-
termine the best operating point for any specific glass
without building many different amplifiers and con-
ducting numeraus tests. More important. they allow us
to predict. within reasonable limits, the performance of
new glasses without buying and testing large disks.
Instead. spectroscopic data from small samples are used
as input to the simulation models. which then predict the
performance of laser disks (Fig. 2-74). We may then
concentrate our attention on the most promising glasses.

The amplifier optimization process also requires
accurate cost information so that tradeoffs of glass and
energy storage banks can be made in any given amplifier
and so that amplifiers of different bzam sizes can be
compared. Scaling costs with amplifier size is based on
data for disk amplifiers with 39-300 mm of clear aper-
ture. The specific cost models used for the Nova design
are summarized in Table 2-10.
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With performance and cost information we are able
to optimize the short-pulse tpower) figure of merit

RUEES
AB inG

and the long-pulse (enerpy) figure of merit
M, = E/C.

where AP is the power added by the amplifier. AB is the
added nonlinear phase., G is the small-signal gain, E is
the stored energy. and C is the cost (see the 1976 annual
report for detuils ). To maximize these quantities we vary
five parameters:

®  Pump pulse duration.

®  Glass doping.

& Disk thickness.

® Bank cnergy.

&  Amplifier aperture.
Contours of M, and M, ar¢ shown in Fig. 2-75 for one
amplifier size to illustrate the optimization of disk thick-
ness and bank energy.

We have designed a family of optimum amplifiers
of different apertures to make the best possible use of the
particular glass used in the simulations. We may then


http://sliort-pul.se

repeat the optimization process for a different glass and
compare the results. Because cach glass is used to its
best advantage. we may select the one most appropriate
for any specific application without fear that some ¢ ther
choice of amplifier size or disk thickness would reversie
our decision. A large number of glasses have been mea-
sured, simulated. and compared in this manner: the

Table 2-10.

tTuorophosphate composition used in LG-810. LGH-10,
and E- 181 has been chosen as the best available alterna-
tive for the Nova design. The characteristies of these
glasses are listed in Table 2-11. Fluorophosphate gluss
has good energy storage. low nonlinearity . and a cross
section low enough to minimize amplified fluorescence
losses in large amplifiers.

Cost formulas used in developing the Nova designs. The formulas yield costs in thousands of

dolfars. Additional costs for heam control and diagnostics total $250,000 per chain. Symhbol definitions are

given below table.

Componeat Mechanical cost

Optical cost (per unit) Eleetrical cost

Disk amplitier 09N, - 050D
Spatial filter (710} 7 AMD
Polarizer 10004 D
Faraday rotator 6 LD

Focusing aplics:

0.3 - W 00312e - 00032010 23N 012K,
BK-7: L5 - {LINSD- 0
BK-7: 0.021)> 0

FR-5: 0,031 00321 1

+ LSS

Breakesen espts, 0.90 BK-7: 0.0321)

Feashility expts. 09D BR-7: 0.0391)° - 0.00065]) 0
Preamplifier 80 S0 20
Definitions
D clear aperture in cm.

N number of disks.
1 thickness in em.
1 - 1n - - .
B b '_ 1, diameter of circular enselope of disk assembly tinemy.
AL
A _'L LD*  surface srea of dish in em-,
where 1. N1 en'h Ly 0.6 e major anis of disk.
D* LD - Lo em  minor anis of disk.
N number of @ashlamg circaits with two fashlamps per circit fappros 25 kJ cirenit),
. energy storage bank in kJ.
D average of spatial filter's jnput and output lens diameters n e,
n refractive indes.
‘Table 2-11.  Properties of Nova laser glass.
Dimensions LG-810 LHG-10 E-181
A Laser wavelength Hm 1.081 1.05¢t 1.059
n Index of refraction — 1.420 1.454 1434
n, Nonlinear index 10 ' ¢su .50 .58 0.83
o Cross section (Judd-Ofelny 10 " em* 2.57 2.62 2.6
€ Line absorption — 0135 0139 0.137
€ Background absorption —_ 0.325 0,358 0.362
a, Line absorption coefficient 10 2 emiion 0.7 0.944 0.917
a. Background absorption cocfficient 10 " em®ion 0.126 0.123 0.119
T Zero-doping lifetime s 620 600 Being measured
w, Quenching coneentration HH jons/em'? 4.0 4.0 Being measured
k Decay ratio — 4 A Being measured
™ Gain recovery time ns 2 _ Being measured

“Recently measureds 1.3 ns used in calculations based on previous measurements in <dicate glass, Sve $2,5.2 of this report.
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Fig. 2-75. Performance contours of the 34-cm Nova amplifier with two LG-810 disks for long- and short-pulse applications. The
optimal long-pulse amplifier has 5.5-cm-thick disks and requires 500 kJ of pump energy, while the optimal short-pulse amplifier
has 3.5-cm-thick disks pumped with 600 kI of energy. A compromise between the ideal long- and short-pulse designs is possible
because near-optimal conditions extend over a broad range, providing a sysicm design that performs well in both the long- and

short-pulse regimes,
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The results of the optimization procedure for disk
amplifiers of different sizes are summarized in Figs.
2-76(a), (b), and (c} for fluorophosphate laser glasses. In
general, long-pulse lasers require amplifiers with higher
linear gains, thicker disks. and larger apertures than do
short-puise lasers. This is shown for the extreme cases of
very short and very long laser pulses. The transition
from short- 1o long-pulse lasers is at a pulse width of
about 1 ns for fluorophosphate laser glass.

The gain per disk of cost-optimal amplifiers
mavimizes for clear apertures of about 20 cm [Fig.
2-76(a}]. Amplified fluorescence losses decrease the
gain for larger disks. while smaller and thinner disks
absorb less flashlamp light. The lower pain coefficient
of long-pulse disks is more than compensated by their
greater thickness, resulting in higher linear gain than
short-pulse disks.

2.70

In general. amplifiers with larger aperures use
thicker disks |Fig. 2-76(b)]. Thin disks with high pain
coefficients reduce noniinear effects and. hence, are
optimal for short-pulse lasers. while thick disks with
high gain and high energy storage are required for long-
pulse lasers.

The overall difference between long- and short-
pulse lasers is reiterated in Fig. 2-76(c), which shows the
optimum disk-amplifier aperture shift from between 10
and 15 cm for short-pulse amplifiers to between 20 and
30 cm for long-pulse amplifiers. The result is longer,
larger chains for long-pulse lasers. Assembling a cost-
optimal chain from these amiplifiers and accounting for
the fixed costs of the conrols, diagnostics, and other
peripheral hardware needed per chain, shift the optimum
aperture size for the output stage of a chain to the 30-40
cm range.
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Flg 2.76. Optimization of several sizes of dhk ampllﬁers made of ﬂuomnholplnu laser glass. (a) Gain of cost-optimal disks.
Long-pulse lasers require high energy storage and hence high linear gain per dlsk, while for short-pulse lasers high gain coofficients are
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reduced nin coelﬂclent and reduced pnruillc Imus

Laser Chain Design. The performance of any
chain is limited by one of three processes, depending on
the pu'se width. Short pulses (<10 ps) are limited by
nenlinzar effects in the laser and optical glass. For in-
termedliate pulse widths of ~1 ns (of greatest interest for
high-density inertial fusion experiments), laser perfor-
mance is limited by surface damage. The composition of
the <urface determines the fluence level at which damage
occurs. Uncoated surfaces can take about 2.3 times more
fluence than the present AR-coated surfaces. As the
pulse becomes longer, the resistance to damage in-
creases roughly as the square root of the pulse duration.

In this long-pulse regime. the laser’s output is limited by
its total stored energy.

The transition between coating-limited and stor-
age-limited operation comes at the pulse width where the
fluence, at some point within the chain, rises to the level
of the output fluence. If the chain is to be as cost-eftec-
tive as possible with that output, the fluence at all high-
fluence points in the chain should reach the damage level
at once (for this pulse width). If it does not, either some
component is too large and its capability is not fully
utilized or some component is too small and is prevent-
ing the rest of the chain from re . .ing full performance.
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This means that, for an ideal isofluence design, many
components reach the damage level simultancously.
However, this condition can only be fulfilled for one
selected pulse duration. For shorter pulses the output
fluence of a chain has to be reduced because of damage
limitations and nonlincar cffects. This leads to less gain
saturation and. hence. to a reduction in the drive power
and an associated reduction of the fluence levels in the
driver stages.

For pulse durations longer than the isofluence de-
sign point, a small increase in the output fluence requires
a large increase in the fluence of the driver stages (be-
cause of saturation). In short, the fluence of the driver
stages increases with pulse duration from a level well
below to well above the fluence of the output stage. The
chain design is cost-optimal at the pulse duration where
the fluence in the driver stages is equal to the outpwt
fluence and the damage limit.

The optimal pulse width for any iscfluence design
is determined by the taper rate of the chain. Fast-taper
chains store small amounts of cnergy (glass, bank. etc. )
at a given diameter and so perform well for shon pulses.
Slow-taper chains contain more glass, store more
energy. and. therefore, are good for long pulses.

An actual chain docs not taper gradually but. in-
stead, jumps abruptly from one diameter to another. The
best choice of diameter steps depends first on a balance
between:

®  Fregquent low-gain steps. which make efficient
use of the amplificrs by keeping fluence high but intro-
duce fixed losses and higher costs.

® Infrequent steps. which reduce losses and costs
but make inefficient use of amplifiers just following the
steps.

A sccond consideration is the use of uncoated spa-
tial-filter lenses after the amplifiers and the placement of
coited components after appropriate beam expansion.
This allows significantly higher fluence levels through
the amplifier than AR-coated lenses. However, it re-
quires an area ratio in the beam expander that equals the
ratio of the damage levels for uncoated and coated op-
tics.

The third consideration is that it is desirable in
terms of cost and reliability to use fiashlamps of one
standard length: this, in turn, leads to a set of amplifiers
with different numbers of disks and hence standard
diameters. Fortunately. it is possible to satisfy all three
criteria at once and achieve optimal performance per
cost.

The optimum number of disks or amplifiers for a
particular stage can be determined by evaluating the
extractabie energy per unit cost for stages with different
numbers of cost-optimal disks. Figure 2-77 shows the
results of this evaluation for LG-810 laser glass. Ex-
tracted energy per unit cost is plotted vs saturated gain
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per stage. assuming an average output fluence of 11.5
Jicm® at | ns and a transmission loss of 8% for the spatial
filter. This evaluation shows that the optimal saturated
gains per stage range from 2 to 4. For stages with lower
gain (fewer disks ). the performance decereases because
of transmission losses and fixed costs of passive compo-
nents, such as spatial filters, isolators. and beam diag-
nostics. For stages with many disks (and. hence. high
saturated gains), the performance decreases because less
energy is extracted from the disks in the input portion of
the amplifier stages where the fluence levels are lower.

The combination of isofluence design and the use
of uncuvated filter-input lenses leads to chains in which
the fluence alternates between the coated damage level
and the uncoated damage level. Because of the losses at
uncoated surfaces . * the storage-limited performance is
reduced somewhat, bhut the improvement in the pulse
width of interest to fusion makes this reduction worth-
while.

Fused silica provides a damage threshold about 2.3
times higher than that . present AR-coated compo-
nents. Its use leads to an expansion ratio of about 1.46
for successive stages and 4 net gain per stage of 2,14,
assuming a transmission loss of 7% for the uncoated
spatial-filier lenses. This gain is well within the range of
optimal gains per stage. as shown in Fig. 2-77.
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an. 2-77. Perform ce of LG-B!O duk-nmphﬁer mgu
for 1-ns pulse: width; . The_cost effectiveness of extracting
-'thé energy lrom a stage: depends on. the number of disks
-in_the_stage (indicated’ by numbers ‘slong curyes). The
ﬁxed tnnsmlsnon loses per stage reduce the effective
energy ‘extraction for a few disks, while the ¢rergy cannot”
“ be- extracted efﬁcnenlly for a: large number of disks per-.
_‘stage, For LG-810 laser - glass the op!uml number of disks -
per. stage is about six o eight st an\oulput ‘fluence of
“11.5 Yfem2,’ pmvndmg munted net 3:ms m dlc nn.e».'
2-4 per mse ;

*In practice. the reflection losses will be minimized by selecting a
durable low-index material. At present. fused quartz appears ta be the
most pronising.



Amplifiers with standard tlashlamp length but dif-
ferent numbers of disks can match the required diameter
expansion ratio of 1.46 quite well. Some deviations from
this ideal expansion ratio can be tolerated without sig-
nificant impact on the performance-to-cost ratio of the
system.

The energy-storage banks can also be standardized
10 save costs because the optimal flashlamp energy and
optimal pulse duration are similar for all amplifiers de-
scribed above. This is shown in Figs. 2-78 and 2-79 and
allows us to design a common capacitor-bank module
for ull amplifiers. A standard energy-storage bank of 25
kJ per lamp circuit and a pump pulse duration of 3 VLC
= 690 us were sclected for the Nova design. An
energy-storage bank was selected that was somewhat
larger than the average optimal bank for long-pulse
amplifiers. This improves the chain performance for
short laser pulses where, in general, thinner disks and
higher pump energies are required; the compromise does
not degrade the long-pulse performance significantly.

Chain pertormance can be fine-tuned by proper
selection of disk thickness and Nd doping. The effects of
varying the disk thickness are shown in Fig. 2-80(a).
Again, there is some range over which the dish thickness
can be adjusted to improve the overall chain perfor-
mance. Plots for determining the optimum Nd doping of
the disks are shown in Fig. 2-8((h).
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Fig. 2-79. - Opfimum pump-pulse duration for various size
stages is in the v/LC range of 200-260 us. An average
VEC value of 230 ps was selected for the Nova design to
LF.'!DW standardization of the energy-storage banks.

The Nova chain is designed to pertorm well in both
short- and long-pulse regimes from about 0.1 to 10 ns.
This requires. in general, an output stage that is
a compromise between shont- and long-puise optima.
Such a compromise is illustrated in Fig. 2-75, which
shows that the optimum 34-cm-aperture disk for long-
pulse operation is 5.5 ¢m thick and requires a 500-kJ
hank: for short-pulse operation, a 3.5-cm-thick disk and
a 600-kJ bank are optimal. For a 1-is laser design, the
optimum disk thickness is in the range of 4.5 to 5.0 cm.
We have tentatively chosen six S-cm-thick disks for the
output stage tsee the data in Fig. 2-75). However, an
arrangement of eight disks 4.5 ¢m thick is an attractive
option and is also being considered. The six-disk stage
has optimal extraction at 11.5 J/em?® for 1-ns pulses and
provides a saturated gain of 2.03, as shown in Fig. 2-77.
This is anly slightly below the ideal saturated gain of
2. 14 for an assumed bare-to-coated damage ratio of 2.3.

The driver stages can be designed near the long-
pulse optimum because, for short laser pulses. the output
stage has excess gain and unloads the driver stages
sufficiently to avoid nenlinear limitations. The 34-cm
outp.. wtage would require a driver stage with a clear
aperture of about 24 cm. A standard threc-disk am-
plifier has a clear aperture of 22 cm and. thus, is reason-
ably close to this requirement. A higher gain in the
output stage would reduce this difference. and an vutput
stage with more but thinner disks is being examined.
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An amplifier stage with six disks (22-cm clear ap-
erture, 4 cm thick) can provide a saturated gain of 2.1
with a Faraday isolator. This 22-cm stage, in turn, would
require a driver stage with ¢lear aperture of about 15 cm.
A standard four-disk amplifier can match this aperture
requirement quite well. To provide a saturated gain of
2[4 or greater requires six 3.5-cm-thick disks with
16-cm clear apertures. With two standard amplifiers in
this stage. saturated gains of 3.2 and 3.7 (with and
without a Faraday isolator) are available. The extra gain
provides a safety margin and is readily utilized for
long-pulse operation. extending the performance of the
system over a broader dynamic range of pulse durations.
Some additional gain in this driver stage is also desirable
to reduce the fluence in the carlier driver stages and,
hence, reduce the risk of damage to components.

The saturated gain of 3.2 for the 16-¢m stage with
an isolator would atlow us to reduce the driver aperture
to about Y em. To maintain the gain margin and reduce
the drive power required from the rod amplifiers, a
10-cm stage, consisting of two standard amplifiers with
six 2.4-cmi-thick disks cach, was selected for the driver

of the 16-cm stage. The relatively high saturated gain
(5.2) from this stage allows a factor-of-two beam reduc-
tion to S-cm rod amplifiers. The performance of two
1G-cm amplifiers in this stage is ubout 10% lower than
for the opumum seven-disk stage at an output fluence of
11.5 J/em*. However, for longer pulses and higher flu-
ence levels. more energy can be extracted from this stage
(Fig. 2-81). As the pulse duration is increased from 1 1o
4 ns. the performance-to-cost ratio of the stage improves
considerably and is near its peak at 4 ns, which corres-
ponds 10 an output fluence of 23 J/em?®. In other words.
the exira gain and energy storage, provided at the nomi-
nal operating condition of 11.5 J/em® at | ns, bz omes
readily available at longer pulses. Without this extra
gain. it would not be possible to extend the performance
of the system significantly for longer pulse durations.

These techniques were used to design the Nova
chain: Nova camponents are listed in Table 2-12. Costof
the Nova chain in FY 1976 dollars is estimated to be $2.1
million.

The length of this chain is estimated at 76 m: 57 m
for the componcents as shown in Table 2-12, 14 m for the
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pulse durstion and hence increasing oulpm Nuence of the
stage. For longer pulu ‘durations and higher fluence levels,

more disks are required to reuch optimal stage performance. -

preamplifier section, and the remainder for 30-¢m
spacing between components. The location of relay im-
ages js also shown in Table 2-12. An image located at
21.8 em (0.2 m beyond the 10-cm spatial-filter lens.
component 7) will be reimaged at 32.2 m. which is close
10 the input lens of the 16- to 22-cm spatial filter (com-
ponent 14). This image is. in turn, relayed onto the
22-cm spatial-filter lens (component 21) and then reim-
aged within the final spatial filter a1 66.9 m. The final

K e R mar-La
L ) i
g T ./:‘\ T
T 2t— (1) \®
. § . / N
- - e
1=
?_. B @ Argusdota
g 1__ — Model i
F=07
-L Vo= 20 kv
0 1 4l‘ 3 | — L |
e 2 3
lnputpower,Gw

Fh 2-82. ‘Code pufomnnu normalization. Shlhtion of

Laser systems is baced on messured component specifica-
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.system. Variations in systm oondltions result in the

aamt of the data, :

image is located at 109 m, which is in the range of the
focusing optics. This layoul was designed 1o provide
reasonable image positions without adding excessive
relay space to the chain.

The Nova chain was simulated with a4 “"lumped
element”" computer code called **SPACE."" normalized
1o Argus performance (Fig. 2-82). The pertormance of
the Nova chain design is shown in Tables 2-13 through
2-15 for pulse durations of 0.1, 1, and 10 ns. For sub-
nanosecond pulses, the chain is B-limited in the sutput
stage, providing up to 8.6 TW at 0.1 ns with a fill factor
of 0.7, as shown in Tahle 2-13. At this pulse duration.
we estimate a smooth-beam fluence of 1.9 and 0.9 J/iem?*
on bare and AR-coated surfaces, respectivels. This is
about a factor of four below the diamage limit. In other
words, beam-intensity ripples of up 10 4:1 could he
tolerated. In the driver stages, lower fluences and larger
safety margins exist.

In the {-ns regime the chain is fluence-limited.
providing up to 5 kJ as shown in Table 2-14 and Fig.
2-83. Inthis regime. the desired safety margin of a factor
of two for beam intensity ripples limits the maximum
fluence to 5 and 11.5 Jem? for coated and hare surfaces.
respectively. Again, the driver stages operate at similar
or lower fluence levels and. hencee, have a good safety
margin,

For pulses longer than 1 nx, most of the stored
energy is extracted. For 10-ns pulses., the driver stages
are at isofluence for an output fluence level of about 21
Jem?®, producing about 9.4 kJ per beam. as shown in
Table 2-15. This fluence level is a factor of 3.4 below the
damage limit of bare surfaces. In addition. the beam-in-
tensity moculations from nonlinear effects should be
significantly reduced bec. use the AB values of the
stages arc well below | rad. In the long-pulsc regime.
larger pinholes will be used to reduce diftraction effecis
and avoid premature pinhole closure. Tight spatial fil-
tering should not be necessary tor pulse durations longer
than 2 ns hecause nenlinear effects are no longer
dominating the performance of the system.

The results of this evaluation for different pulse
durations are summarized in Fig. 2-83. Here. again. the
three regimes of operation are shown. For pulse duru-
tions below 0.6 ns the system is primarily B-limited.
while for pulse durations above 1.5 ns the system is
heavily saturated. Only for pulse durations from about
(.6 to 1.5 ns does the average fluence of this svstem
approach the damage limit of materials within a factor of
two. In other words. the modulation of the beam inten-
sity has to be kept below 2:1 in the 1-ns regime while
higher modulations are tolerable for shorter and longer
pulse durations, It is in this fluence-limiting regime that
better AR coatings and more durable materials are most
beneficial. The potential reduction of accidental damage
and its resulting high maintenance cost alone justify a
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Table 2-12. Nova chain components.

“hick- .. Component Distance
1 Aperture, Numb Tnl::s. Refractive index e::;:\. Gross Cost, k" Ienl;th. along
No. ltem* m regd. cm N, 10 Yesn  kJ gain  Total Mech. Opt. Elect. m chain, m
0 PAGA 20 400 §0.0 50.0 20.0 14.00 14.0
(Image distance  6.30 21.8)
1 SF1S 10.0 1 0.8 1597 1.24 1] 0.99 6 5.2 1.0 0.0 1.50 15.5
2 DISK 10.0 6 24 1426 0.50 200 4.50 68 13.3 12.7 424 1.69 17.5
3 POL 10,0 2 0.8 1.507 1.24 0 0.94 7 28 4.0 0.0 0.36 18.2
4 FR 10,0 1 0.8 1670 2.10 20 0.98 13 6.7 24 490 0.80 19.0
5 POL 16.0 2 48  1.507 .24 o 0.94 7 2.8 4.0 0.0 0.36 19.3
6 DISK 1.0 [ 24 1426 0.50 200 4.50 68 13.3 12.7 424 1.69 21.3
7 SFIS 10.0 1 0.8 1.451 0.95 0 0.93 6 5.2 12 00 1.50 21.6
(Imuge distance  6.74 32.2)
8 SFIS 16,0 1 L1 1507 1.24 (] 0.99 8 6.2 L8 0.0 2.4 25.5
9 POL 16.0 2 L1 1.507 1.24 (] 094 4 4.0 10.2 0.0 0.58 26.4
10 FR 16.0 1 Ll L670 2.10 50 098 26 7.8 8.4 100 1.28 21.7
11 POL 16.0 2 1.1 1.507 124 0 0.94 14 4.0 10.2 0.0 0,58 28.2
12 DISK 16.0 4 35 142 0.50 300 3.30 106 17.5 248 63.6 1.72 30.3
13 DISK 16,0 4 3.5 L4 0.50 300 3.30 106 17.5 24.8 6.6 1.72 32.3
14 SFIS 16.0 1 L1 1451 0.95 0 0.93 9 6.2 26 00 2.40 32.6
1lmage distance  7.19 45.5)
15 SFIS 22.0 1 L5 L507 1.24 0 0.99 10 7.2 29 0.0 .30 383
16 POL 22.0 1 1.5 0507 1.24 [} 0.96 13 2.9 9.7 0.0 0.40 39.0
17 FR 22,0 1 1.5 Le670 2.10 80 0.98 47 9.4 21.8 16.0 1.76 40.7
18 POL 22.0 1 1.5 1.507 1.24 0 0.96 13 29 9.7 0.0 .40 41.1
19 DISK 22,0 3 4.0 1.426 0.50 400 240 143 21.0 37.1 848 1.72 43.2
20 DISK 22,0 3 4.0 1.426 0.50 400 240 143 21.0 37.1 B4.8 1,72 45.2
21 SFIs 22,0 t 1.5 1.451 0.95 0 0.93 12 7.2 50 0.0 3.30 45.5
(Image distance 12.98 66.9)
22 SFi1s M0 1 23 1.507 1.24 0 0.99 16 9.3 63 0.0 5.10 53.9
23 pisK M0 2 5.0 1426 0.50 600 1.70 223 28.0 67.8 127.2 1.7 55.9
24 DISK Mo 2 50 1426 0.50 6 1.70 223 28.0 67.8 127.2 L7 579
25 DISK 4.0 2 50 1.426 0.50 600 1.70 223 28.0 67.8 127.2 1.71 59.9
26 SF20 M0 1 2.3 1451 0.95 0 093 23 9.3 4.1 0.0 6.80 60.2
(Image distance 32.53 109.6)
27 FO 45.0 1 13.5 1.507 1.24 0 0.90 179 40.5 138.2 0.0 9.00 76.0
Totals 3770k} $2127k 407k 3656 k $813 k

Alignment cost: $250 k/chain
Component length withont PA: 57.2 m
Volume of laser glass: 88.7 liters
Number of Mashlamps: 288

“PA = preamplifier, a = alignment, SF = spatial filter, DISK = laser amplifier disk, POL = polarizer, FR = Faraday rofator,
FO = focusing optics at end of chain.

"Mech, = hanical, Opt. = optical, Elect. = electrical.
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Table 2-13. Nova chai= performance for a 100-ps pulse.

Thick- Refractive index Bank Gain Incre-
1D Aperture, Number ness, energy, — . Energy, mental Fluence, Cost,
No. Iten? cm reqd. cm n n., 107" esu kJ Gross  Saturated J B, rad Jiem?® $k
0 PA+A 20 1 400
1 SFI5 10.0 1 0.8 1.507 1.24 0 0.99 0.99 1 0.00 0.01 6
2 DISK 10.0 6 24 1426 0.50 200 4.50 4.17 3 0.03 0.06 68
3 POL 10.0 2 0.8 1.507 1.24 0 0.94 0.94 3 0.02 0.06 7
-4 FR 10.0 1 0.8 1.670 2.10 20 0.98 0.95 3 0.01 0.06 13
S POL 10.0 2 0.8 1.507 1.24 0 0.94 0.94 3 0.M1 .06 7
6 DISK 10.0 6 24 1.426 0.50 240 4.50 4.12 12 0.12 0.22 68
7 SFI5 10.0 1 0.8 1.451 0.95 0 .93 0.93 11 0.03 0.22 6
- (Lo n 0.2%
8 SF15 16.0 1 1.1 1.507 1.24 [} 0.99 0.9 11 0.02 0.98 3
9 POL 16.0 2 L1 1.507 1.24 0 0.94 0.94 10 0.03 0.08 14
10 FR 16.0 1 1.1 1.670 210 50 0.98 0,98 10 0.03 0.07 26
11 POL 16.0 2 .1 1.507 1.24 0 0.94 0.94 10 003 0.07 14
12 DISK 16.0 4 35 1426 0.50 300 3.30 3.07 29 013 .21 106
13 DISK 16.0 4 35 1426 0.50 K] .30 2.99 87 0.39 0.62 106
14 SF15 16.0 1 1.1 1.451 0.95 1] 0.93 0.93 81 o.n 0.62 9
.o 81 0.72)
15 SF15 22.0 1 1.5 1.507 1.24 0 0.9 0.99 80 0.99 0.30 10
16 POL 22.0 1 i.5 1.507 1.24 1] 0.96 0.9 77 0.07 0.30 13
17 FR 22,0 1 1.5 1.670 2.10 80 0.98 0.98 76 0.14 0.29 47
18 POL 22,0 1 1.5 L507 124 1] 0.96 0.96 73 0.07 0.28 13
19 DISK 22.0 3 4.0 1.426 0.50 400 2.40 221 161 0.37 0.60 143
20 DISK 22.0 3 4.0 1.426 0.50 400 2.40 2.13 383 0.80 1.29 143
21 SFIs 22.0 1 L5 1.451 0.95 0 0.93 093 319 0.31 1.29 12
0.9 316 1.84)
22 SFis 3.0 1 2.3 1.507 1.24 0 0.9 099 313 0.23 0.50 16
23 DISK 34.0 2 50 1.426 0.50 600 1.70 1.59 498 0.46 0.78 223
24 DISK 3.0 2 5.0 1426 0.50 600 1.70 1.57 780 0.73 1.23 223
25 DISK 3.0 2 5.0 1426 0.50 600 1.70 1.53 1193 113 1.88 223
26 SF20 3.0 1 2.3 1.451 0.95 aQ 0.93 0.93 1110 0.68 1.88 23
0.88 972 324
27 FO 45.0 1 13.5  1.507 1.24 0 0.90 090 877 2.3 0.87 179
(0.98 855 2.3
Totals 3770k) 856 J 8.3 rad $2127 k

Input energy: 0.81 J

Pulse duration: 1,051 ns

Laser wavelength: 1.051 um

Emission cross section: 2,57 X 107" ¢cm?
Gain recovery time: 1.3 ns

Effective saturation fluence: 3.77 J/cm?
Cost of laser glass: Based on ED-2 cost
Large-scale noise;: 0.2%

Small-scale noise: 0.02%

Scatter loss per surface: 0.3%
Absorption loss: 0.2%/cm

Fill factor: 0.7

Z-value: 0.402 kJ/$M

"PA = preamplifier, A = alignment, SF = spatial filter, DISK = laser amplifier disk, POL = polarizer, FR = Faraday rotator, FO =
focusing optics at end of chain.
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Table 2-14. Nova chain performance for a 1-ns pulse.

hick. cre-
1D Aperture, Numher 1:::: Mimﬁ_ e:::lgl;, G‘ﬂ'— Energy, r:‘ental Fluence, Cost,
No. Itenr* cm reqd. cm n n., 10 ' esu kJ Gross  Saturated J B, rad Jiem® $i
0 PA+A 20 ki) 400
1 SF1S 10.0 ] 0.8 1,507 1.24 0 0.99 0.99 a0 0.01 0.55 6
2 DISK 10.0 6 24 1426 0.50 200 4.50 3.70 110 0.12 2,00 68
3 POL 10.0 2 0.8 1507 1.24 0 0.94 0.94 103 0.05 2.00 7
4 FR 10,0 1 0.8 1.670 2.10 20 0.98 0.98 101 0.05 1.88 13
5 POL 10.0 2 0.8 1507 1.24 0 0.94 0.94 95 0.08 1.84 7
6 DISK 10.0 6 W4 1426 0.50 200 4.50 kX ") 289 0.33 5.26 68
7 SF1S 10.0 1 0.8 1451 0.95 (] 0.93 0.93 269 0.07 5.26 &
1.00 269 0.67)
8 SFIS 16,0 1 1.1 1507 1.24 0 0.99 0.99 266 0.4 1.91 8
9 POL 16.0 2 L1 1507 124 0 0.94 0.94 250 0.07 1.89 14
10 FR 16.0 i .1 Le70 2.10 50 0.98 0.98 245 0.06 1.78 26
1 POL 16,0 2 L LS07 1.24 [} 0.94 .84 230 0.06 1.74 4
12 DISK 16,0 4 35 1426 0.50 RICT .30 2.5 576 0.27 4.9 106
13 DISK 16.0 4 A5 1426 .50 00 a3 2.08 1178 0.61 8.37 106
14 SFIS 16.0 I 1.1 1451 0,95 [ 0,93 093 1095 0.18 8.37 9
(1.00 193 1.26)
15 SF1§ 22.0 1 LS 1507 1.24 [ 0.99 0.99 182 0.13 4.11 10
16  POL 22.0 1 1.5 1.507 1.24 ] 0.96 0.96 H38 0.10 4,06 13
17 FR 22.0 1 1.5 1.670 2.10 80 0.98 0.98 1018 0.18 3.9 47
18 POL 22,0 1 1.5 L.507 124 (1] 0.96 0.96 977 0.09 .82 13
19 DISK 2.0 3 4.0 1426 0.50 400 240 1.76 1718 0.43 6.44 143
20 DISK 22.0 3 4.0 1426 0.50 400 2.40 1.57 2684 0.72 0.08 143
2i SFis 22.0 1 1.5 1451 0.95 0 0.93 0.93 2496 0.24 0.08 12
10.99 2474 1.89)
22  SFIs M0 1 23 1.807 1.24 ] 0.99 0.99 2449 0.18 3.89 16
23 DISK 34.0 2 5.0 1426 0.50 600 .70 1.41 3449 0.34 543 223
24 DISK 3.0 2 5.0 1426 .50 600 1.70 1.35 4658 0.47 7.33 223
25 DISK 3.0 2 5.0 142 0.50 600 1.70 130 6039 0.62 9.50 223
26 SKF20 34.0 1 2.3 145 0.95 0 0.93 0.93 5616 0.38 9.50 23
0.99 5560 1.96)
27 FO 45.0 1 13.5 0507 1.24 0 0.90 0.90 5021 132 4.99 179
(L00  S007 1.32)
Totals 3770kJ 5007 ) 6.1 rad $2127 k

Input energy: 30 )

Pulse duration: 1 ns

Laser wavelength: 1.051 zm

Emission cross section: 2.57 X 10 *" em?
Gain recovery lime: 1.3 ns

Effective saturation fluence: 4.5 J/em?®
Cost of laser glass: Based on ED-2 cost
Large-scale noise: .2%

Small-scale noise: 0.02%

Scatter Joss per surface: 0.3%
Absorption loss: 0.2%

Fill factor: 4.7

Z-value: 2.354 kJ/$M

aPA = preamplifier, A = alignment, SF = spatial filter, DISK = laser amplifier disk, POL = polarizer, FR = Faraday rotator, FO =focusing
optics at end of chain.
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Table 2-15. Nova chain performance for a 10-ns pulse.

. Thick-  p efractive index Bank Gain . Incre. .
iD Apertere, Number ness, energy. Energy, mental Flux, Cost,
No. Item* cm reqd. cm n ny, 10 ¥ esy kJ Gross  Saturated J B.rad  Jiem?® $k
0 PA+A 20 250 400
1 SFI5 10.0 1 0.8 1.507 1.24 0 0.99 0.99 248 0.01 4.55 6
2 DISK 10.0 6 24 1.426 0.50 200 4.50 .62 647 0.08 11.78 68
3 POL 10.0 2 0.8 1.507 1.24 (1] 0.94 0.94 609 0.03 11.78 7
4 FR 10.0 1 0.8 1.670 2.10 20 0.98 0.98 596 403 11.07 13
5 POL 10.0 2 0.8 1.507 1.24 (] 0.94 0.94 §61 ¢.03 10.85 7
6 DISK 10,0 6 24 1426 0.50 200 4.50 LYY 118 415 20.34 68
7 SFI5 10.0 1 0.8 1451 0.95 0 0.93 0.93 1040 6.03 20.34 6
(1.00 1040 0.15)
8 SEI15 16.0 1 1 1,507 .24 (i} .99 0.99 1029 0.2 1.39 8
9 POL 16.0 2 L1 507 1.24 0 0.94 0.94 968 0.03 7.3 14
10 FR 16,0 1 1.1 1670 2.10 50 0.98 0.98 948 0.02 6.87 26
1 POL 16.0 2 1.1 1507 1.24 0 0.94 0.94 891 0.02 6.74 4
12 DISK 16.0 4 3.5 1426 0.50 300 3.3 2.02 1803 0. 12.81 106
13 DISK 16.0 4 35 1426 .50 360 3.30 1.68 2984 0.7 21,20 106
14 SFIS 16.0 1 1.1 1451 0.95 [] 0.93 0,93 2775 0.4 21.20 9
(L0 2774 0.39)
15 SFIS 22.0 1 1.5 1.507 1.24 0 0.99 0.99 2746 0.03 10.42 10
16  POL 22.0 1 1.5 1.507 1.24 [}] 0.96 0.96 2636 0.02 10.32 13
17 FR 22,0 1 1.5 1.670 2.10 80 0.98 0.98 2583 0,05 9.91 47
18 POL 22.0 1 1.5 1507 1.24 0 0.96 0.96 2480 0.02 9,71 13
19 DISK 22.0 a 4.0 1426 0.50 400 2.40 1.57 A9 0.10 14.67 143
20 DISK 22,0 3 4.0 1.426 0.50 400 2,40 1.42 5547 0.16 20.84 143
21 SFis 22.0 1 1.5 1451 0.95 0 0.93 0.93 S158 0.05 20.84 12
(1.00 §156 0.:4)
22 SFIs Mo 1 23 1.507 1.24 0 0.99 0.99 S14 0.04 8.11 16
23  DISK .0 2 5.0 1.426 0.50 60 1.70 1.35 6897 0.07 10.85 223
24 DISK X 2 5.0 1.426 0.50 600 1.70 1.30 8946 0.09 14.08 23
25 DISK 3.0 2 5.0 ).426 0.50 600 1.70 1.25 177 0.12 17.59 223
26 SF20 X0} 1 2.3 145 0.95 0 0.93 0.93 10394 0.06 17.59 23
t1.00 10390 0.38)
27 FO 45.0 1 135 1.507 124 0 0.90 0.9 9382 0.2 9.33 179
(1.00 9379 0.25)
Totals 3770 k) 93793 1.5rad $2127 k

Input energy: 250 )

Pulse duration: 10 ns

Laser wavelength: 1.051 um

Emission cross section: 2.57 x 10 *" cm?
Gain recovery time: 1.3 ns

Effective saturation fMuence: 6.68 J/em®
Cost of laser glass: 1 Based on ED-2 cost
Large-scale noise: 0.2%

Small-scale noise: 0.02%

Scatter loss per surface: 0.3%
Absorption loss: 0.2%

Fill factor: 0.7

Z-value: 4,409 kJ/SM

°PA = preamplifiers, A = alignment, SF = spatial filter, DISK = laser amplifier disk, POL = pofarizer, FR = Faraday rotator,
FO = focusing optics at end of chain.
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Fig. 2-83. Nova chain performance for various pulse
lengths, ing three disti gl Nonli effects
donii the sub d regime. Fluence limitations
determine the performance at 1 ns, and finally most of the
extractable energy is e d in the long-pulse regime.

substantial effort to maprove the damage thresholds of
coatings and bare materials to provide a higher safety
margin.

Figure 2-84 shows a ditferent representation of the
Nova chain perforimance by plotting the energy on target
as a {unction of the input energy to the 10-cm disk
amplifier of each chain. In this graph. the energy on
target for subnanasccond pulses is limited by nonlinear
effects to 0.86 and 2.4 kJ tor 0.1- and O ?-ns pulses,
respectively. For 1-ns pulses the system becomes flu-
ence-limited at 30 J of input and 5 kJ of output before
reaching the nonlinear limit. The performance at 3 ns
and 10 ns is improved over the 1-ns case because of guin
recovery, which increases the effective saturation flu-
ence and. hencee, the saturated gain of the amplificrs.

Laser chains must be integrated into a target irradi-
ation system before the design is complete. This in-
volves selecting the appropriate number of chains and
the physical layout of the chains in a building. as well as
directing the output beams onto the target.

The number of ¢hains is determined by the relation
between chain output and cost, as well as by the fixed
cost per chain. Given a fixed budget for a laser system,
the output available from various numbers of chains is
determined, and, taking fixed costs into account, the
optimum number of chains is thus determined. The
details are spelled out in §2.5 of the 1976 CP&D report.
We have found that the most cost-effective system has a
small number of chains of very large aperture (50-100
cm). Because the production of very large laser disks
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Fig. 2-84. The cnergy on target, increasing with increasing
energy into the disk amplifier untit nonlinear or fluence
fimitati are reached. The impr in long-pulse
performance result from gain recovery with a time constant
of 1.3 ns, which improves the saturated gain of the amplifiers.

and passive optics is unproven technology at present, we
feel that there is risk in designs much Jarger than those
that have already been built (the 30-¢cm D module). We
have. therefore, stopped at the 34-cm aperture shown in
the Nova design.

The physical layout of the chains depends on their
total length. This length s, in turn, sci by considering
noise-filtering. optical-relay. and pinhole-closing prop-
erties of the expander-filter-refay elements. The ratio of
filter length to pinhole size in these clements is set by the
desired filtering properties. which are determined by
detailed prop: sation caleulations. The actual size of the
pinhole is deceemined by the necessity of keeping plasnia
formed on its edge from reducing transmission or dis-
torting the beam. By making the pinhole large enough,
we may make the travel time of the plasma from the edge
1o the central beaw. position longer than the pulse width,
or reduce the intensity on the edge below the threshold
for plasma formation. This pinhole size, combined with
the desired filtering propertics, then specifies the length
of the expander-filter relay. Once this has been done for
all filters in the chain, the amplifiers and filters may be
laid out so 1hat the net oprical length of the chain is near
zero, which leads to minimal diffraction effects. high fill
factors, and. consequently. high output power and
energy.

In practice. the layout procedure outlined above
favors very long chains. However, the total project cost
is reduced by shortening the chain. Although this will
reduce the chain output. it will reduce the laser-plus-
building costs even faster (for a while) so that there is net
performance-per-cost benzfit To determine how short
the chains can be made before performance begins fal-
ling faster than total cost, we must follow a procedure
involving extensive propagation calculations, experi-
ments to accurately measure pinhole closure as a func-



tion of loading and pulse width, and drafting of a variety
of splitting and folding options. While we already have a
layout that gives excellent performance. this total sys-
tem optimization is continuing. The current layout fea-
tres:

®  Anarrangement in which more space is allotted
to filters than amplifier sections. This leads 1o net nega-
tive optical lengih through the system but shortens the
physical length considerably,

® A mixed filtering strategy where both short and
long filters are used in the chain. Pinholes are enlarged in
the downstream filters for pulses longer than 2 ns. This
increases pinhole transmission time but reduces filter-
ing: it is possible to do this because nonlinear effects ure
greatly reduced at longer pulse widths.

Tiansport of the beams to the target is straightfor-
ward once the chains have been laid out. The only
influence of chain layoutis that it is desirable to have the
coated clements (turning mirrors and focus lenses) ncar
positions that have zero optical path., so that modulation
depth at these sensitive items will be minimal. This will
increase the operztional reliability of the systein and
decrease tota) life-cycle cost.

In summary. we select chain count by balancing the
increasing cost-effectiveness of chains with larger and
larger apertures against the increasing risk of larger
optics. We select the layout by balancing the increasing
performance of longer chains against increasing cost.
Finally. we bring the beams to the target while keeping
sensitive coated components in smooth portions of the
beam. The result is an irradiation laser with the highest
possible performance for a given expenditure. The sen-

sitivity of this laser-target system to material and propa-
gation parameters is the subject of ongoing investiga-
tion. A design freeze of the Nova laser system is ex-
pected o come in early FY 1979,

Authors
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2,1.2  Nova Optics

Novitlaser opties. listed in Table 2-16, must gener-
ate and amplify the laser pulse with maximum etiioieney
and minimum distortion. Nova's optical components are
similar to Shiva s, and we can use the experience gained
in designing and building Shiva tor construction ol
Novau. Still. there are two aspects of the opties that make
Nova # potentially more difficult project than Shiva:

® New improved optical components.

®  Considerably larger size and quantity of Nova
aplics.

The requiremenis tor Nova optical materials de-
pend on their funetion in the faser chain. In general. the
transmitting optical components must use nuateriais that:

® Have low nonlinear indices of retraction iny)to
prevent laser beam breakup.

@ Can be finished to high optical 1olerances.

® Have high laser-damage thresholds.

Table 2-16. Nova optical components.

Percent of

oplics budget Manerial

Active Elements
Laser rods
(ends are AR-voated)
Laser disks
telliptically shaped, edge-clad with a 1.06-um
ahsorbing material to prevent parasitic oscillation)
Faraday isolators
Pockels cell shutters
Oscillator
Passive Elements

Lenses

(AR-coated and slightly aspheric)
Windows and polarizers

{coated)
Mirrors

(one set with highly reflective coating,

one set with partially transmitting coating)
Debris shields

2 Fluoraphosphate
ol Fluarophosphate
3 FR-§
2 RD*p
— YLF or YAG
12 BR-7/fused silica
7 BKR-7
il BK-7
3 BK-7/fused silica
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Table 2-17.

Design criteria for Nova optics.

Fluorophosphate laser glass:
Nonlinear index coefficient ¥
Energy storage, Jem?®
Cross section o
Attenuation coeff. @ 105, nm
NdF, doping
Optical quality
Damage threshold

Coatings:

A, Antireflective (AR} coatings

Reflectance
Damage threshold
B. High-reflective (HR) coatings
Reflectance
Damage threshold

Lenses (coated and uncoatert):
Linear index n,

Nonlinear index coefficient ¥
Damage threshold

Isnlators:
A, Pockels cells
Transmission

B. Faraday rotecors
Transmission

Increrental B
Daznage threshold

(1.6 + 0.15) x 10 * m*YW
Higher than ED-2 glass
2.6 = 0.2) x 10 ** cm?*
“<0.2m '

2.2 + 0.2 wit%

Equivatent to PH-4

~20 Jiem* @ 1 ns

“<1%
~10 Jiem* @ 1 ns

*99.5
10 Jiem* @ I ns

<151

<36 x 10 * m*/W
-10 Jiem? (coated)
-20 J/em® (uncoated)

-98% (on)
“ 1% (off)

~0.90 (forward)
<10 * (back)
<025

15 Jem* @ 1 ns

‘Component .

Polarizers. -
' Rotators .
-Pockels calls
Lasor disks - -
Tumlngmirrou
‘Focus Innsu =

| -Spatial filter lerises
Lesarrods = .

" Aotators.

Volumn o‘; glns, |hru .
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The Nova optical materials listed in Table Z-16 have
been chosen on the basis of the highest possible perfor-
mance per unit cost, taking into account manufactura-
bility and damage resistance.

Fluorophosphate laser glass, 2 Jow-n, material suc-
cessfully developed over the past two years with DOE
support, is the glass chosen for the active laser material.
It may also be used for certain lenses and windows where
a low nonlinear index is especially important. The pre-
sent size of fluorophosphate melts is close te the largest
Nova disk size.

Antireflection (AR) coatings are the flux-limiting
material for laser pulse widths in the 0.2- to 2-ns range.
as discussed in the preceding section. The Nova chain
has been designed with the assumption that AR coatings
will be produced with damage thresholds of at lea:” '0
Jfe 2 at | ns, alevel presently attained by Shiva pro.uc-
tion coatings. However. through additional develop-
ment cfforts, the damage resistance of AR coatings may
be improved 40-50% by the time production of coated

Nova optics begins. In this case, the reliability of [Nova
will be significantly increased and maintenance costs
lowered.

The Faraday isolators, Pockels cell shutters,
lenses, mirrors, and windows for Nova will use the same
materials as Shiva, although some will be much larger.
The debris shields for Nova, however, will be fabricated
from fused silica instead of from BK-7. A new oscillator
material will be needed to match the new fluorophos-
phate laser glass. The design criteria used for the Nova
chain ontics are listed in Table 2-17. Figure 2-85 com-
pares the optical requirements of the Shiva and Nova
lasers.

New Laser Glass. For high-powered lasers. the
importance of using optically transmitting maierials
with low nonlinear refractive index values (n,) is well
known.'™'" For this reason fluorophosphate glasses
have been chosen as the laser glass material. The n,
values of optical glasses are shown in Fig. 2-86. The
conmercial low-n, fluorophosphates LHG-10 (Hoyi,

19 T T T T T T T T T T
- Nonlinear index
NS (10773 esu) e e
181 2 AN
N
-
Silicates
1.7 ¢ Phosphates
| ~
~
16 Fluorophosphates
k-]
c
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(13
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g 1sf .
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N - -4
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8eF,{B8800) S~
I 2 =~ o025 -
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<w-———  Abbé number v d

Fig. 2-86. Linear and nonlinear indices of optical glasses.
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E-181 (Owens-lilinois), and LG-812 (Schott) on this
Abb¢ diagram were identified during a three-year re-
scarch and develepment program supported primarily by
DOE.

During those three years, fluorophosphate com-
position was also extensively explored. The composi-
tions investigated are plotted as points on the
pseudoguaternary diagram in Fig. 2-87. This diagram is
a three-dimensional tetrahedron whose four vertices
cach correspond to 100% of one of the four components
Al(PO,),, AIF,, RF,, and MF (R = Mg, Ca, Sr, or Ba;
M = Li. Na, or K). Expressing the fluorophosphate
compositions this way helps categorize the extremely
large number of possible compositions. The glass-
forming region of low-n; fluorophosphates is shown by
the shaded voluime. Four commercial glasses are indi-
cated.

The spectroscopic and optical properties of ap-
proximately 80 fluorophosphate glasses have been mea-
sured. Data is tabularized in Vol. Il of Nd: Laser Glasy
Data Sheets. " From these studies, potential commercial
fluorophosphate laser glasses have been identified. The
properties of certain fluorophosphate glasses are listed in

Table 2-18. These glasses possess low stress-optic coef-
ficients, long fluorescent lifetimes, and good durability.

Smali-signal optical gain mcasuremcnts have been
made on the fluorophosphate glasses. These glasses
have measured gains within 10% of projected values.
using spectroscopic data and computer modeling.

Large pieces have already been made by cach of the
three participating commercial glass manufacturers
(Hoya, Schott, and Owens-Illinois); results vary from
promising glass—frec from devitrification and major
striae, but evidencing bubbles and inhomogeneity — 1o
glass with adequate optical quality. One such high-qual-
ity piece of LHG-10 glass, 12.5 X 25.3 X 3¢m, shows a
stress berefringence of 4 nm/cm and a homogeneity of =
1.5 x 10 4,

These are all experimental melts, however, and it is
necessary ta evolve from this stage 10 prototype, qualifi-
cation, and early production phases: such a plan is being
implemented by LLL in conjunction with the DOE-
funded glass development program. The amticipated
glass development plan will follow the scenario shown
in Fig. 2-88.

Fig. 2-87. Glass-forming regions of
fluorophosphate glasses. The fowr vertices
cach correxpond to one of four main

comp s of fluorophosy po-
sition. R = Mg, Ca, Sr. or Ba: M = Li,
Na, or K.

RF2 = alkaline earth fluoride
MF = alkali fluoride

AlF,
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Table 2-18. Properties of certain fluorophosphate glasses.

LG-812 E-181 LHG-10 LG-802 EVF-L
Optical and Spectroscopic Properties
Nonlinear index n., 10 Y esu cale. 0.50 0.52 0.58 0.63 0.70
meas, 0.49 - 0.08
Peak stimuluted-emission cross section oy {84 7 eny? 2.6 2.6 2.6 2.7 2.9
Lifetime at Nd concentration of 2 x 10°" em *, us 465 430 420 30) Ky}
Peak fluorescence wavelength Ay, nin 1051 1050 1051 1052 1053
Linewidth (FWHM) iA, am 26.1 26.0 26.5 26.2 25,6
Linewidth (effective) 3A. . nm 31.0 0.4 31.3 30.9 30.4
Absorption ¢fficiency of § = 1F" Nd dens/enr®
for 15-mm xenon flushlamps at 1600 Alem® 090 0.91 0,93 0,94 0.97
(relative to ED-2)
Refractive index ut peak fluorescence 1.426 1.434 1354 1.470 1479
wavelength niA)
AbbE number tny,  Diny 0, 9.6 92.2 89.9 88.0 8.5
Refractive indes temperature coefficient 7.7 4.9 8.3 8.0
m/aT, 10 ¢ C !
‘Thermal coefficient of optical puth lenpth 1.4 1.8 0.9
omiir, 1Y C !
Stress optic coefficient M. nm -em/kg 091 0.72 0.61 0.66 0.58
Thermal Properties
Thermal expansion cocefficient «, 10 ¢ °C ! 14.6" 14.8" 15.8 13.4 149"
Specific heat capacity at constant pressure C,., 0.71 0.84 0,63 0.63
Jem?-K
Thermal heat conductivity «, Wm- 'K ' 1.6i6 0.89 091
Transformation point T.,"C 407 383 435 437 389
Mechanical Properties
Density g, glem® KAL) 347 304 A7 372
Knoop hardness Ky, kg/min?, H) g 330 REN 360 350
* 300 0C
"25 to 10T
100 to INC
Fig. 2-88. Development schedule for
Y197 :
FY1978]FY1979|FY1980}. large-scale fluorophosphate melts,
Phase | ! v '
22-cm disks A
35-cm disks A
35-cm disks Py
Phase Il
35-cm disks
36- to 46-cm segmented disks
Phase 111 1
Qualification disks Py
Early production
Concurrent Battelle edge clad rAY
Concurrent finishing development A
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The manufacture of a laser glass disk is divided into
two main parts: production of the blank and optical
finishing. These functions are generally provided by
different vendors. Producing the blank is the more com-
plex function and more expensive by a factor of about
three. Blank production involves the following arcas:

® Constituent materials (high-purity chemicals,
including purchasing, storing, and, in some cases, re-
processing).

® Mix, melt, and cast (requircs platinum fur-
naces, complex technology to avoid contamination and
to produce a high fevel of homogeneity). The step im-
mediately following the cast is a controlled-cooling/
coarse-annealing process.

® Edge preparation, cladding, and final anneal.

Based on the work done so far, the process of
castit. 2 appears to be more reliable for fluorophosphate
glasacs than for silicate glasses, because, in part, of the
lower viscosity of the fluorophosphate at the appropriate
pouring temperature.

Itis apparent that the cost of the high-purity materi-
als that go into the melt will be a considerably larger
portion of the overall cost of fluorophosphates than was
the case with silicates. The materials may represent
perhaps 10-30% of the total cost, as opposed to a very
few percent in the past. Efforts are now being made to
find suitable sources for the high-purity fluorides.

Finishing of laser glass disks is best done on high-
precision, temperature-controlled, continuous-polish-
ing laps. In a current program, both the LLL. shop and
several vendors are polishing small and intermediate
fluorophosphate samples (up to about 20 cm). Excellent
progress has been reported. There is a high degree of
finishing-vendor interest in the Nova program; over the
last two years there has been a substantial increase in the
number of 2.0- to 2.4-m machines capable of doing this
waork, and more are planned. The finishing development
program is being extended to processing of large pieces
as soon as they become available.

The current program for large-scale fluorophos-
phate melts will be coordinated with the current DOE-
funded fluorophosphate laser glass development pro-
gram and will provide separate LLL funding for the
extension of the program to that production of pre-
prototype, large-size, edge-clad laser disks.

The importance of edge claddings for the suppres-
sion of parasitic modes has been described else-
where. ' The maximum allowable reflectance and
transmission of the edge cladding is set by the maximum
gain-length (a L) product present in any disk in the Nova
chain. To meet the design criteria for parasitic suppres-
sion, the edge cladding must have the characteristics
listed in Table 2-19.

Development efforts on fluorophosphate edge
claddings are currently under way at the glass companies
and at Battelle Memorial Institute. A previous program
of this type was very successful in developing claddings
for ED-2 and LSG-91H silicate glasses.®® Prelitninary
results indicate that several candidates for the
fluorophosphite edge-cladding material exist. Reflec-
tance measurements for one cladding, ECP-10, de-
veloped by Hoya for LHG- 10, demonstrate that good-
quality claddings for fluorophosphate glass are currently
available.

Other Components. The material chosen for
spatial filter lenses and polarizer substrates is BK-7. The
higher nonlinear index of BK-7 compared with
fluorophosphate glass is offset by its much lower cost
(30.25/cm® vs - $3/em?). However, the high flux levels
present at the final focusing lens and target chamber
windows may require that one or both of these elements
be fabricated from a material with a lower n, to maintain
good beam quality. Our options include the use of
fluorophosphate glass or fused silica. A camparison of
the figures of merit for lenses and windows made of
these materials is given in Table 2-20.

Table 2-19. Design properties of edge claddings.

1. Refractive index match:
Refractive index of claddi
Refractive index of glass

0.978 <

2. Transmission:
<2% at 1.052 ym,
<20% at 1.3 pm.

. Total reflectivity:
<0.4% at 1.05 pm.

4. Damage threshold:
>20 J/em? delivered in <1 ms.

w

=< 1.026 at 1.05 pm.
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Table 2-20. Refractive indices and relative figures of merit for lens and window materials at 1064 nm.

Material n, n; (10 ¥ esn) nin  1/n, n/n,
Boraosilicate (BK-7) 1.517 1.24 1.0 1.0
Fused silica (5i0.) 1.458 0.95 1.1 i.2
Fluorophosphate (FK-51) 1.487 0.69 1.7 1.8

1.431 0.50 2.0 2.3

Fluerophosphate (FK-54)

Twao large turning mirrors will be used in Nova.
One of these must be partially transmitting ( - 2%) for
return-beam diagnostics and thuy needs to have good
optical quality. The other mirror is 99.5% reflective and
does not require substrate glass of high optical quality.
The material for both mirrors will be BK-7, primarily
because of its low cost,
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2.3.3 Mechanical Systems

The mechanical systems for Nova, listed in Table
2-21, are based on a 40-beam conventional chain design.
We intend to use as much of the Shiva hardware as
possible. Table 2-21 shows how many items are re-
quired, the relative cost of each system, and experience
with each type of system. Experierce is cxpressed in
percent and is based on the number of similar systems
that have already been designed, built, and tested in the
LLL solid-state laser program.

The platform for the mirrors, amplifiers, and as-
sociated componerts of the Nova laser system will be a
stable, three-dimensional optical bench of square steel
tubing.?! It will consist of three separate structures: two

laser spaceframes to hold the laser beam ampiification
hardware, and one target spaceframe to hold the turning
mirrors and target chamber. The design criteria for these
frames have been established and design has begun.
Stability criteria tor the Nova spaceframe are simi-
Jur 1o those for the existing Shiva spuacelrame. We mea-
sured vibration on the Shiva frame after it was built with
air-conditioning fans operating and no one in the room.
Natural {requencies. mode shapes. and ambient vihra-
tion were measured with veloeity transducers in con-

junction with the computer-hased system TDAC (trans-

portable data acquisition and control).** Velocity trans-
ducers were placed at critical tocations, and the frame
was struck at other locations with @ hammer that con-
tained a foree transducer. The natural frequencies as-
saciated with frame motion were derived from the
transfer function. The velocity data were processed and
integrated to provide the displacement information de-
serihed in the foregoing criteria.

Thermal motions of the Nova spaceframe will be
limited by the building environment as given in specifi-
cations. Measutements of the Shiva huilding after the
spaceframe was installed show that specificd conditions
of iemperature control have been achieved.*

Supports for the Nova spaceframe. like those for
Shiva, are designed to accommodate thermal expansion
when the air temiperature changes. Roller-beuring sup-
ports will allow the frame to expand. Measurcments
have confirmed that the Shiva frame expands and returns
to its original position without high strains.*

The Nova laser and target fraties will be shop-tab-
ricated in large modules, as on Shiva. Prefabrication of
modules allows the work to proceed concurrently with
the building construction. These modules will be instal-
led when the building is ready for occupation.

The use of shadow shiclding in the target arca for
the Nova structure (Fig. 2-89) will make it possible to
construc: most of the structural members out of steel.
The target chamber will be built with an integral water
wall, which will shadow the support structure. Because
there will be neutron radiation on the beam paths. the last
length of beam tubing will have 10 be shiclded. Large
polyethylene or water blocks at the end of these tubes
will stop radiation. The structural members and mirror
mounts that will be exposed to radiation will be made of
composites of Kevlar or aluiminum. These materials
have excellent activation and structural properties.
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Table 2-21. Nova mechanical systems.

Systems

Number required

Relative cost, %

Experience factor, %

Laser spaceframe 1 4 95
Target spaceframe ) 3 2
Rod amplifiers 100 5 %9
Disk amplifiers 432 38 80
Spatial Filters 254 28 80
Isolation stages 200 13 75
Turning mirrors 9% 8 75
Gas system H 1 75
Totals 1085 100%

- - N

— Firs
s turning
: : mirrors

turning K)

chamber

mirrors
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The Nova laser frame will be designed without the
cross-room bulkheads used to stiffen the Shiva frame.
This will allow better crane access to components along
some of the beams and will greatly aid access and
maintenance. In this design, the rigidity of the support
frame will have to come from larger, stiffer structural
members and from component-bearing walls that are
wider apart. The only tie between the north and south
banks will be at the base; this will have to be very stiff to
distribute the load to the support column caps.

Work described in § 2.3.1 has resulted in a chain
with both an optimal aperture size and optimal number
of laser components. The chain optimizaton also
specifies a linear spacing to achieve proper image re-
laying. The remaining problem is finding the optimal
arrangement of the laser chains on a spaceframe that
satisfies ali of the operational, geometric, and construc-
tion constraints listed in the criteria.

A building configuration satisfying all the criteria is
shown in Fig. 2-90. The symmetrically shaped building
is achieved by extending the Shiva laser spaceframe into
the existing target room and building a new target room
and an equally long laser bay to the east. The target
chamber is located entirely below grade, and the re-
maining target-room area is completely filled by the
very long output spatial filters and the turning mirrors.

The baseline design calls for 40 total beams with an
output aperture of at least 34 cm. The total straight-line
length of a properly staged and relayed chain exceeds the

length of the currently conceived laser bay. This neces-
sitates folding or branching the chains to allow them to
fit into the extended Shiva building length.

If the chains are only to be folded, then 80 chains
(40 drivers plus 40 output chains) on the east and we+t
spaceframes are required. Considering the increased
output size and the requirement of accessibility, this
arrangement is not feasible. Branching to two output
beams from one driver and adding an additional
amplifier to compensate for gain loss result in 60 arms
(20 drivers plus 40 outpr - “hains) stacked vertically on
the spacefr. . Again, crowding of these larger chains
precludes this possibiliy. Branching four-to-one results
in 50 chains (10 drivers + 40 chains), an arrangement
that will fit the spaceframe. However, four-way
branches can be made only at a point in the chain where
the addition of an amplifier has sufficient saturated gain
1o compensate for the loss. Figure 2-91 shows a chain
branched six times after the S-cm rod amplifier. If
pinhole closure requires spatial-filter lenses of longer
focal length, the chains will correspondingly lengthen
into the target chamber.

An optional chain design uses 32 chains of 44-cm
output aperture branched two-to-one at the 22-cm aper-
ture. This results in 48 chains (16 drivers plus 32 output
chains), which will fit the spaceframe conven-
iently even though the output components require
greater beam-to-beam centerline spacing.
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Fig. 2-91. The Nova heam-line configuration, hased on a 1-to-6 hranching after the 5-cm rod amplifier (right side of figure).

The target-chamber illumination geometry is

shown in Fig. 2-89. The two turning mirrors are required
to achieve sufficient freedom to both center and point the
beam at the target. The spaceframe surrounding the
chamber will rigidly hold the mirrors, beam diagnostics,
and target-chamber diagnostic equipment in place. Each
mirror is also positioned to eyualize the chain path
lengths. The final adjustments to path length are made
on the heam-branching array located at the extreme ends
of cach spaceframe.
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2.3.4 Electrical Systems

The projected pulsed-power requirements for Nova
are large (150 MJ); however, they represent a reasonable
extension of previous power-conditioning systems.2®
Shiva, with an operating system of 25 MJ, was a reason-
able step from the 4-MJ Argus installation. Similarly,
the Nova requirement in the hundred-megajoule range is
again a reasonable extension of technology that has been
well developed for previous lasers. Figure 2-92 shows
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the power flow.

Fig. 2-93. The elements of thelaser pow§r~£6nﬁilibhing system, iriclndin;ﬂislglitnps driven by an array of capacitors. The capacitors,
charged from & power supply, are switched into the flashlamps by ignitions. A computer pretests, controls, and monitors all aspects of

this evolution of power systems for solid-state lasers
over the past four years and for the projectcd Nova
system.

The pulsed-power system for the Nova laser is
depicted in Fig. 2-93. Each flashlamp-driving capacitor
module is tailored to supply the energy and pulse
waveform necessary to drive a series pair of 44-in.-long
xenon flashlamps. Similarly, Faraday rotator modules
supply the energy required to establish a magnetic field
within the Faraday rotator glass. A typical module is
sized to store 20 kJ at 20 kV. Modules are charged and
switched in parallel from common power supplies and
ignitron switches, as shown in Fig. 2-93. Control, trig-
gering, and data acquisition are accomplished with a
digital-based control system.

Energy-Storage-Capacitor Development. Ths
Nova power-conditioning system will be based solidly
on presently existing technologies as they have been

implemented on the smaller Argus and Shiva lasers. For
a discussion of the various functional block-component
technologies illustrated in Fig. 2-93 (flashlamp loading,
Faraday magnet loading, modularity, circuits, power
supplies, block charging and switching. switches.
grounding, and isolation), refer to §2.2.9 of this report.

The energy-storage capacitor (Fig. 2-94) is the
backbone of glass laser power-conditioning systems.
During the past four years, this component has been the
focus of a great deal of development, reliability. and life
testing.> More than 35 MJ of capacitive energy storage
is currently installed and successfully operating in vari-
ous Jaser and experimental systems within the program.

Data from millions of unit shots have characterized
the life-cost-reliability factors involved in the design of
these units. In addition, the program has used the con-
siderable design and manufacturing expertise that exists
in outside industry.
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Fig. 2-94. - Energy-stcrage capacitor. The capacitors are
made with Kraft paper dielectiicimpregnated with castor oil,
The electrodes -are extended aluminum foil. This cutaway
view shows the individual pads that are connected together
by strips soldered across the pads, The capecitors have two
series_sections, connected to two terminals and insulated
from the case. Capacitors are used for power conditioning
because of their unique capability to store energy for long
times and then to discharge it with a very high power
impulse, .

The evolution of energy-storage capacitors toward
the specific requirements of glass laser systems is seen in
Fig. 2-95 as a function of cost and stored encrgy. De-
signs A, B, and C are castor oil/paper/aluminum toil
units like thosc developed carly in fusion research for the
Sherwood program. The reduction in cost and the in-
crease in energy density achieved with B and C resulted
from allowing the dielectric stress to rise from 2000
V/mil to 2780 V/mil. The resulting bigh-energy-density
capacitor is better matched to the actual use conditions in
laser service. These are low-reversal discharges and
107-shot lives. Only during infrequent fault conditions
are the capacitors subjected to high-voltage reversal.

Recently, new dielectric impregnants developed by
the capacitor industry have made possible units with
much higher energy density and significantly lower cost:
D and E (Fig. 2-95) are two projected examples. The
new impregnants are characterized by dielectric con-
stants that are about 30% higher than those of castor oil,
and by dielectric strengths that are comparable to one
another. Further, the addition of polyester or poly-
propylene sheets to the dielectric systems makes higher
dielectric stresses possible and, consequently, provides
more energy per unit volume. While actual designs have
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Fig. 2-95. Evolution of energy-storage capacitors for glass
taser systems. Points A, B, and C are 26-kV castor ofl/paper
capacitors. Points D and E are 20-kV new impregnated
film/paper capacitors.

not yet been manufactured and tested in large production
quantities, some protolypes have been tested. and the
results are encouraging. Should these units meet the
necessary performance, cost. and reliability criteria for
Nova, a substantial cost savings will be realized.

Alternative Energy-Storage Technologies.
The Nova system requires 3.8 MJ per chain for
flashlamps and Faraday rotators. This energy from the
power grid is obtained inexpensively over a I-min.
period (at 3%kW+h; 150 MJ cost $1.15). The power-
conditioning requirement is to deliver this energy in a
shorttime (- - 0.0005 s) with minimum technical risk and
maximum cost-cffectiveness.

Because the flashlamps constitute the largest load
(-~ 140 MJ), the potential for saving costs is greatest
with the flashlamp power system. The peak requirement
(- 1/2 TW)is much higher than that available from the
power grid, so intermediate energy storage is necessary.
Energy storage is also required for the Faraday rotator
system because the ~15 MJ must be sup-
plied in a tenth of a second, or less, with room-tempera-
ture coils.

A comprehensive study of methods to store energy
and then convert it to electrical power was made at LLL
under contract to Maxwell Laboratories.* The result
revealed threc ways to provide very high power impuises
to flashlamps:

® The capacitive storage and discharge concept,
which is the baseline system already discussed.

® Chemical (explosive) energy converted to an
electrical impulse by driving an armature in a magnetic
field.®

® [Inertially stored energy in a flywheel converted
to magnetically stored energy in a large inductor that is
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subsequently switched to provide an electrical pulse for
the flashlamps.®#

Other methods were also reviewed and discarded
because all suffered from the inability to provide high
power economically. These included flywheel-driven
generators (with the possible exception of a very fast
homopolar generator, as discussed earlier), MHD
generators, batteries, and a whole host of lower power-
generation devices (fuel cells and piezoelectric pulsers).

Explosive-driven pulse generators can potentially
provide power with discharge times from a few mi-
croseconds to tens of miiliseconds. Furthermore. they
produce an ideal waveshape for flashlamps—an expo-
nentially rising current pulse. These generators fafl into
two classes:

® Explosive flux-compression devices that em-
ploy a steady-state magnetic field. This field is compres-
sed with a moving (shorted-turn) conductor driven by
explosives. The electrical impulse is taken out with a
load coil that couples to this changing field.

® MHD generators that use explosives 10 drive a
thin metal plate or a slug of ionized gas throuth a
magnetic field. This device is a linear dynamo. the
current flows through the moving conductor and is re-
moved at right angles to the magnetic field.

Of the two explosive-driven devices, the magnetic
flux-compression generator is the more advanced. A
study was made to apply this technique to driving Nova
flashlamps.™ The results indicated that each module of
the system must be very large (--50 MJ) to be cost-ef-
fective, making the system very inflexible. The module
would be expensive to dry-run, and the system would
not be feasible to test in smatl segments. Furthermore,
this explosive-electrical technology has not yet been
developed for large high-power systems. All in all, the
method is considered to be too high a risk for Nova.

Inertial storage devices may still provide suitable
alternatives to large banks of capacitors for driving
flashlamps. Fast homopolar generators could drive the
Faraday rotators, but their use with flashlamps requires
an intermediate inductive storage and an exploding
opening switch. This mode of operation is unattractive.
Other techniques are becoming available, however, and
recent work in the development of rotating fast-pulse
discharge generators®” at the University of Texas Center
for Electromechanics, Austin, may make very high
power machines available for flashlamp pumping.

The power-conditioning control system®® must
execute a large number of varied tasks that require a high
degree of reliability. These tasks can be roughly divided
into four major categories:

® Preshot diagnostic and testing activities.

® Control and monitoring activities that occur
during the shot.

® Postshot performince verification and evalua-
tion.

@ Systematic maintenance activities.
All these functions are presently carried out with the
Shiva control system: it is expected that Nova controls
will perform similarly. See § 2.2.7 for details.
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2.3.5 Alignment, Control, and Beam Diagnostics

The technical approaches for Nova's sysiem-wide
control, beam alignment, and beam diagnostics are gen-
crally the same as those already used on Shiva. How-
ever, there are some changes that will improve operaing
speed in the controls, more fully automate alignment of
the laser, and provide increased visuai raonitoring capa-
bility for both aligninent and beam diagnostics.

Controls. Effective system-wide control is es-
sential for a laser as large as Nova. Reliable control
capability is important. not only for efficient operation
of the completed facility, but for initial operation of cach
new section of the system during the construction phase.
Requirements for system control are:

& Division of operation into a number of separate
modular-control units.

®  Local control of cach control unit at a *‘base
level.™”

® Performance of critical operations entirely
within stand-alone control units.

®  Common architec ural design of many control
units.

® Enphanced (i.e., above base level) control oper-
ations by coordination and communication between a
number of control units.

® Capability of developing new features concur-
rently with operation.

® Compatibility with the existing Shiva contiol
system and ongoing enhancements.

® Central monitoring, control, data archiving,
and computational support for groups of modular control
units.

® Capability of control unit to self-test.

@ Initial independent control of the Nova east end
section, with eventual overall control of both east and
west ends.

The control network architecture, shown in Fig.
2-96. has been chosen as the one that best satisfics the
Nova design criteria. It makes cxtensive use of small
distributed computer systems as the basis for develop-
ment of the overall Nova control network. This approach
will make maximum use of the technology developed for
Shiva.

The functional requirements for Nova control and
data acquisition can be clustered naturally into three
major areas: power conditioning, alignment, and diag-
nostics. The structure of the Nova control systen: fits this
clustering by the use of three major control subsystems,
each consisting of a minicomputer for inte-
gration of that subsystem’s activities and a set of lower
level microprocessor-based control units or **front-end
processors. " A control unit may consist of one or more
microprocessors, but it is limited in extent to a size and
complexity that can be confidently managed by the
reasonable efforts of one or two key people. Each sub-
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system’s minicomputer is therefore a *‘second-level
processor ' in a three-level hierarchical network where
the third or upper level is a larger minicomputer system.
The third-level system provides computational and
data-archiving support for each of the three major sub-
systems. The functions performed at each level of con-
trol are:
General FEP (front-end processor) functions:

® Stand-alone *‘base level " control, data acquis-
ition, and archiving.

® Interface to local control panels.

® Interface 1o sensors and controllable
mechanisms.

® Interface to the second-level processor for en-
hanced and coordinated operations, ¢.g.,

—Accept supervisory control commands from
the second-level systems.
-—Periodically report status to the second-level

systems.

® Electrical isolation of the control systems from
the rest of the laser hardware.

®  Sclf-test diagnostics.
Second-level control system functions:

® Integration and coordination of FEP activities.

® Scparate but centralized operator control for
cach of the three major Nova subsystems.

® Acquisition and formatting of FEP status and
data for display and storage.

&  Short-term storage of all important subsystem
data.

® Quick look ™ data analysis.

® Computational support for enhanced control
features.

®  Self-test diagnosis of itself and all associated
FEPs.
Third-level control system functions:

® Concurrent software development and con-
trol-system operational support.

® Analysis of laser and target performance.

® Large-volume archiving of performance data.

® Host for sharing of expensive peripherals.

® Duata interchange with Octopus, the LLL time-
sharing computation facility.

® Control system self-test and status display.

All minicomputers and microprocessors used in the
Nova control system will be from the same family of
upward-instruction-set-compatible machines used for
Shiva (PDP-11/LSI-11). This will allow the Nova con-
trol system to be developed as an extension of the Shiva
control system. Also, this provides the greatest flexibil-
ity in backing up subsystems with other subsystems.

Diagnostics and Alignment. The basic function
of beam diagnostics and alignment systems is to achieve
optimized irradiation of each target and, at the same
time, to avoid conditions in the laser that could cause
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optical damage to system components. To learn the most
from each target irradiation, the laser must perform
consistently and each beam hitting the target must be
accurately characterized. The detailed requirements that
follow from these general criteria are:
Requirements for svstem alignmeni:

® Accurate beam positioning on a variety of fu-
sion targets.

® Beam propagation from the oscillator tc the
target without violating component apertures.

® Pinhole positioning in each of approximately
220 spatial filters.

® Pulse simultaneity at the target.

® Complete alignment in one hour or less.

® Built-in self-test capability with the beam off.

® Control flexibility with respect to signal pro-
cessing, system monitoring, and alignment sequencing.

® Operating manpower level of one engineer and
two technicians.
General requirements for beam diagnostics:

® Tenporal, spatial, and energy monitoring of
pulse evolution from the oscillator along each amplifier
chain to the target.

® Data acquisition and processing in a time short
compared to the laser turnaround time to permit adjust-
ment of laser parameters based on interpretation of diag-
nostic data.

@ Independent subsystems installed with each
section of the laser.

& Built-in self-test capability with the beam off.

¢ Sufficient control flexibility to allow config-
uration of beam diagnostics for a wide range of laser
energy and power performance.

® Operating manpower level of one engineer and
two technicians.

To meet the requirements listed above. the align-
ment and diagnostic tasks have been divided into groups
performed by independent subsystems. This subsystem
organization facilitates phased installation of alignment
and diagnostic capability during construction of the laser
and greatly increases reliability when the whole system
is complete. Because failures can usually be isolated to a
single subsystem, automatic operation of the other sub-
systems can continue uninterrupted. Figure 2-97 iden-
tifies the alignment and diazaastic subsystems. This
organization also provides a way of dividing the align-
ment-accuracy requirements for the overali system into a
number of separately achievable design and perfor-
mance goals. This approach was used on Shiva and
worked well.

New Features of Nova Beam Diagnostic and
Alignment Sensors. Although automatic perform-
ance of alignment and diagnostic tasks is essential for
efficient operation of such a large system, it is also
important that the operator be able to visually confirm
both the alignment status and the quality of the beam. In
many of the Nova alignment and diagnostic subsystems,
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Fig. 2-97. Alignment and beam diagnostics subsystems for Nova.
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Fig. 2-99. Lorations of sensors and gimbals to be used for splitter-array alignment and diagnos‘ics at the east end of Nova.

charge-coupled device (CCDj) arrays will serve as the
source of both error signals for closed-loop alignment
and high-quality video displays for the operator.

Also, because the optical components required for
performing alignment and diagnostic tasks are, in gen-
eral, very similar. many of the Nova alignment and
diagnostic functions will be performed by commion sen-
sors. This commonality is expected to simplify mainte-
nance procedures and lead to more cost-effective pro-
curement of the sensors.

Front-End Alignment and Diagnostics; Pulse
Synchronization. Figure 2-98 shows the arrangement
of oscillator and preamplifier components for Nova. For
alignment, these components are divided into four
aroups: the oscillator and pulse-shaping components on
the oscillator table, two groups of preamplifiers on the
preamplifier table, and one group of preamplifiers
mounted on the wall of the room. Each of these groups is

separated from the others by a pair of motorized gim-
bals, and each group has its own alignment sensor for
both pointing and centering the beam. The tirst three
alignment sensors will be very much like the Shiva
oscillator alignment sensor except that the lateral-effect
photodiode detectors will be replaced by CCD arrays.

Diaznostic instrumentation will be installed at the
locations shown. and the sensor that is located at the
point where the beam is directed upward into the main
laser bay will be a combined alignment and diagnostic
package.

Between the oscillator-preamplifier room and the
input to each chain, the beam travels long distances. is
redirected by some 10 reflecting surfaces, and must
propagate without violating various limiting apertures.
Figure 2-99 shows the airay of reflectors and beam
splitters for the east end of Nova. A centering sensor
monitors the beam position at the end of each major path
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segment, and the error signal drives u gimbal located at
the beginning of each segment. A sensor that not only
monitors beam centering but also determines the far-
field or pointing characteristics of the beam and mea-
sures beam energy will be used to align and characterize
each of the four driver beams before the final split into
individual chains.

In these splitter-array sensors, as well as other
sensors 1o be described later, CCD arrays are used as the
detector element. The output from these devices can be
digitally processed to derive alignment error signals ond
quantitative beam-profile information. At the same
time. the output can be presented to the operator in video
form, providing him with the capability of monitoring
the status of the system in great detail,

The function of the pulse synchronization system
(PSS) is to synchronize to = [0 ps the time of arrival at
the fusion target of laser pulses propagating through all
the amplifier chains of the Nova laser. The synchroniza-
tion technique currently in use on Shiva will also be used
on Nova (see § 2.2.7).

Chain Alignment and Diagnostics; Spatial-Fil-
ter Pinhole Positioning. To propagate successfully
through the long amplifier chains, each beam must enter
at just the right angle. To automatically insure that this
requirement is met, each beam will be aligned by the
chain-input pointing system. This system consists of a
pointing sensor and a motor-driven gimbal at the begin-
ning of each chain. Accurate centering at the chain input
is achieved by piacing a limiting aperturc about 5%
smaller than the incoming beam at the position of the
desired beam line.

For optimizing the performance of each amplifier
chain, it is important to know the input energy. A calib-
rated photodiode in each chain-input sensor measures
this energy.

Before each firing of the laser, the 220 pinholes in
the amplifier chain's spatial filters must be accurately
positioned on the laser beam focused through them, and
they must be visually examined to verity that they have
not been damaged by a previous shot. Figure 2-100
illustrates a back-illumination scheme that allows both

Insertable lens with
central hole

{a) Central part of beam focuses at
normal focal position

{b) Outer part of beam focuses ahead
of normal focal position and
expands to fill pinhole

Fig. 2-100. Nlumination scheme for alig

nt and inspection of Nova’s spatial filter pinholes.

Pinhole
silhouette

Spatial- Focused
filter

lenses

(c) Conceptual drawing of video display
from an incident-beam diagnostics
sensor facing back along the chain
toward the illuminated pinhole
shown in (a) and (b).
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tasks to be performed simultaneously. A weak fcns with
a hole in the center is inserted at the front of each chain.
The central part of the beam, which is unaffected by the
lens, comes to a focus in the normal focal plane. Light
passing through the outer part of ike lens is not colli-
mated when it enters the spatial filter. and hence it
overfills the pinhole in the focal plane. Thus, an imaging
system looking back into the amplifier chain and imag-
ing the pinhole plane sees a silhouette of the pinhole.

This technique simultancously provides informa-
tion about the location of the focused beam as well as the
positien of the pinholc. An incident-beam diagnostics
sensor described below faces back into each am-
plitier chain and contains a CCD array camera that can
be used to image spatial-tilter pinhole planes. This will
result in a video display of the sort shown in Fig. 2-
100(¢). Digitized versions of these pinhole-plane images
will be analyzed by the pinhole-alignment computers to
determine how much the pinhole needs to be moved and
whether it has any irregular features.

The energy evolution of the pulses as they travel
through the laser amplifier chains must be measured in a
way that does not unnecessarily decrease the chain out-
put. This requires sampling the beam at points where
some light is already being rejected. Two such sources
of light are the reflection from the last polarizer in a
polarizer/Pockels-cell assembly or in a polarizer/rotator
assembly and the reflection from the second surface of a
spatial-filter output lens. Techniques for sampling at
these points arc described in LPAR-76,
§ 2-2.12. and Fig. 2-101 shows the locations in the Nova
chain at which such measureinents will be made.

Incident-Beam Diagnostics. To fully charac-
terize the beams hitting the 1arget and to provide data for
pinhole alignment and beam centering on the first turn-

ing mirror. the incident-beam diagnnstics system must
perform the following measurements;

Measuremens 10 characterize each beam hining the
urget:

@ Beam energy and the fraction focused on the
target.

® Prepulse energy. i.c.. energy arriving ahead of
the main pulse (measurement required on one or two
beams only).

¢ Video and photographic record of the beam’s
spatial profile in the target pline.

@ Streak-camera or fast-diode record of the
beam’s temporal profile in the target plane.
Measurements in preparation for a shor:

& Video image of laser spatial-filter pinhole
planes to provide data tor pinhole alignment.

& Video image of near ficld to provide data for
centering cach beam on its first target-room turning
mirror.

The incidem beam diagnostic ~ensors will be
positioned behind the first wurning mirror as illustrated in
Fig. 2-102. Figure 2-103 shows a sensor design that
incorporates all the required features, including those
used for shot preparation.

Except for the near-field imaging. these functions
are already performed by the Shiva incident-beam diag-
nostic sensor. However, the design for Nova is more
compict and shares a large number of common parts
with the sensor required for incident beam alignnent, as
will be seen in the next section.

Incident-Beam Alighment and Reflected-Beam
Diagnostics.  The techniques used on Shiva for cen-
tering the incident beam on the focus lens and pointing
and focusing it at a surrogate target have worked well
and will be used in slightly modified form on Nova. The

22-cm amps

34-cm amps

Spatial filter
16/22

Beam direction

Fig. 2-101. Locations of calorimetry stations that will measure beam energy at various points along the Nova chain.

16-cm amps amps amps

Spatial filter
10/16 5/10
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modification is to look through the first turning mirror
toward the target rather than through the second. This
allows sharing of the partially transmitting mirror
through which the incident-beam diagnostics sensor is
already looking and also provides some measure of
shielding against direct radiation from the target.

Figure 2-102 shows a Nova incident-beam align-
ment sensor positioned to look toward the target through
the first turning mirror. In the figure it is labeled as a
combined pointing, focusing, and centering sensor and
reflected-beam diagnostics sensor. This is because the
optical requirements for incident beam alignment and
target viewing prior to a shot are essentially identical
with the optical requirements for reflected-beam diag-
nostics during a shot. The similarity of these require-
ments is evident in the listings that follow:

Sensor requirements for alignment and beamfrarget
viewing in prepuration for a shot:

® Near-field image of beam on centering screen
ahead of target focus lens.

@ Near-field image of beam reflected from surro-
gate target when centering screen is removed.

® Error signals proportional to displacement of
the beam from preselected positions in the centering
screen plane.

® Image of the target and of the opposing beam in
the target plane: high and low magnification, internal
focus.

Sensor requirements during a shot:

® Near-field measurement of energy reflected
from the target.

® Photographic record of target illuminated by
laser pulse.

® Streak-camera or fast-diode record of laser
pulse reflected from the target.

Further comparison between these requirements
and the listings under Incident-Beam Diagnostics above
leads to the conclusion that, in fact, the optical require-
ments for incident-beam diagnostics, incident-beam
alignment, and reflected-beam diagnostics are all very
similar. Thus, the incident-beam alignment functions of
pointing, focusing, and centering (PFC) can be com-
bined in a single package with the calorimetry and
photographic functions of reflected-beam diagnostics.
Furthermore, with the exception of a few modular items,
this PFC sensor will be identical to the incident-beam
diagnostics sensor shown in Fig. 2-103. This common-
ality should contribute to ease of maintenance as well as
to cost-effective procurement of the hardware.

The combination of alignment and diagnostic
functions into a single package is a logical extension of
the approach used for incident-beam alignment and re-
turn-beam diagnostics (RBD) on Shiva. Although
separate PFC and RBD packages were built for Shiva,

they were subsequently mated in such a way that they
share a single objective lens and TV camera (see
§2.2.79).

Alignment and Diagnostics Controls. Controls
for Nova alignment and diagnostics are pan of the
three-level digital network described above. Optical-
mechanical functions in the sensors such as moving a
lens or closing a shutter are controlled by front-end
processors that are coordinated at the second level by the
alignment minicomputer. Data-processing functions
such as collecting and processing calorimetry data are
performed by front-end processors that are coordinated
at the second level in the diagnostics minicomputer.
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2.3.6 Target Systems

The goal of Nova target-design calculations and
precursor experiments is to simultaneously achieve high
energy gains (> 20), superhigh densities (approximately
1000 g/cm®) and efficient thermonuclear burn (> 20%).
Reaching these performance levels experimentally
would demonstrate the scientific feasibility of inertial
microfusion targets for practical applications.

Nova targets will generate higher gains, densities,
and burn efficiencies than Shiva targets because the laser
energy and power, an order of magnitude larger than
Shiva’s, make possible the implosion of targets an order
of magnitude more massive. Consequently, inenial
confinement times are scveralfold larger, and the
shielding required for preiection from the superthermal
x rays and electrons (which limit the maximum im-
ploded density) is much greater.

Our predictions of target performance are based on
calculations made with LASNEX. our sophisticated
computer code used to design targets and to analyze
experimental results. Qur confidence in LASNEX is
high because it has successfully predicted the perfor-
mance of microscopic fusion targets initiated by 10- to
1000-J lasers at Livermore. Between now and the oper-
ational date of Nova, LASNEX will continue to im-
prove, and much more powerful computers will be ac-
quired. With these improvements, we should be able to
predict the laser-plasma interaction associated with the
most complex targets.

The high-performance targets being designed for
Nova have a shell of frozen DT (deuterium/tritium),
which must be maintained at temperatures less than 20
K. Continuous cooling of the target is necessary because
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heat is radiated from the target chamber wall and be-
causc the beta decay of tritium deposits additional heat.
A high contrast ratio is required in the laser pulse to
avoid damage to the target from low-level precursors.

Target-fabrication technology is strongly affected
by both the cryogenic and cooling requirements and the
critical need to sufficiently limit the growth of fluid
instabilities. Consequently, it is necessary to have target
surface finishes smooth to about 100-1000 A, and target
shell thicknesses uniform to one part in a thousand, as
well as to avoid singular perturbations such as mounting
statks. Dust must also be carefully controlled, because
only ten dust specks (with diameters of about 1000 /&)on
the target surface might induce fluid-unstable perturba-
tions and abort the implosion.

These problems can be solved through careful de-
sign of special systems that transport the target from the
fabrication arca to the test chamber and then mount and
support the target in the test chamber. A very high
vacuum will be created in the target chamber to
minimize condensation on the target surface.

An optimum laser-pulse shape (intensity vs time) is
required for the target to achicve high performance
levels. This pulse shape can be predicted by LASNEX
with maderate accuracy, but the final optimization will
be carried out experimentally. Therefore, the laser sys-
tem must be capable of generating flexible and highly
reproducible pulse shapes, so that rapid experimental
convergence to the maximum target performance will be
possible.

The target implosion to superhigh densities is sen-
sitivc to asymmetries, whereas the laser-target interac-
tion is inherently three-dimensional (the light is po-
larized, and the beam pattern is three-dimensional).
Special diagnostics will be used to detect these effects
and to provide effective feedback to the target designers.

Because the imploded target has a density-radius
product greater than 1 g/cm?, charged fusion-reaction
products and thermal x rays from the burning region are
absorbed in the target. The ignition and burn may be
monitored by the neutrons, by very high energy x rays,
and by neutron-activated radiochemical tracers seeded
in the target.

The fusion explosion will have an energy release
comparable to that of tens of kilograms of high explo-
sive. However, unlike high explosive, the thermonu-
clear fuel will weigh less than a milligram, and most of
the energy will be released at 14-MeV neutrons, as 3.5-
MeV alpha particles, as thermal x rays in the 0.1- to
100-keV spectral ra::zc, and as plasma at kilovolt temp-
eratures. Small guantities of radioactive isotopes will
also be generated. Obviously these nuclear effects
necessitate special designs for the target chamber and
other subsystems.

When Nova becomes operational, the strategy will
be to start with the simplest exploding-pusher target
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possible to test the scaling of the physics to larger sizes.
Exploding pusher targets compress DT to roughly liquid
density with a simple high-power temporally Gaussian
pulse. As the laser, pulse-shaping, diagnostics, testing,
and target-fabrication capabilities advance, a sequence
of progressively more complex targets with higher and
higher performance will be tested. Prototypes of these
targets are now being developed for testing with the
Argus laser and, later. with the Shiva laser. As Nova is
brought up in increments, we will continue the high-
density, high-yield experiments begun with Shiva.

Target Chamber. The Nova target chamber will
be designed initially to contain a scientific -breakeven
experiment, which is defined as one producing a ther-
monuclear cnergy output equal to the laser-light energy
input, The laser input will be about 100kJ, which, witha
pelict gain of 1 (scientific breakeven), will result in 100
kJ of thermonuclear (TN) output. This is equivalent to
the energy contained in 5 x 10" 14-McV neutrons.,
X-ray and debris energy are typically about 20% of the
total TN energy. Neutrons deposit little of theirenergy in
the chamber, but the first wall must absorb all the x-ray
and debris energy in addition to the laser light scattered
from the target.

In the second phase of Nova, to demonstrate scien-
tific feasibilitv, energy on the target will be increased to
about 250 kJ and gain is expected to increase to about 20.
The yield of this experiment will be about10-*14-MeV
neutrons. For various targets, as much as 1.6 MJ of x
rays in the 0.1- 10 10-KeV energy range or 2 MJ of target
debris with 100-eV energy will be absorbed in the first
wall.

Target-chamber design studies for the two phases
of Nova are based on yields in Table 2-2~ Consideration
will be given to features to accommouiic ields up to

102" neutrons, corresponding to a pellet gain of 80 with
250 kJ on target. Some of the assumptions made are
listed below.

1. Negligible fissile materials in breakeven tar-
gets, some fissile materials in scientific-feasibility
targets.

2. Double containment in the target chamber for
fission fragments. The building itself will constitute a
third containment.

3. After a maximum credible shot, some repairs
may be necessary but no significant radioactive material
release will be allowed.

4, Targets may be cryogenic or at room temper-
ature.

5. Targets will be fixed in place (no *‘ballistic
targets™").

6. Two-sided target-irradiation geometry.

The initial target chamber will be constructed of
aluminum alloy, with a designed-in capability of up-



grading to scientific-feasibility requirements by the fu-
ture addition of a first-wall liner, water shielding, and a
second vacuum window to provide double containment
for radioactive debris. The 5 X 10"™-neutron design
yield of the scientific-feasibility experiments may pre-
clude a metal chamber, because neutron activation
might impose an excessive wait for decay beiween
shots. Materials having the necessary structural proper-
ties and eontaining only carbon, hydrogen. oxygen, and
siticon narrow the choice to fiber-reinforced epoxy
composites. A development program will be undertaken
to evaluate epoxy composites for the upgraded chamber
1o reduce cool-down time after a maximum-yield shot.

Properties of interest are outgassing. air permeation.
stress-creep relationships, and fabrication and leak-
checking techniques.

A local water shield will reduce neutron activation
of the mechanical support structures around the target
chamber. Incorporated in the design is a double wall
containing 60 cmof water. which will eliminate 98% of
the neutron fluence. The necessary penetrations for luser
beams, diagnostics ports and vacuum pumps will be
backed up by neutron shadow-shields.

The Nova chamber conceptual designs are shown
in Figs. 2-104 and 2-105. Table 2-23 shows the chumber
characteristics.

Table 2-22. Target-chamher design criteria for Nova arc based on the yields shown here.

Expected Design level Maximum credible
Breakeven experiments
Energy on target, k) 100 100 108
Pellet gain 1 2 4
Neutron yicld 5 x W 10 PR 11
X-ray fluence, kJ 120 140 180
Debris energy, kJ 120 140 180
Radiation cffects —_ Activation Shiclding
produced required
Damage produced — None No rupture
scientific feasibility experiments
Energy on target, k) 250 250 250
Pellet gain 20 40 8
Neutron yield 2.5 x 1™ 5 % 0™ o
X-ray fluence, M) L6 3.2 6.3
Debris energy, MJ 2.0 4.0 8.0
Radiation effects — Activation Shiclding
prodaced required
Damage produced _ None No rupture

Table 2-23. Design parameters for Nova target chamber.

Breakeven experiments

Scientific feasibility experiments

Shape Spherical with cone ends

Vessel 4-m inside diameter
Aluminum alloy
Optional shielding blocks

Containment Single (no fissionable materiat)
Energy 10""-n/shot design yield

(40 kJ absorbed in wall
Pressure 10 “Torr vacuum

0,2-bar equilibrium pressure

No significant shock

Spherical with cone ends

4-m inside diameter

Aluminum alloy or epoxy composite
60-em-thick H.O shicld
Damage-resistant first wall

Double for hurst, triple for gas

5 x 10"™-n/shot design yield

3.2 XJ absorbed in first wall

10 “Torr vacuum

0.7-bar equilibrium pressure

< 20-kbar maximum shock in Ffirst wali
from x rays
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Inside dimensions: 756 X 100 X 70 ft high
Walls: 6-ft concrete

Target chamber: 2-m radius

Beams: 48, 450-mm diameter

Lenses: {/10 aspheric singlet

Fig. 2-104.  Nova target-chamber area.

Target positioner

Beam-turning mirrors

Typical target diagnostics detector

The Nova chamber must contain and environmen-
tally support cryogenic targets. To avoid meiting frozen
DT targets. the pressure in the chumber must not exceed
10 ® Torr and should approach 10 7 Torr.*7 To achieve
the 10 “-Torr range. the surface of the vessel must have
a low  outgassing rate (- 10 * Torr-liter/
s cmi®), the pump-out ports must be large (30-40 cm),
and the vacuum pumps must bave good capacity (- 107
liters/s). Cryopanels will be considered. The main
pumping systems will probably consist of cryopumps.
turbomolecular pumps. traps. and roughing pumps.
similar to the Shiva and Argus vacuum systems.”

The design criteria for the vacuum and waste dis-
posal system are as follows:

®  Attain abase pressure of S X 10 “ Torr ina bare
chamber.

® Attain a working pressure of 10 ¢ Torr when
using cryogenic targets.

® Pumpdown from atmospheric pressure to 10 ?
Torr within 30 min.

@ (Collect radioactive debris in gaseous, liquid.,
and solid phases.

@ Process waste material for safe disposal.
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The array of diagnostics instruments in use on
Shiva will be moved to Nova and added to new diagnos-
tics. The resulting array will compose a complete set of
the basic diagnostics required for all experiments. To
accommadate the Shiva instruments, identical mounting
fixtures will be provided on the Nova chamber. There
will be up to 50 ports to provide access for target mea-
surements. The shielding needed for the diagnostic ports
will depend on specific instrument requirements: it has
not been worked out in detail.

As caleulated in CP&D-76.%7 pp. 11-23, the op-
timum illumination geometry is a trade-off between the
included angle of each beam cluster and the f-number of
the focus lenses. For Nova, the cluster angle 1s 45 deg.
For 450-mm-diam beams. /11 lenses will be appro-
priate (see Fig. 2-106).

The lens positioners will consist of standard com-
mercial translation stages and linear transducers, similar
to Shiva lens positioners, with 5-um accuracy.

For the initial Nova experiments there will be no
significant personnel hazard from the neutron activation
of a target chamber constructed with aluminum alloy for
up to 5 X 10'% n per shot. The alpha-particle or x-ray
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Nova tarpet chamber (aluminum option with fong ienses.)

energy fluence on the chamber walls is 0.16 Jem?, No
shock or evaporation problems are expected at this flu-
ence. The maximum pressure rise expected in the target
chamber (assuming all the alpha energy and laser energy
is transferred to gas) is

AP = [.6 Er? = 1.6 x 120,000 J/200% = 0.024 atm.
The resultant pressure is less than | atm.
X-ray and debris effects on the target chamber’s

first wull and pressure vessel for the scientific feasibility
experiments have been estimated. These effects include

Table 2-24.

carly-time shock and late-time thermal degradation of
strength, material removal, and late-time stress loading
of the pressure vessel. Also considered was s-ray -in-
duced spall of fused-silica window shields. The vessel
was assumed 10 be a sphere with a radius of 2 m. and the
first wall was assumed to be a highly damage-resistant
carbon composite. A summany of the effects considered
is given in Table 2-24. The dominant source of shock
and stress in the chamber wall is the impuise imparted by
x-ray absorption on the inner wall surface.

The cryogenic targets, target positioners. and target
viewers develaped during Shiva operations will be up-

Effects of x rays on the first wall of the Nova target chamber for the scientific feasibility experi-

ments. Maximum credible yield assumes a gain of 80, a neutron production of 10'", and an x-ray production of
6.3 MJ; all these numbers are increased tenfold for a yield of ten times the maximum credible yield.

Carbon first wallat R = 2 m

Quartz window at R - 4.5m

Max credible

Ten times max

Man credible Ten times max

yield credible yield vield credible yicld
Material removed, um 2 s 0.75 2
Stress, kbar 3.8 10 0.1 5-10
Spall expected? No No No Probably
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Scientific feasibility

graded and refined for Nova. The basic requirements are
elaborated in CP&D-76. pp. 11-38.%7

Target Diagnostics. The design criteria for the
Nova target diagnostics have two broad objectives:

® To establish and understand the physical pro-
cesses governing the interactions hetween laser light and
target materials.

Required by Nova
10'% 1o 102

Electron density. em #
Temperature, he

Particle and photon energy

Spatial resolution

Temporal resolution
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1 eV ta 50 keV

I eVito 14 MeV

lTum to 1 cm

| psto 100 ns

® To verify experimentally the performance of
targets as predicted by computer calculations and 1o
provide feedback whereby the computer codes or mod-
¢ls can be more fully developed.

Fulfilling these objectives will require measure-
ments in the regimes shown below, which are compared
with corresponding measurements attained during 1977.

Attained in 1977
10'% o 10

100 eV to 100 keV (time-integrated)
100 eV to 3 keV (100-ps resolution)
200 eV to 20 keV (15-ps resolution)

100 eV to 20 MeV

{ um, visible and uv (time-integrated)
3pm, X rays (time-integrated)

6um, x rays (15-ps resolution)
3um, alpha particles

6 ps. infrared

15 ps. x rays

120 ps, x rays (2-D picture)
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Nova experiments that produce yield levels of sci-
entific breakeven and above will resultin neutron, x-ray.
and particle fluxes high enough to require specific atten-
tion to the survival of diagnostic instrumentation. These
yield levels will also allow the use of new diagnostic
techniques that can provide detailed information on the
state of the imploded fuel and pusher shells.

A point source of 10" neutrons in the center of the
target chamber can be expected to cause significant
activation of material in the target chamber walls, the
supporting structure outside the target chamber, and the
walls of the target room. Figure 2-107 shows the neutron
and x-ray fluxes expected inside the Nova target
chamber for a 25-MJ yield. The x-ray flux expected at
the wall of the target chumber is 3 cal/em®, and the
neutron flux expected is 2 x 10" n/em?®, Clearly. we
must begin to seriously consider the survival of detectors
placed inside this environment, and we must also be
seriously concerned with the operation of electronics
near the target chamber under these conditions.

The neutrons from this type of experiment wil
cause significant disruption of unshielded electronics
inside the Nova target room. so most of the electronic
diagnostic units will probably be outside the target

room. This configuration is shown in Fig. 2- 108, where
we see detectors and front-end processoricontrollers lo-
cated outside the target room at the end of line-of-sight
tubes from the target chamber. We have used the LSI-11
microprocessor as the front-end unit in the Shiva laser
system, and we expect 10 continue to operate in this
made for the Nova system: however. with Novu these
processors will, in general. be located outside the target
room wall to protect the electronics from the neutron
fluence during high-vicld experiments. Control and data
communication to these processors will be ac-
complished through fiher optics, with suitable shielding
of the optical fibers within the target room.

Nova targets will be ivradiated with laser puises
ranging in intensity from about 10" 10 10" W/iem?®, Asa
result, the photon emission from the targets will vary
between teniperatures of the order of 100 ¢V and tens of
Kiloelectron volts. Therefore we will need to make
broadband spectral measurements of the x rays over a
range from 100 eV up to several hundred Kiloelectron
volts. For experiments at less than | TW (10 W), we
were able to place these detectors guite close to the
experiment—aon the order of 50 ¢m away. For Nova the

2 X_1013 n/em? at 200 cm

Fig. 2-107. Predicted ncutron and x-ray
fluxes in the Nova target chamber for a
25-MJ thermonuclear yield.

Pellet yield
‘l(l'»9 neutrons
6.3-MJ x ray's

3'}‘{" 3 t:ai/ct_n2 X rays ét 200 cm
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fluxes will be so large that we must place the detectors at
a significant distance from the target chamber and pro-
vide significant collimation and shielding for the detec-
tors to allow the acquisition of clean signals. Figure
2-109 shows how these detectors might be installed in
the Nova facility to produce a diagnostic package that
would provide the temporal behavior of the broadband
x-ray spectrum from 100 eV up to 100 keV.

Because materials of different atomic numbers are
used in the various shells of high-density and high-yield
implosion targets, we can expect to see fine spectral
details at various times and positions in these targets.
The spactral response that can be achieved with crystal
spectrometers is of significant additional interest be-
cause it can provide information on the detailed tem-
perature and dansity distributions produced.

Measurements that provide the spatial distribution
of the x rays emitted by the target also provide signifi-
cant information on the uniformity of heating of the
target, as well as on the symmetry of the compressed fuel
and pusher. Microscopes can be located at relatively
large distances from the object of interest. However, the
distances required for protection of the imaging element
are of the order of several meters. As has beenshownina
study on the resolution capability of grazing-incidence

focusing x-ray optics,*® the object distance is directly
proportional to the surface-figure accuracy required for
the x-ray optics for given resolution. The conclusions
from this study are that the first element in the optical
chain must be expendable. Therefore, we have chosen to
make this first element a plane reflecting mirror operat-
ing in the grazing-incidence reflection mode. We are
thus able to operate the expensive, high-resolution
focusir.g optics out of the line of sight of the debris and
damaging x-ray flux from the implosion. This makes it
possible to provide shielding and protection for these
high-resolution and expensive elements. In Fig. 2-110
we show the conceptual layout of our x-ray imaging
system that may be used for the Nova target chamber. A
disposable plane mirror is placed at a radius of 0.5 m
from the target. For a grazing incidence angle of | deg
we are then able to provide adequate, direct-shine
shielding from the target for a four-channel series
Kirkpatrick-Baez microscope system.™ The twice-re-
flected beams are then transmitted through an aperture in
the target chamber wall to a detector station, which is
now well shie!ded from direct shine from the target. The
recording system for such an x-ray imaging instrument
may be a film, a CCD camera, an x-ray streak camera, or
an x-ray framing camera.

X-ray and debris
shields

X-ray filter

Kirkpatrick-Baez
cylindrical mirrors -
R&=10m. -

racit chamber wall
“R=20m t=08mH0

3oL,

" Fig, 2010, Grazing-incidence x-ray microscope for Nova, .

Film, CCD camera.
streak camera
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A conceplual implementation of neutron pinhole
imaging of the reacting region for a Nova experiment is
shown in Fig. 2-111. A very small diameter., large-us-
pect-ratio pinhole is placed inside the target chamber,
and a flight tube is used to propagate the neutrons
through the target chamber room out beyond the target
roum areu to a detector station locited several hundred
meters away from the target. Large magnification is
necessary to relieve the spatial-resolution problem for
the detector system. For both phases of Nova we should
be able to obtain good enough spatial resolution with
neutron pinhole imaging to determine not only the over-
all size of the reacting region but also its detailed shape.

Neutron activation analysis can provide a mea-
surement of the yield of the DT neutrons and also the
target pr for various shell elements in an imploded
laser-fusion tacget, In Fig. 2-112 we show how such a
diagnostic system might be implemented. A portion of
the target debris is collected in a cylindrical container.
Immediately following the shot, this collector is isolated
from the target chamber and rapidly removed from the
target room through a pneumatic rabbit to a counting
station, where the radioactive decay is analyzed as a
function of time. For the high-yield cxperiments in Nova
we should be able to place trace elements in each of the
shells in the target material to produce distinctive
radioactive decay signatures. These may be individually
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analyzed through the collection of a portion of the target
debris. This system can be operated remotely on a time
scale appropriate to the prompt counting of the radioac-
tive decay of the various shells” tracer debris materials.

In summary, with the high yield that may be ex-
pected with the Nova laser facility. significant care must
be taken in the diagnostic implementation: but also be-
cause of the high fluxes, we may use new approaches to
the gathering of vital information about the performance
of laser fusion targets.

Radiological Analysis. Construction of the
Nova laser will entail two main milestones. Breakeven
experiments will have a target chamber capable of con-
taining maximum credible neutron yields up to 2 x 10Y7
per shot. The second milestone, scientific feasibility,
will have a more complex target chamber to adequately
contain maximum credible neutron yields up to 10" per
shot. The target chamber wiil be surrounded by a water
shield to attenuate neutrons and to reduce activation of
malerials exposed to neutrons. The target-room concrete
shielding will remain the same for all Nova experiments.

Design, construction, and operation of the Nova
luser will assure that identifiable hazards are mitigated or
climinated in accordance with the currently accepted
safety standards. Pertinent radiation protection stan-
dards that will be followed to eliminate risks to health
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and safety include those promulgated by DOE and con-
tained in the DOE Manual. Ch. 10 CFR (Code of
Federal Regulations) parts 20. 50, and 100, and radia-
tion protection standards stipulated in the LLIL Health
and Safety Manual.

Radiological safety considerations in this section
are for the final base design of Nova buiiding parameters
as currently envisaged. Some of the other base-design
options considered in the past are documented in the
CP&D-76 study.*

The required shielding to reduce prompt radiation
levels for an unrestricted access outside the target room
is summarized in Table 2-25. With this shielding con-
figuration, in combination with appropriate target-
chamber materials, one can achieve a useful shot rate
without excessive cool-down periods. For instance,
neutron yields of 10'* per day can be conducted continu-
ously if the reactor chamber is epoxy composite, the
local shield is 0.6 m of water located directly on the
chamber, the building's concrete walls are 1.83 m thick,
and the roof is 1.22 m thick. These precautions result in
dose equivalents that are less than the primary protection
limits inside the target room after a few hours of cool-
down time, less than 10% of the primary protection
limits immediately outside the target room, and less than

1% of the natural background raliation level at the
nearest site boundary from Nova. Expected gaseous
radivactivity and tritium releases to the environment for
the Nova operations atc presented in Table 2-26. The
resulting radiation levels at the site boundary are well
below the presently accepted standards.

Radiation doses to personnel will be kept at a level
**as low as reasonably achievable™ (commonly abbre-
viated “"ALARA™) in accordance with the U. S. De-
partment of Energy and LLL policy on radiation. We
have established the following operating limits on expo-
sure:

Dose equivalent, mrem

Exposure category Design Acceptable
Operating personnel =500 5000
Site boundary personnel =50 500
Off-site average population =17 170

Our analysis indicates that an annual series ot 500
maximum credible shots of 10" neutrons each will result
in maximum exposure levels well below these limits.
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Table 2-25. Calculated prompt-radiation dose equivalents outside the Nova target-reom shielding.

Breakeven experiments

Scientific feasibility experiments

Neutrons per shot

Number of shots per year

Shiclding materials:
Local water shield, m
Target room concrete:
Wall thickness, m
Roof thickness, m

Dose equivalents, mrem/yr:
At nearest site boundary

1 Aintel t e chioldi

y 2 walls
(direct plus skyshine)

107 5 * 10
250 500
] 0.6
1.83 1.83
1.22 1.22
<1 -1
~125 175

Table 2-26. Potential doses at the nearest LLL site boundary from release of effluents in Nova operations.

Potential dose,
mrem/y

Release rate,

Operation ‘Type of cMuent Cilyr

Filling targets with DT ‘Tritivm - 500 -1

Nova fusion shots Induced radioactivity <100 -1
in air

All materials exposed to neutrons will be subject to
activation. The degree of activation depends on the type
and amount of material, the location with respect to the
neutron source. and the incident spectrum. These are
summarized “elow.

Analysis of laser fusion targets, carried out in Ref.
37, indicated that three high-Z target materials would
require no special waste-recovery system; these are Pb,
W, and Ta. The exhaust from these materials will be
passed through a line HEPA filter between the target-
chamber vacuum pumps and the building stack to assure
that essentially no target debris is released into the envi-
ronment.

In the case of Au and fissionable materials that may
be used for fabricating scientific-feasibility targets, the
fission and activated products will be chemically proces-
sed, collected, and retained to allow radioactive decay.
They will then be packaged for disposal in accordance
with the Department of Transportation (DOT) regula-
tions.

As for the fission products generated in normal
scientific-feasibilty operations, the primary and secon-
dary barriers afforded by the target chamber walls will
serve to prevent release of fission products into the target
room. Under emergency conditions, the estimated dose
equivaient from inhalation and external radiation to an
individual exposed to the maximum inventory of the
important fission-product radignuclides after release
through the building stack is found to be well within the
dose limits specified in 10 CFR 100 for accidental re-
lease of fission products.®
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Prior to a laser fusion shot, the target room will be
depressurized to a lower-than-atmospheric pressure.
Under abnormal conditions, a postulated accident of
exceedingly low probability involves the rupture of both
the primary and secondary target-chamber walls, and the
subsequent release of gaseous and volatile products from
the depressurized room. The volatile and gaseous pro-
ducts will be discharged (at a rate of 1% of the room
volume per minute) into an initial HEPA filtration sys-
tem ;o1 the removal of particulates, through an acti-
vated-charcoal scrubber system 1o remove iodines, and
then through additional HEPA filtration to the building
stack. With these precautions, the resulting potential
doses at the site boundary from abnormal operations will
be about | mrem external whole-body dose from noble
gases. This is well within the dose limits specified in 10
CFR Part 100 for accidental release of fission products.
Under normal operations, the anticipated releases of
activated target debris will result in negligible doses at
the site boundary, as discussed above.

The amount of tritium in each of the conceived
fusion pellets will be 0.1 to 2.0 Ci. For breakeven
experiments, the potential releases of trittum will be
limited to less than 500 Ci/yr (250 shots). For scien-
tific-feasibility experiments, the releases are expected to
be less than 1000 Ci/yr (500 shots). While the release of
this amount of tritium is considered negligible, oxidizer
and molecular-sieve implementation in the target
chamber’s vacuum-pump exhaust line can reduce tri-
tium releases to almost zero.



® The materials found attractive for the target
chamber from the standpoint of short-.erm activation
were primarily low-atomic-number materials.** The
Nova target chamber will initially be made of alu-
minum alloy. For the target chamber used in the scien-
tific-feasibility experiments later, the choice of mate-
rials appears to be limited to epoxy composites if prompt
access 10 the chamber is required afier a shot; other
materials would retain too much residual radioactivity .37
In the case of the initial aluminum chamber, the residual
radiation levels from each shot of 5 X 10'% neutrons
vield, after a few hours of cool-down, are acceptably
low a few meters from the chamber. Access to the inside
of the target chamber will be delayed or limited to
shorter times because of high radiation levels. At the end
of the Nova breakeven experiments, the target chamber
will be disposed of as a very low level radioactive waste
after a few weeks of cool-down time.

® Neutron-induced radioactivity in the local
water shield and the room air for the breakeven experi-
ments is negligible. Therefore, it will not be considered
here, and the calculations will be done for the scien-
tific-feasibility experiments only.

The geometric model used for the radiological cal-
culations is shown in Fig. 2-113. The target chamber has
a 2-m inside radius, the inner and outer reactor wails are
5 cm thick, and there is a 60-cm-thick local water shield
between the inner and outer chamber walls.

® The mild-steel spaceframe occupies the space
between the local water shield and the concrete shields.
The spaceframe weighs approximately 9.1 x 10% kg.
For calculations, it is assumed to be uniformly dis-
tributed in a shell having inner and outer radii of 4 and 7
m. respectively.

Figure 2-114 shows the total gamma-energy decay
rates and cormresponding dose-equivalent rates for the
Nova [ spaceframe as a function of cool-down time
following one shot of 10'7 n and a year's worth of shots.
10'7 n per day for 365 days.

The total gamma-cnergy decay within the space-
frame, with and without boron in the water and concrete,
are shown in Fig. 2-115. The dose-equivalent rate cor-
responding to the gamma-cnergy decay rate is essen-
tially constant inside the spaceframe network. The
long-term dose results primarily from **Mn, which has a
303-day half life.

® Activation of the concrete shield, in addition to
the activation of the spaceframe and target chamber,
determines the lengib of the waiting period after a shot
untii the room becomes acceptable for full occupancy.
For breakeven operations, the residual radionuclides
produced in the concrete make much smaller contribu-
tions 10 dose levels after shutdown than those produced
in the spaceframe and target chamber. Activation of
concrete for breakeven operations will be within the
acceptable levels. Therefore, the rest of this section will
be devoted to scientific feasibility.

Concrete

Miid steel space irame;
9.1 X 107 g uniformly
distributed

Room air

Air interface

Water shield

Reactor
first-wall

Vacuum
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Fig. 2-114. Calculated residual gamma-energy decay rate in the mild-steel spaceframe vs time after shutdown for various breakeven-

Fig. 2-115, Calculated cffect that adding
boron to the shiclding water and concrete
has on the gamma-energy decay rate in the
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experiment operations.
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As was pointed out in Ref. 37, the residual nuclei
produced in the first 0.2 m of shielding contribute the
majority of the concrete-activation dose rate inside thie
room following shutdown. For activation calculations,
the neutrons were transported through (1.4 m of concrete
to account for any contributions from the deep
backscattered neutrons.

The source geometry used in the calculations is
shown in Fig. 2-113. Figure 2-116 gives the calculated
gamma-cnergy decay rate for the inner (.2 m of concrete
and the corresponding dose equivalents as a function of
shutdown time for different runs. It appears that the
addition of boron in a local water shield is not very
effective in reducing the neutron-capture reactions oc-
curring in either the air or the concrete.

For activation-sensitivity analysis, a number of
concrete blocks, 30 % 30 X 10cm, were irradiated at the
Livermore 14-MeV Rotating Target Neutron Source
(RTNS-1) Facility. Core samples taken from these
blocks were subsequently analyzed quantitatively for
isotopes using a Ge(Li) gamma spectrometer. Figure
2-117 shows the important isotopes determined from
both experimental data and calculations. Agreement
between them is quite remarkable. in spite of the pres-
ence of Sc, Ti. and Ni impurities in the concrete sam-
ples. Overall agreement is within 10%.

The energy deposited by neutrons and secondary
gammas for a 10™-neutron pulse is shown in Fig. 2-
118.The temperature rise in the various target-chamber
materials is less than a few degrees at maximum. In fact,
the temperature rise in the spaceframe and concrete is
much less than 1°C.

Nova shielding-design philosophy is to limit the
maximum total radiation doses outside the shielding to
less than 500 mrem/yr to allow free access around the
facility.

During a full-yield shat. the biological hazard po-
tential inside the target room is sufficiently severe 1o
classify the target room as an exclusion area. For safety
considerations, operational procedures used for Liver-
more accelerators will be adapted for Nova operations.
Additional information on dose Ievel can be found in
CP&D-76.%F

The neutron-gamma transport code TARTNP was
used to estimate the dose equivalent from transmitted
neutrons and secondary gammas, where the neutrons are
transmitted through a 60-cm-thick (now 70-cm) water
shield followed by a 180-cm-thick concrete shield.

Caiculations of neutron and secondary-gamma
dose equivalents (mrem/h per n/em? -s) as a function of
water-concrete shield thickness are shown in Fig. 2-119
for a 14.1-MeV neutron source normalized to 1 n/s and
normal incidence.

The radiation dose resulting from skyshine is al-
most an order of magnitude lower than the direct radia-
tion just outside the shielding. becomes about the same
at 50 m, and predominates from there on.

Combined direct and skyshine radiation levels
corresponding to the proposed facility operation and
shielding are shown in Table 2-25. Dose equivalents per
year for all operations are well within the design limits
and are also in accord with the ALARA criterion.

There will be 40 beam ports in the Nova target
chamber. Each port will be 50 cm in diameter. an area
through which radiation leakage can be substantial. Es-
timates of neutron leakage through these rorts with and
without spatial filters are given in CP&D-76.*7 With the
use of spatial filters or shielding-beam tubes. the neu-
tron-leakage levels will be made acceptable in the main
laser bay.

The basic safety components of the facility are
designed to limit the environmental release of airborne
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tritium and neutron-induced radioactivity to minimal
quantities. Estimates are made of the exposure level to
an individual at the site boundary. The potential sources
of airborne effluents are:

® Fusion-target debris.

® Neutron-induced radioactivity in air.

® Tritium inventory, target loading, and fabrica-
tion.

Fusion-target debris includes unburned tritium and
activated products. The maximum amount of tritium
contained in a laser fusion target is estimated to be 2 Ci.
Thus, the unburned tritium available for release at
maximum will be 500 and 1000 Ci per year for the
breakeven and scientific-feasibility experiments, re-
spectively. This quantity of molecular tritium results in
only a negligible dose at the site boundary. In case its
quantity of tritium becomes oxidized, the internal dose
at maximum will be 3 mrem at the site boundary.
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While these levels are not radiation hazards as they
stand, they can be reduced still further by simply coupl-
ing a molecular sieve in line with the target exhaust to
remove oxidized tritium. If releases of molecular tritium
approach 1 Ci per day, the tritium in the exhaust will be
oxidized and absorbed on a molecular sieve. In this
manner, the environmental . *eases of target-fuel tritium
can be reduced to nearly zero.

Activated products could be released following a
laser fusion shot. The majority of the target debris will
become embedded in the debris shields and the inner
liner materials. For low-yield targets, the amount of this
embedded debris is projected to be very small.
Washdown will result in low-level liquid wastes, which
will be drained and pumped into a waste-retention tank.
A representative sample for quantitative isotopic
analysis will be taken from the retention tank; then, on
the basis of analysis of this sample, disposal methods
can be determined.
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In the case of fission-product-yiclding targets, a
specially designed fission-product recovery system will
be used. Basically, it will remove iodines from the
gaseous stream and hold gases several weeks to allow
radioactive decay. The liquid and solids will be recov-
ered separately. More details are given in CP&D-76.%

Gaseous neutron-induced radioactivity and the
nuclear reactions leading to the production of various
radioactive products in air are discussed in an earlier
section on the local water shield and room air. The
nuclides of concern are N and *'Ar. The estimatcd dose
to an individual at the site boundary for the release of
these nuclides (at a rate of 1% of the target room volume
per minute) on a daily basis following a shot is about 1
mrem/yr. This is low enough to require no holdup of
these gases for radioactive decay in the target room
following the sint.

A typical tritium-fill facility (i.e., DT-fill facility)
has been described in the previous section on target
fabrication. We have determined that the environmental
tritium release from the tritium-fill process will be less
than | Ci/day. This will resultin less than 1 mrem/yrasa
potential dose at the site boundary.

The inventory of molecular tritium in the tritium-
fill facility is estimated currently tobe 2 g (20,000 Ci). A
container holding this gas will be stored in a hood or
glove box.

If the tritium recovery system failed at the time of
total accidental release, the tritium gas would be
exhausted through u building stack. The maximum esti-
mated dose to an individual at the nearest site boundary
downwind from an instantaneous release of 2 g of tritium
is about zero if in molecular form and about 400 mrem if
completely oxidized. In both cases, the levels are well
within the ERDA dose-limiting criteria for accidental
releases.

The disposable solid waste will consist of target
debris (embedded in the first-wall materials), molecular
sieves, and filtration systems. For the breakeven ex-
periments, the amount of solid wastes will be very small
and there are no direct products from the target implo-
sion resulting in liquid wastes. Subsequent washdown of
inner-wall materials will result in low-level radioactive
waste. This will be pumped into the retention tank,
subjected to isotopic quantitative analysis, and then sent
for disposal.

For the scientific-feasibility experiments, the major
portion of liquid and solid wastes will result from the
embedded target debris. In the case of activated Au or
fission products, the external radiation levels from the
wastes are considered sufficiently high to be pumped toa
shielded waste-retention tank. The solid and liguid
radioactive wastes will be packaged and transported in
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accordance with the DOT regulations in effect at the ;
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The Nova facility will have the following radiation
monitoring and alarm systems:

® RAMS (remoie area-monitoring systems) lo-
cated in the target and control rooms with local alarms.

® CAMS (continous air-monitoring systems) to
alert personnel to unusual levels of airborne radioactiv-
ity in the target and tritium-handling rooms.

® Stack monitors to measure the effluents
exhausted from the target, tritium-loading, and fabrica-
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tion rooms and determine quantities of tritium, radioac-
tive gas, and particulates released.

® Portable radiation survey meters for reentering
the target room and doing maintenance on the target
chamber.

® Interlock chains including hazard-safe boxes to
assure personnel protection in case of entrapment. A
start-up procedure such as is common to particle ac-
celerators will be in effect for Shiva operation.
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2.3.7 Nova Buildings

Designs of the laser and laser-support functions are
already well advanced, so the laser system can be closely
integrated with the building design. Treating the build-
ing and experimental systems as a single design problem
minimizes cost and construction time and enhances de-
sign flexibility.

During the initial planning for Nova, we consid-
ered several designs for the laser Jaboratory and office
buildings.*™* This subsection lists the criteria for the
laboratory addition and office building and describes the
buildings developed to satisfy the criteria. Recent de-
velopments are identified and described in some detail.
Figure 2-120 shows how the new Nova buildings will fit
into the existing laser complex.

Criteria. The Nova laser system will have two
bays of lasers—a west bay and an east bay —aimed at a
target chamber located between them. The west bay wili
be the existing Shiva building with new lasers in the
Nova configuration. The buildings for the target
chamber and the east bay of lasers will be new construc-
tion.

The building for the new (east) laser must contain a
mechanically stable platform. The environment of the

room must be that of a class 10,000 vertical-laminar-
flow clean room. The temperature throughout the room
must be maintained at 74 = 1/2°F Finally, there must be
enough space to accommodate the laser and a supporting
frame approximately 30 ft wide, 25 ft high, and 200 ft
long.

The two lasers oppose each other across a new
target facility (Fig. 2-121). This facility must be large
enough to accommodate the target chamber as well as
the support framework for the turning mirrors. inci-
dent-beam diagnostics, and experiment diagnostics.
Environmental requirements for the target facility are
identical to the ones already adopted for the Jaser. In
addition, thick concrete walls are required as a barrier
against 14-MeV neutron fluxes of up to 10" neutrons per
burst. The target room design will include containment
features for handling gaseous, liquid, and solid radioac-
tive wastes in the small amounts that would be present
should primary containment systems fail. The Jaser's
master oscillator section requires a separate room cen-
trally located in the system so that an initial pulse can be
divided and fed simultaneously to both the opposing
lasers. Its stability and environmental requirements are
the same as the ones adopted for the laser. Because the
master oscillator is sensitive to RF interference, the
room must incorporate RF shielding.

A large area is needed to accommodate the
capacitors and power supplies of the 150-MJ power-
conditioning system. For maximum longevity, the
capacitors should be kept in an area that has a tempera-
ture of 74 x4°F, typical of a comfort-level air condi-
tioning system. About 17.5 MVA of pulsed utility power
is needed when the power-conditioning system is
operating. This is supplied at both 480 V and 27 kV. The
energy-storage area should be located very close to the
laser to minimize cable lengths and system losses.

Control and diagnostic functious require 3500-ft*
and 2200-ft* rooms, respectively, with computer access
flooring for the extensive cable networks that go with
these functions. All incoming and outgoing signals are
handled by optical isolators that can stand off transient
electrical pulsesupto 60k V. Highly refined temperature
control is not necessary, but cooling capacity is needed
to deal with a large equipment heat load. Control and
diagnostic data-gathering areas should be reasonably
close to the laser and target facility, respectively, al-
though moderate cable runs are acceptable.

Laser system assembly and maintenance can only
be performed in an ultraclean environment because of
the catastrophic damage to optical surfaces that is caused
by minute amounts of surface contamination. Class 100
cleanliness will be the minimum acczptable in the as-
sembly and maintenance area. The combined Nova laser
system will require about threc times as much clean
assembly space as Shiva alone. Therefore, the new
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Fig. 2-120.  Artist’s rendering of the Nova facilities, showing the existing Shiva building in the center background with the adjoining
lahoratory sddition to the right. The new office building is in center foreground. and part of Building 381 is visible at the left,

facility needs to be approximately twice the size of the
existing one.

The targets for Nova experiments are tiny, fragile,
and complex. and so must be manufactured close to their
point of final use. This implies a self-contained target-
fabrication complex close to the target facility with a
quiet, vibration-free environment. Because tritium-
bearing targets will be used in Nova experiments, a
tritivm-handling capability will be required.

The laboratory addition will include a technician
shop. a laser glass staging and preparation room (located
close to the assembly facility), and circulation and verti-
cal transportation elements. These areas will be
adequately served by standard utilities and environ-
mental controls.

All possible space next to the target room will be
reserved for the placement of experiment diagnostic
detectors, because many of them must be located outside
the concrete wall. During the building phase of Nova,
some of this space can be shared with the target chamber
assembly and staging function.

Finally. interior space must be devoted to building
support, principally for air conditioning and special en-
vironmental controls. Other air conditioning equipment
and a large power substation will be outdoors.
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An evaluation of the Laser Program’s manpower
levels indicates that we need an office building for 200
professional and support personnel. Because many of
these people will support thie Nova experiment, the
building should be near the Nova laboratory addition.
but the building also has to be close enough to the Laser
Fusion Laboratory (Building 381) so that the personnel
can maintain circulation and communication ties. De-
sign requirements tnclude individual offices for ap-
proximately 80% of the people. a combination of **con-
trolled™ and **limited" security zones, and a briefing
room for about 120 people that is convertible between
security modes. In addition, the design needs to be
flexible enough to accommodate working groups that
fluctuate in size. An attractive working environment is
required, with quality and appearence comparable to
other permanent Laser Program buildings.

Description of the Buildings. Because this is a
building addition. many architectural and functional
features will be similar or identical to those in the strue-
ture that houses the Shiva laser. The laboratory addition
will add approximately 106,000 ft* to the 66,000-ft>
HELF (Building 391). Table 2-27 shows how this space
will be distributed. Each area shown in the table is
tailored to its experimental requirements. Each is de-
scribed below. Plan views are shown in Fig. 2-122.



Fig. 2-121. Muadified Shiva facility (Jeft) and new Jaboratory addition (right). The Nova east Jaser and Nova target room will be
housed m the Tahoratory addition, and the Nova west liser will be built in the modified Shiva Facility.

The Nova target room will be built against the east
wall of the Shiva target room. with the new Nova cast
laser bay beyond it 10 the cast. The Shiva target room
will then be madified to become an extension of the
Shiva laser bay: the enlarged bay will house the Nova
west laser.

Table 2-27. Space distribution of Nova
laboratory addition.

Areca Gross area, ft*

Target room 9,500
Laser bay 11,400
Master oscillator room 1,500
Energy storage 28,200
Clean room 6,200
Control room 3.500
Diagnostics areas 10,300
Support lahoratories 4,200
Target fabrication 6,990
Circulation elements 92.000
Building services 15,100

Total 105,800

The inside of the new target room will be 75 ft wide
by 100 ft long (east-west direction). with 60 ft of clear
height under a bridge cranc hook. Its floor will be 30 it
lower than the laser bay tloor. Because the room acts as a
secondary radioactive containment vessel, all openings
will be sealable. Construction is entirely of reinforced
concrete, 6 ft thick at the walls and S ft thick at the roof:
floor thickness will be determined by foundation re-
quirements.

The same type of air-handling system used in the
Shiva facility will make the new target room a Class
10,000 clean room, with Class 1.000 available. Temp-
erature will be maintained at 74 = 1/2°F. For the re-
moval of activated airborne contaminants. an indepen-
dent fan system will discharge target-room air through
HEPA filters and an activated carbon bed to a discharge
stack on the target-room roof. This system’s capacity
will be sufficient to maintain a negative room pressure.
thereby preventing infiltration to surrounding arcas.

Identical in cross section to the Shiva laser bay . the
new Nova east laser bay will be 60 ft longer, giving it a
total length of 220 ft. The laser bay will be structurally
isolated from the rest of the building, minimizing the
vibrations transmitted from the mechanical equipment.
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It will be positioned over a basement on columns that
coincide with the laser spaceframe columns. Thus, its
elastic concrete floor will not be a part of the lascr
support system. Like the targe: room, the laser bay will
be a Class 10,000 clean room. capable of upgrade to
Class 1,000, with temperature controlled at 74 = 1/2°F,
Suspended ceilings in both rooms will contain air supply
ducting and will be integrated with flush lighting and
HEPA filters. the latter distributed to provide a high-
velocity. vertical-laminar-flow environment. Elevated
computer flooring will create an underfloor return-air
plenum.

A pair of 5-ton radio-remote-controlled bridge
cranes will be installed. Large doors at the cast end will
permit large components to enter the laser bay. Surface
finishes in the laser bay and target room will minimize
dusting and dirt retention.

A small room in the basement, against the east wall
of the target room, houses the Nova laser system’s
master oscillator and puise conditioning system. 1t rests
on a spur extending from the target room monolith that is
isolated from the rest of the basement floor, a position
that provides the requisite mechanical stability. This
central location facilitates simultaneous beam delivery
to the two opposing arms of the Nova laser. About half
the space within the master ascillator room is devoted to
a screen room, which provides radio-frequency shield-
ing for the master oscillator. Air is HEPA-filtered and
the temperature is kept at 74 = 1/2°F, the same as in the
new laser bay described above.

Directly under the laser bay is a full basement that
contains power supplies and capacitors: the latter store
150 M) of electrical energy. which will be used to fire
the Nova east laser’s amplifier flashlamps and
rotators. This location has the required proximity to the
laser bay. Fifteen and one-half feet of headroom is
provided so that capacitors can be stacked eight units
high; stacking is necessary if we are to provide full
storage and charging capacity within the available area.
This space contains no significant heat loads, but air
conditioning is nceded to maintain a stable 74 +4°F,
This prolongs capacitor life and minimizes thermal
changes in the height of the columns that pass up through
the basement and support the iascr. Electrical power is
supplied from an outdoor substation at basement level.

A 3,500-f* contro! room is located south of the
target room on the first floor level. This room has a
computer access floor that conceals cable runs within the
room and connects readily with the laser bay underfloor
plenum and the ceiling space of the power-conditioning
area below. The air conditioning system provides a
comfort-leel environment with a reserve capacity to
remove up to 60 kW of heat from equipment in the room.

A large solid angle is available for diagnostic de-
tectors outside the south wall of the target room in a

diagnostics loft extending from the first floor level to the
bottom of the target room crane rail: the rail defines the
upper limit of accessibility. A similar loft on the north
side of the target room begins at the basement level. The
basement floor space on the north side is borrowed for
target chamber assembly and staging during the experi-
ment’s construction phase. The lofts are basically un-
finished areas, although the temperature is controlled to
some extent.

Adjacent to the south diagnostics loft and above the
control room is the diagnostics data-gathering room,
which has design features similar to those in the control
room. Underfloor spaces are connected by a cable duct.
The data-gathering room has an air conditioning system
with enough reserve capacity to handle 60 kW of heat
from the clectronic equipment.

With three times the number of critical optical
components as Shiva, the Nova laser system requires a
new clean room twice the size of the one in the Shiva
facility. ldentical 10 Shiva in its design features and
finishes. it provides a Class 100 vertical-laminar-flow
environment. hts location will speed the flow of parts
while providing direct access to the aser bay. The room
has a long exterior wall, beyond which will be placed the
extensive air-handling equipment.

The target-fabrication laboratory complex occupies
the entire area south of the target room at the basement
level. It will be a self-contained facility that can man-
ufacture cryogenic aid tritiated tagets. It will be struc-
turally isolated from nearby vibration sources and have
comfort-quality temperature control. Humidity will be
cantrolled at 15% relative. Each faboratory will have
one or more fume hoods vented to the building 's exhaust
stack: the hoods will be able to maintain negative pres-
sures up to 0.01 in. of water. The tritium target produc-
tion facility (TTPF) within the complex will be main-
tained at negative pressure to prevent tribum from
spreading to surrounding areas.

This group includes an electro-optic alignment lab.
a technicians® shop. a glass stuging room on the first
floor, and a target-chamber staging area in the basement.
All the first floor labs have comfort-level air condition-
ing.

The electro-optic alignment luboratory has a re-
inforced floor (basement space below ) to support granite
laser tables, nondusting finishes. variable-intensity
lighting, and laser interlocks.

The technicians *shop is designed to previde bench,
assembly, and light-machining space for mechanical
and electronics technicians. This shop will have a rein-
forced floor (basement below), a light-duty monorail
hoist, a hardened concrete floor surface, and gypsum
board wall surfaces.

The glass staging area will provide space for re-
ceiving and storing Nova's large laser glass inventory:
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the glass is also prepared in the area before it goes to the
clean room for assembly. A laser laboratory environ-
ment will be provided, including nondusting wall sur-
faces.

The target staging area occupies the busement area
north of the target room. affording direct access to tie
basement-lev ¢l loading area outside the building. This
arca. together with the diagnostics lofts must only be
protected against temperature extremes; precision is not
required. It may prove feasible to do this by discharging
exhaust air from the laser hay and target room into the
lofts.

Circulation elements include corridors, receiving
areas, and an clevator from the basement to the target
room rooi. There will be another elevator inside the
target room. traveling its entire height, with stops at
approximately 10-ft intervals, and a hydraulic lift plat-
form operating between the basement level and the floor
level of the target room. The arrangement of the target-
fabrication laboratory complex, control room, and diag-
nostics data-gathering room in a three-level *‘stack™’
permits them to be enclosed in a self-contained *lim-
ited”” security zone with its own intemnal stairways.
The viewing gallery at the second floor level will be built
above the support laboratories to afford viewing of the
Nova laser bay through opticaily filtered and shuttered
windows. (Shielding requirements make it difficult to
provide viewing into the Nova target room.)

Mechanical and electrical support for the building
are contained principally in five areas: an equipment
room in the basement that houses chillers and clectrical
distribution equipment, a laser-bay fan loft, a fan loft on
the roof of the target room. and a yard for the clean-room
air handlers. The lofts contain the air handlers that con-
trol temperatures and generate the high air-flow rates
required in the target room and laser bay. Additional
air-handling equipment is located in a first-floor
mechanical room.

Liquid and gaseous contaminated (or potentially
contaminated) wastes will be piped to separate tanks
contained within a concrete vault with 4-ft-thick walls.
The disposal system includes piping from floor drains in
the target room, TTPF, and the target chamber and its
shielding water annulus. The vault will contain pumps to
remove gaseous wastes and a ventilating system that will
be ducted to the discharge stack. During Title 1 design.
the A-E will detrrmine the most cost effective vault
location.

The new building will extend 360 ft east of the
Shiva target room, requiring the rerouting of a drainage
channel and the relocating of several underground
utilities. A new parking lot will be located to the east. All
new and old laser fusion program facilities will be uni-
fied by a network of interconnecting pathways, with
bridges across the drainage channel at appropriate inter-
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vals. Landscaping will be an extension of the existing
arca plan, with sparing use of heavily developed land-
scaping, some drought-resistant plants, and some areas
left in their natural state.

The paved access area to the basement level on the
north side of the Shiva building wili be extended east-
ward to provide similar delivery access to the basement
of the laboratory additic.n. The roadway will be modified
to permit drive-through capability and sufficient area to
park and offload truck-traifer combinations up to 65 ft
long. A large basement-level yard will be developed
north of the access road. At grade level, a separate
access from the outer loop road will serve the doors at the
eastend of the laser bay and the laboratories on the south
side of the building.

Utility mains lie south of the building and parallel
lo its axis. They will be extended beyond their present
termination to serve hoth the laboratory addition anc the
office building.

The building electrical substation will be at the
basement level along the north wall of the building. It
will have four main sections: 2500 kVA el uiility power
for heavy intermittent ar i inductive loads, 2500 kVA of
clean utility power for lighting and continuous loads,
500 kVA of clean instrument power, mainly for control
and diagnostic functions, and 5000 kVA of pulsed
power at 480 V and 27 kV for capac.tor charging.

Nova's office building will be located south of the
laboratory addition. The three-story structure will con-
tain about 55,000 ft* of office, conference, and support
space for 200 professional and clerical staff engaged in
the Nova scientific effort (Fig. 2-123).

Now at the conceptual stage, planning for the
building includes a high-quality working environment
(exemplified by that in Building 381), effective com-
munication and traffic flow, energy efficiency, and a
strong visual and functional connection with other
buildings in the laser complex.

Energy-efficient design calls for a compact build-
ing with minimum exterior exposure. About two-thirds
of the offices are along exterior walls, while the balance
face skylighted interior courts, creating an atmosphere
comparable to that in the exterior offices.

The interior plan calls for location of *‘controlled"’
(red-badged access) areas on the first floor and *‘lim-
ited"" (green badge) areas on the second and third floors.
Ground-level accens to the first floor will be gained from
the east and west sides. Access to the second floor will
be gained from either the first floor, or from the east side
via bridges that link the floor with an elevated grade that
partially surrounds the building. Dual CAIN access
booths will be placed at each second-floor entrance. The
third floor is reached from the sccond by an elevator and
by internal stairways. The walls of the building's two
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lance will be a reflective sheath over an insulated wall ¢ L
system. In addition to a low overall heat-transmission ;al‘;g"lc(;? (Ll';;‘f?",‘““‘ Laboratory. Livermore, Calif., LLL-
factor, the glass will be an effective visual and sound '

security barrier.

Interior finish will be comparable to that of Build- Authors
ing 381. Permanent walls will be gypsum board over
steel studs. Interior flexibility will be ensured by a mov- S. M. Hibbs

M. L. Atkinson

able wall system over a continuously carpeted fleor in all
C. P. Benedix

office areas.
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2.3.8 Documentation

The description of the Nova facilities given in
§ 2.2.7 represents the project status at the end of 1977.
We are now entering Title I engineering design, having
completed the Construction, Planning, and Design
(CP&D) over approximately 20 months in 1976 and
1977. Systems tradeoffs and optimization that have led
to the current design are covered in detail in the CP&D
preliminary (1976),%% interim (1977),% and final
(1978)" reports, approximately 1700 pages in three
volumes. These reports reference over 8000 pages in
300 additional reports and publications concerned with
technical and management aspects of the Mova project.
The preparation for this project has been extensive and is
thoroughly documented.
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42.  Shiva Upgrade/Nova, CP&D Preliminary Report, Lawrence
Livermore Laboratory, Livermore, Calif., LLL-MISC-2242
{1976).
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44. Nova CP&D Final Report, Lawrence Livermore Laboratory,
Livermore, Calif., LLL-MISC-111 {1978).
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2.4 Laser Components—OQOverview

The Solid-State Laser Program at Lawrence
Livermore Laboratory is responsible for .ne
specification, design, engineering, prototyping,
and evaluation of a wide variety of high-technology
laser chain components. When they are assembled
into laser chains, we intend them to generate
extremely high power (~10% W), high-energy
(~500 1), high-flux (2.5 X 10'* W/cm?) laser beams
in the near (1050-1064 nm) infrared. Most of the
components designed for Argus and Shiva were
described in the 1975 and 1976 annual reports. The
components described here are primarily for the
Nova system or were designed to improve the per-
formance of Shiva.

Chain components include laser amplifiers,
spatial filters, optical isolators, amplified
spontaneous-emission (ASE) switches, optical re-
lays, and power-conditioning electronics. Our
specifications call for very high levels of perfor-
mance:

o Laser amplifiers must achieve their desired
levels of optical gain with the specified
homogeneity.

o Isolation stages have to reject a sufficient
fraction of retrodirected light.
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® Spatial filters must smooth intensity fluctu-
ations on the beams.

® Optical relays need to image the apodizers
in the appropriate planes along the laser chains.

® ASE switches are required to have
adequate extinction ratios.

® Power-conditioning components have to
deliver the laser amplifier and Faraday rotator exci-
tation pulses at tke proper times, durations, and
intensities.

® Finally, all optical elements in each chain
must meet exacting standards of reliability, optical
phase distortion, and proper linear polarization in
transmission.

During 1977, we have undertaken careful, in-
progress development of laser disk amplifiers, rod
amplifiers, clectrical-energy storage systems, laser
isolation systems, and high-power beam-
propagation components. The evolution from ini-
tial breadboard concepts to reliable, high-
performance components in the Solid-State Laser
Program is continuing. In particular, our develop-
ment effort addresses the very ambitious design
goals for the Nova laser system, whose require-
ments are detailed elsewhere in this report.

To illustrate the scope of the current compo-
nent development effort, we tested and installed
the following on the Shiva laser space frame:

® 27 alpha rod amplifiers (2.3-cm averture).
25 beta rod amplifiers (4.6-cm aperture).
66 beta disk amplifiers (9.4-cm aperture).
23 gamma disk amplifiers (15-cra aperture).
23 delta disk amplifiers (20-cm aperture).
101 spatial filters.

23 ASE switches.
44 isolation stages (including spares).

In addition, we installed and made the com-
plete power-conditioning system (except the PILC
system) fully operational. The Shiva laser met its
design goal for output energy from the 15-cm-
aperture gamma amplifiers by delivering 10 kJ into
calorimeiers in November. For Shiva to meet this
design goal, it was necessary for each electro-
optical component in each of 20 chains to meet its
individual design goal (i.e., to satisfy our extensive
system specifications). The design and construc-
tion details of these Shiva laser components are
detailed in the 1976 annual report. In this subsec-
tion we describe the improvements in our compo-
nent development efforts that will both affect future
glass laser systems ard improve the performance of
current systems.

Author
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2.4.1 Laser Amplifier Development

In 1976, we developed two new types of rod
amplifiers and three new types of disk amplifiers to
satisfy the requirements of the Shiva laser. At the
time, each amplifier type represented a significant
advance over earlier amplifiers of similar design
and construction (see the 1975 annual report). In
this subsection, we detail the significant devel-
opments, measurements of design improvements,
and innovations in solid-state laser amplifiers dur-
ing 1977. We rely heavily on previously published
reports for detailed descriptions of prototype am-
plifier designs.

Disk Laser Amplifiers. Complete de-
scriptions and perfermance summaries of disk am-
plifier prototypes appear in the 1976 annual report.
Pertinent experiments and developments with disk
amplifiers during 1977 included the following:

® Successful development of index-matched
solid edge-coatings for LSG-91H silicate laser
glass.

® Design, fabrication, and experimental
evaluation of segmented, index-matched edge-
clad, large-aperture laser disks.

® Application of an index-matched double
edge-coating to the largest aperture (30-cm) glass
laser disks and performance evaluation of a
Cyclops prototype 40-lamp cylindrical disk am-
plifier using these very large, edge-clad disks.

® Design, fabrication, and preliminary test-
ing of a prototype rectangular disk amplifier pump-
ing configuration capable of permitting new higher
efficiency pumping geometries to be investigated.

® Superfluorescence and parasitic-mode
measurements in large-aperture laser disk am-
plifiers.

& Evaluation of production Shiva disk

amplifiers.
Although many of these experiments and meas-
urements directly supported Shiva, a number of
them anticipate the demands of the Nova laser sys-
tem. This is particularly true for the superfluores-
cence and parasitic-mode work, the segmented-
disk evaluations, the large aperture (20-cm) edge
coating evaluation, and the rectangular disk am-
plifier gain measurements, as we discuss below.

Two principal sources of optical depumping
limit the gains attainable in large-aperture laser
disks: parasitics and superfluorescence. We can
further divide the parasitic modes into face modes
(which oscillate paraliel and close to the disk faces)
and bulk modes (which oscillate through the bulk of
the laser glass, taking advantage of total internal
reflections from the disk faces). The 1974 annual
report describes in detail the geometries of these

two types of disk parasitic modes. Here, we de-
scribe our present methods of dealing with both
modes by applying suitable disk edge coatings to
the laser disk perimeters.

Superfluorescent (SF) depumping in large-
aperture laser disks is difficult to prevent because it
is caused by the amplification of spontaneously
emitied light from both ends of the elliptical laser
disk. The amplification of spontaneous emission
occurs most strongly along the major axis of the
laser disks. For this reason. methods for controlling
SF depumping must concentrate on controlling this
loss mechanism along the disk major axis.

The aperture (and consequent disk dimen-
sions) of Shiva disk amplifiers increases from the
10-cm beta to the 20-cm delta. The problems asso-
ciated with the suppression of spurious parasitic
modes become more serious as disk dimensions
increase. As an example, the edge coating used on
the beta disk amplifier need only withstand a bulk
mode gain of 12 and a face mode gain of 22 along the
disk major axis. The delta disk edge coatings. on
the other hand, must suppress bulk and face parasi-
tic mode gains of 50 and 112, respectively. The
edge-coating requirements of the beta disks are
comparatively relaxed, which enables us to use an
earlier, nonindex-maiched edge coating, (EI-4
Owens-lllinois). The Fresnel reflectivity at the
disk/edge-coating interface on the major axis of a
beta disk is insufficient to permit the face mode to
oscillate. For the gamma and delta disks, however,
we estimate that the index mismatch at the same
interface would be too large to permit the complete
suppression of parasitic modes. Accordingly, in
cooperationr: with R. Bennett at Battelle-Columbus
Laboratories and withi Owens-Illinois and Hoya
glass companies, we began two edge-coating im-
provement programs. The first was to develop an
index-matched edge coating for the 15-cm-aperture
ED-2 gamma disks, and the second, to develop a
similar edge coating (using a different composition)
for the 20-cm-aperture LSG-91H delta disks. Roth
programs successfully met their goals. The ED-2
gamma disk edge coating was described in the 1976
annual report. Here, we describe the development
of the LSG-91H edge coating. We are extremely
pleased with the results of this cooperative pro-
gram.*

We determined the LBH-30 edge-coating
composition for the silicate LSG-91H laser glass by
modifying the copper-doped, borate edge coating
recently developed for ED-2. We tailored the ther-
mal-expansion characteristics of the resulting
LBH-30 edge-coating glass to fit those of the sub-
strate LSG-91H. This permitted us to minimize the
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residual stress in the edge coating. The cupric ion
content of the edge coating increased to 8 wt%
without an unacceptable increase in the tendency
of the edge-coating glass to devitrify. The higher
cupric ion density increases the specific absorption
of the edge-coating glass to fluorescent radiation at
1.06 and 1.3 .m and raises the threshold of the bulk
and face parasitic modes within the laser disk.

We found the measured combined scattering
and Fresnel reflectivity from the LSG-91H disk/
edge-coating interface to be less than 0.1% on ac-
tual test 20-cm-aperture LSG-91H laser disks.
Measurements of the bulk edge-coating glass re-
fractive index indicated that a mismatch between
the edge coating and the disk should produce a
Fresnel reflectivity of only 1.2 x 10~ (perpendicu-
lar, or ‘‘s,” polarization). Microscopic examina-
tion of the disk/edge-coating interface indicated
that the largest fraction of the 0.1% light reflected
and scattered from the interface was caused by
scattering centers in the edge coating. If we assume
that \hese scattering centers could be eliminated,
we can achieve even higher optical gains in large-
aperture laser disks before parasitic modes can
reach oscillation threshold.

In our view, the edge coatings on future large-
aperture segmented laser disks will be homogene-
ous and index-matched well enough to suppress
completely the onset of either face- or bulk-mode
oscillation. Accordingly, superfluorescence de-
pumping becomes the major loss mechanism for
stored energy in the laser disks. The effects of
superfluorescence are most pronounced alcng the
major axes of the laser disks. A measure of the
relative magnitude of the superfluorescent depump-
ing problem is the product of average disk gain
coefficient &}, and disk major axis L. In general, for
apL < 2.5, the deleterious effects of superfluores-
cent depumping are not important. For a,L. > 3.0,
however, increasing fractions of the disk-stored
energy are radiated along the disk major axis as
superfluorescence.

One method of reducing the deleterious effects
of superfluorescent depumping is to interpose a
fluorescence-absorbing layer of suitably selected
ions in an appropriate plane perpendicular to the
disk major axis. In the simplest case, this absorbing
layer can be oriented at the appropriate obliquity
angle to present the smallest cross-sectional area to
an incoming beam incident on the disk at Brew-
ster’s angle. The layer of fluorescence-absorbing
glass is then located in the center of the laser disk in
a plane containing the minor axis of the laser disk.
Figure 2-124 is a schematic of sucha geometry. The
angle of the cut through the laser disk along the
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minor axis is given in terms of the bulk glass refrac-
tive index by the expression

n2

8' = cos™! .
1+ n?

n

We cut a previously uncoated test ED-2 disk of
20-cm aperture into two pieces at the appropriate
obliquity angle and applied the current index-
matched edge coating suitable for ED-2 (EI-6) to
the interstitial surfaces, as well as to the semi-
elliptical perimeters of the bisected disk (see Fig.
2-125).

Test results of the segmented ED-2 20-cm disk
indicated an improvement in stored energy be-
tween 10% (at 14 kV and an input energy of 138 kJ)
and 23% (at 24 kV and an input energy of 404 kJ)
with the segmented 20-cm-aperture laser disk over
a similar laser disk of conventional configuration.
Figure 2-126 plots small-signal gain coefficients vs
bank energy.

The original 30-cm *‘D’" disk amplifier pro-
totype for the Cyclops laser system®’ was designed
to accept two 1.2% Nd-doped ED-2 elliptical disks
with major axes of 58.4 cm, minor axes of 30.5 cm,
and disk thicknesses of approximately 3.4 cm.
These large disks were given a double thickness of
the EI-4 edge coating available in 1973-1974, We
used the double coating to decrease the transmis-
sion of the resulting EI-4 edge coating to suppress
the higher gain parasitic modes we anticipated in
these very large disks.

When the Shiva edge-coating development
programs produced an improved index-matchzd
edge coating (designated EI-6), we had iwo 30-cin-
aperture elliptical disks stripped of their original
edge coating and recoated first with a layer of EI-6
and then with an outside layer of EI-4. Before strip-
ping the original EI-4 edge coating, we first deter-
mined the gain performance of the disks. As Fig.
2-127 shows, relatively little improvement in meas-
ured gain performance occurred between the same
disks edge-coated with EI-4 and EI-6 edge coatings
at the pumping levels accessible with the 40-lamp
prototype ‘D’ disk amplifier. This result was ex-
pected after measurements of the combined scat-
tering and reflectivity from the disk/edge-coating
interfaces indicated that both the face and bulk
parasitic modes would be kept below oscillation
threshold. From the measured slope efficiencies of
the stored energy vs bank energy performance
curves, it was evident in both cases that the gain
performance of the 30-cm-aperture laser disks was
pump-limited. The new edge coating should



32.75° Edge coating /
Totally internally reflected rays

{similar to bulk mode) Face-mode rays

SRR S 4 N I I D RS
Edge costing ~Disk face k; Edge'coating

w

. L (a) (b}
:l"'!lll“l

PR

pais

Fig. 2-125. The 20-cm-aperture segmented test Ed-2 laser disk: (a) end view. (b) side view.
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Fig. 2-126. Small-signal gross gain coefficlenty vs input
energy for (n) segmented “C-size™ ED-2 2% Nd-doped disk
and (b) full-size ED-2 29 Nd-doped “C" disk. Both disks are
2.5 cm thick and are edge-coated with index-matched El-6
edge coating. Disks were tested in standard “C-75" disk
amplifier, using standard banks (3 \/I-? = 600 ps).
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Fig. 2-127. Comparison of experimentally measured small-
signal gain coefficients with GAINPK simulation [eavity
efficiency = 0.65] for two “D" disks withindex-matched solid
edge coating (EI-6/6EI-4) tested in prototype “D" amplifier
head. GAINPK assumed that no parasitic oscillations were
present in these disks. These resulls are for a standard hank
with a 60-us pumping-pulse duration,

provide performance enhancement in cases for
which increased pumping levels are achicved.

Our development program for solid edge coat-
ings appropriate for fluorophosphate laser glasses
promiscs 1o yield plasses whose refractive-index
mismatch, scattering, and transmission of fluores-
cence radiation are all much lower than the results
obtained on the ED-2 disks tabulated in Table 2-28.
As @ consequence, we anticipate that advanced
edge coatings applied to the proposed 34-cm-
aperture disks for Nova will be able to withstand
face-mode gains < 9 Np.

Comparison of the measured gain coefficients
with theoretical predictions from our GAINPK
computer code in our examination of face-mode
suppression indicates that neither face nor bulk
parasitic oscillations produced significant re-
ductions in *D"" disk amplifier performance. If the
gain coefficient ratio of fuce to bulk modesina**D™
disk with a doping-thickness product of 4.19%-cm is
approximately 1.6, the gain for a face mode di-
rected along the major axis L is

G ; = exp (1.6al.) or G; = 181. (2)

On the assumption that reflections from the disk/
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edge-coating interface are normal for such a parasi-
tic ray, the maximum refractive index mismatch An
is given by

n=—Bet0 An-023 (3)
exp (0.8 al.)
assuming that the edge coating itself is opaque: here
n, is the refractive index of the cladding glass. Be-
cause the normal reflection from the edge-coating/
air interface is attenuated by two transits through
the edge-coating glass, the requirement on the
transmission T of the edge-coating glass is given by

Ts :m_+_|l: exp(—0.8aL)or T<0.32, (4)
n. -

assuming that the edge-coating glass is perfectly
index-matched relative to the bulk laser glass. In
the general case, however, the refractive-index
discontinuity An and edge-coating transmission T
must satisfy the inequality

M Dfpy " <exp(—~08al). (5)
(n, + 1) n.+n



The gain Gy, of a bulk mode directed along the
major axis L of the D disk is given by

» = exp (nal) or G, = 157, (6)

where n is the refractive index of the laser glass.
Because the obligue attenuation of the edge coating
is the principal loss mechanism for the bulk modes
within the volume of the laser disk, the transmis-
sion T of the edge coating for totally reflective rays
is given approximately by

T = exp(—al/2) or T = 0.20. 7

More generally, if the angle of incidence of the
disk/edge-coating interface of a hypothelical
parasitic ray is #, then

n* .,
I ——=sin*@t). 8
zs ) )

Tsexp{—(csc ) (ul./2)
0.

The maximum allowable refractive-index mis-
match An of the disk and edge-coating glasses is
defined by the expression

An

=n Vi:us‘-’ﬂ tanh*(csc #) («l./4) + sin*6 - 1
Vcos®0 tunh¥csc 0) (al./4) + sin

9

which produces An = 0,12 for § = 50°(TIR ray: here
a is the average gain coefficient of the laser disk,
and L is the disk major axis).

Table 2-28 compares these results with our D
disk edge-coating specification and summarizes the
requirements met by the El-6/El-4 edge coating
that permit the D disks to achieve the measured
gain coefficients. It is evident that substantially
higher face- and bulk-mode gains can be tolerated
before oscillation occurs.

We measured the small-signal gains of large-
aperture (20-30 cm) phosphate and silicate laser

disks. using specially designed experimental appa-
ratus and carefully selected laser disks. This per-
mitted us to determine the effects of superfluores-
cence and parasitic oscillations on the performance
of large aperture laser disks. We used two types of
test disk amplifier modifications to isolate the
influences of two inversion loss mechanisms:

® We achieved a variation of the effective
major axis of the test disk by using suitable matic-
finish mask that simulated the laser disk absorption
while allowing us to vary the pumped aperture of
the disk.

® We measured properties of the edge coat-
ing by using a special laser disk holder that permit-
ted us to use different liguid edge-cladding so-
lutions.

By varying the effective mujor axes of the test
disks, we were able to determine the combined
losses of parasitics and superfluorescence. With
the liquid-clad disk holder, on the other hund, we
were able to vary the optical feedback to the parasi-
tics to demonstrate experimentally their im-
portance for given edge-coating absorptions and
refractive-index mismatches.

Much of our research on large-aperture disk
amplifiers supports the Nova laser project. Nova
will use fluorophosphate laser disks very likely of
significantly larger aperture than any designed for
Shiva (34-cm disks vs 20-cm disks). Accordingly. it
is extremely important that we conduct meas-
urements pertinent to superfluorescence and disk
parasitics that overlap the Nova laser parameter
space. To do this, we selected a high-gain phos-
phate laser disk of 20-cm aperture that we could
scale to estimate 34-cm disk performance by virtue
of the ratio of the peak stimulated emission cross-
sections of the phosphate to fluorophosphate laser
glasses (4.1 to 2.7 x 107 ecm~*), For a second
experiment, we prepared some previously pur-
chased 30-cm-aperture ED-2 laser disks for test
(the silicate glass has a cross section similar to that

Table 2-28. *‘D”’ disk edge-cladding parameters.

Refractive-index Permitted Total permitted
Linear gain of mismatch of edge-coating reflection and
Specific case parasitic mode edge coating transmission scatter
Measured values of — 0.03 0.08 Sex10?
actual edge coating
Estimated magnitude of 181 0.23 0.32 5.5 x 10
face mode of disk
Estimated magnitude 157 0.12 0.20 6.4 x 107°
of bulk mode on disk
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of the Nova fluorophosphate laser glass). By com-
paring the measurements made using the 20-cm-
aperture, high-gain phosphate disk results with the
30-cm-aperture, moderate-gain silicate disks, we
were able to obtain significant internal consistency
among our experimental measurements.

Measurements of the influence of disk major
axes on the attainable gain coefficients were niade
by using two principal types of amplifier: a liquid-
clad disk unit designed to test disks of 20-cm aper-
ture having no edge coatings, and a prototype
30-cm disk unit optimized for pumping disks with
solid edge claddings.

We equipped the liquid-clad disk amplifier
with an elliptical 20-cin-aperture LHG-6 (phos-
phate) laser disk. The relatively large Nd doping-
thickness product (9.2%-cm) of this disk permitted
face parasitic modes to achieve very high gains. We
optimized the fluorescence-absorption and refrac-
tive index match of the liquid edge cladding to
minimize the optical feedback from the disk/edge-
coating interface. Two sizes of elliptical masks

used in succession reduced the geometrical dimen-
sions of the pumped portion of the laser disk. This
permitted us to measure the influence of disk major
axis on gain performance while holding all the other
cavity parameters constant.

In the first experiment, we placed elliptical
matte-finish stainless steel masks over each of the
two surfaces of the LHG-6 laser disk, reducing the
disk size to minor axes of 3.6-cm (**A™ size). We
measured gain coetficients vs input energy to the
amplifier. In the second experiment, we installed
similar masks on the disk faces, reducing the
20-cm- aperture disk to 10.2-cm (**B size'") aper-
ture, and repeated the measurement. Finally, we
evaluated the gain performance of the full 20-cm-
aperture LHG-6 disk in the same pumping cavity
used for the first two experiments. Figure 2-128
plots the resulting gain coefficient vs bank encrgy
characteristics. As indicated in Fig. 2-128, in-
creases of 15% and 22%. in gain coefficient resulted
as the effective disk aperture reduced to 10.2 cm
and 3.6 cm, respectively. Moreover, the product of

. Figi2-128; Smaki-signal gain coefficients
Vs bank energy for 3.6% Nd-doped LHG6 _© - -

I .
—_———————
————_ET L
Fluorescence ‘1" L
depumping I. ae’ 'I
o .
*C" disk masked to :; —%
7-cm major disk /!_

“C" disk masked to
19-cm major axis

40-cm major axis
“'C" disk

11 1 1
nputenergy,kd
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average gain coefficient « and disk major axis L
achieved with the LHG-6 disk reached a level of
3.6, significantly higher than aL products achieved
with comparably sized or even larger silicate laser
disks. Furthermore, an aL product of 3.6 approxi-
mates the Nova requirements for the proposed
34-cm disk amplifier.

We used the computer program GAINPK to
simulate the influence of superfluorescence on
LHG-6 disk performance. We found that the code
was able to predict the relative ratios of the gain
coefficients measured for 3.6-, 10.2-, and 20-cm
disk apertures. However, it was necessary (o use
an empirically derived scale factor different from
ED-2 to obtain absolute agreement between exper-
iment and theory for the optical gain attained in the
LHG-6 disk.

These results become impressive when the op-
tical gain corresponding to the face modes in the
LHG-6 disk are calculated. Usingthe VODEP glass
absorption-efficiency parameters for LHG-6 and
the disk doping-thickness product, we calculated
that the gain of the face mode in this disk may have
been as high as 1 Np (corresponding to a linear gain
of 6.6 x 107). These data are summarized in Table
2-29.

As Fig. 2-129 shows, when the highly absorb-
ing, nearly index-matched immersion fluid around
the LHG-6 disk periphery was replaced with dis-
tilled water, the attainable gain in the laser disk was
clamped at a relatively low level. In this case, the
immersion fluid had a relatively poor refractive
index match and only moderate absorption of the
fluorescence radiation. This permitted the parasitic
modes to reach oscillation threshold and clamp the
amplifier gain at a fixed value. When we inserted
the optical parameters of the distilled water at

A8l
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_FI|. 2-12’. Comparlsons of pin coelﬂclenls vs bank energy

for 3.6% Nd-doped LHG6 20X40-cm elliptical disk pumped

with 32 standard flashiamps in C-75 disk amplifier, using

‘two -types .of liquid ‘edge clnddings: -distilled water and
A index-mnlched an; +, NICIz solutlon. .

1061-nm wavelength, in Eqs. (2)-(7), the predicted
parasitic threshold agreed well with experimentally
determined value.

In a similar fashion, we made gain meas-
urements on two 1.2% Nd-doped ED-2 D disks
(30-cm aperture) as a function of the effective disk
major axis. Again, matte-finish elliptical stainless
steel masks used over the large laser disks permit-
ted the combined effects of superfluorescence and
any (minor)-parasitic mode contributions to be de-
termined. The relative effects of these combined
effects appear in Fig. 2-130, which plots the meas-
ured small-sign=l gain coefficients vs bank energy

Table 2-29. Measured gain coefficients and estimated face and bulk parasitic mode gains of 20-cm-aperture

LHG-6 disk tested in liquid-clad disk holder.”

Average gain Face mode Bulk mode Linear face Linear bulk Effective
coefficient, gain, gain, gain along gain along major axis,
1/m Ne NbP major axis" major axis® em
4.5 54° 1.7 2.2 x 10~ 5.5 39,0
4.2 1.1 .6 6.6 x 10¢ 36.6 39.0
10.6 6.1 2.0 4.5 x 1? 7.4 19.6
111 29 0.9 1.5 x 10t 2.5 7.1

aMeasurements were made using 32 standard Ce-doped 1.5-cm-bore flashlamps, standard bank, 24-kV voltage (400 kJ).
"EHiptical masks with major axes listed in column 5 were used to vary superflrorescence and parasitic geometry.

Distilled water used as disk edge-coating immersion fluid.
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’ Flg 2-!30 Complrlson nl‘ GAINPK slmuhﬁom of fult-
aperture (38-¢m major lxls) “D* disks with the sime disks
masked to 7, l-cm major axis. No parasitics were assumed
present. Disks ‘were clad, using index-matched El-6/E1-4
solid edge coating. The pumplnrpulu duration ‘was the
standard 608 s. .

for cases in which the effective disk major axes
were 58 and 7.1 cm, respectively. As shown, we
observed a 16.5% increase in small-signal gain
coefficient (for an input energy of 501 kJ), when the
58-cm (major axis) **D’"* disks were reduced to 7.1
cm (major axis). As with the LHG-6 phosphate disk
experiments described above, the computer pro-
gram GAINPK was able to appropriately scale the
relative performances of the 7.1- and 58-cm major
axes. These data provided convincing evidence
that we are able to simulate the effects of parasitic
oscillations and superfluorescence in the largest
(34-cm) fluorophosphate laser disks currently
under consideration for Nova.

During 1977, we made small-signal gain meas-
urements of the Shiva gamma and delta disk am-
plifiers. These measurements confirmed that the
Shiva disk amplifiers had met their design goals
with regard to both axial gain and gain
homogeneity. Further, for the gamma disk am-
plifier, the measurements were very similar to the
data obtained by using the prototype amplifier.

Our measurements of both axial gain and gain
profile used a gamma disk amplifier whose rein-
forced disk ladder structure was remachined to
minimize the amount of stainless steel in the pump-
ing cavity, while still yielding an acceptable result
in our mechanical deflection measurements. We
obtained axial net gains of 2.5 at 20kV (224 kJ) and
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2.9 at 24 kV (360 kJ) with a gain homogeneity of +
8%. These gains compare favorably with the Shiva
gamma disk amplifier design goal of 2.6.

The design of the disk ladder structure of the
delta disk amplifier changed before the amplifiers
had been built. As a result, we used the finished,
production-type disk amplifier for our gain meas-
urements on the first delta disk amplifier. Although
no genuine delta disks were available for these gain
measurements, we were able to use three exper-
imental delta disks with advanced experimental
edge coatings whose properties were similar to
those specified for the majority of the delta laser
disks. We installed these three delta disks in the
first production defta disk amplifier and made gain
measurements. We measured small-signal net axial
gains of 1.8 at 20 kV (280 kJ) and 2.0 at 24 kV (400
kJ) with a gain homogeneity of + 5%. The Shiva
design goal for the delta disk aniplifier was 1.9,

Summary comparisons of the measured per-
formance of the Shiva disk amplifiers with the
Shiva design goals appear in Fig. 2-20.

Rod Amplifier Improvements. During the
year we have made significant progress in two
areas: rod gain control and gain measurements of
an alpha rod amplifier equipped with a *‘dry™
parasitic mode-suppressing sleeve. An effective
gain-control system in the alpha rod amplifier is
particularly important, because the amplifier is ca-
pable of generating very high optical gains (up to
180). In addition, replacement of the elaborate
liquid-immersion systems from the 50 rod am-
plifiers installed on the large Shiva laser system is
desirable if rod-cooling requirements are not of
paramount interest.

The Shiva alpha rod amplifier is capable of
generating a small-signal optical gain of approxi-
mately 180 at an input energy of 23 kJ (23.5 kV)
when the amplifier rod is immersed in a nearly
index-matched solution of ZnCl, + SmCl;. The
achievement of such high optical gain in a
monolithic amplifier has significant advantages in
terms of its compactness and the generally excel-
lent optical quality of the transmitted beam. This
type of amplifier, however, can undergo large
changes in its optical gain from comparatively small
variations in the Nd-doping of the rod and the prop-
erties of the pumping cavity. Such amplifier and
system parameters include the following:

® Variations in rod Nd-doping.

® Variations in bank capacity.

® Changes in rod amplifier reflector condi-

® Deterioration of immersion fluid.



The current Nd-doping specification of the alpha
rod amplifiers is 1.2 = 1315 wt% Nd. When we
consider the variations of all alpha rods whose
Nd-dopings lie within specification, we find the in-
version density attainable in the lowest- and
highest-doped rods could be as much as 16%. Fur-
thermore, variations in bank capacitance range
from lows of 87 uF to highs of 93 uF, whic4 pro-
duces a range in bank energy of 8%. These two
effects together could produce a maximum varia-
tion in alpha rod amplifier gain trom lowest to high-
est of 40%. Estimates of differential reflector and
immersion fluid deterioration range up to ~ 10%
each: hence, the total range of gain variations in
aged alpha rod amplifiers may be approximately a
factor of two.

This problem is less severe in the case of the
Shiva beta rod amplifier, because its gain is only ~
15. Variations in doping, bank energy, immersion
fluid, and reflector condition produce much smaller
variations in amplifier gain than is the case for the
alpha rod amplifier. Twe solutions to this problem
for the high-gain alpha rod amplifier are apparent:

® Provide individually adjustable voltage
controls for each alpha rod amplifier, and provide
means for measuring the gain of each amplifier to
assure that the gains were set at the proper levels.

® Use an automatic means of clamping the
amplifier gain at some predetermined level.

The first solution is helpful if the multiarm laser
system has a variety of gains associated with each
of its (many) arms. In this case, we can adjust the
high-gain alpha rod amplifiers both to produce
equal gain for each arm and to compensate for
strengths or deficiencies along each arm. The pen-
alty is a somewhat more complicated system of
control and measurement for each alpha rod am-
plifier on each chain.

We can use the second solution very easily by
allowing parasitic oscillations within the rod am-
plifiers to clamp the inversion densities in each
amplifier to a fixed value determined by the
immersion-fluid and pumping-cavity parameters.
Thus, for example, if we substitute distilled H,O in
the alpha rod amplifiers for ZnCl, + SmCl,, the gain
reduces from approximately 180 to 50, but the am-
plifier gain is relatively insensitive to changes in
bank energy, rod doping, or pumping-cavity condi-
tion.

The high-gain performance of the Shiva alpha
rod amplifier is predicated on the effective suppres-
sion of internal parasitic modes. These parasitic
modes are suppressed in the conventional Shiva
alpha and beta rod amplifiers by the use of an

index-matched, liquid-immersion system. The ef-
fectiveness of the system arises from a fluid that
nearly matches the refractive index of the ED-2
laser rods, is transparent to the important Nd:glass
pump bands, and selectively absorbs fluorescence
radiation at 1061 and 1340 nm. The use of this fuid
system for parasitic-mode suppression causes
some amplifier maintenance problems, however.
As a consequence, we feel impelled to explore al-
ternative means of achieving comparable perfor-
mance, but with a **dry"’ rod amplifier design.

The laser disk amplifiers use a dry,
fluorescence-absorbing edge-coating glass applied
about the periphery o1'each disk to suppress parasi-
tic modes. The edge-coating glasscs developed for
laser disks have. in general, not been designed to
allow a large fraction of pumping radiation to pass
through the glass. Consequently, no well-
developed edge-coating glass is available for large
rod amplifiers. Some experiments have been con-
ducted with samarium-doped edge-coating glasses
for segmented-disk applications, and this type of
edge coating may prove successful, provided the
absorption of the SM-doped edge-coating glass is
high enough to completely suppress any parasitics
present in the rod.

To explore the feasibility of such a “*dry™
alpha rod amplifier, we procured a sleeve of
Owens-Illinois ED-5 (5% Smy,;) glass. We cored it
to accept a standard Shiva alpha rod, and polished
iton the outer diameter to permit pumping radiation
to pass into the interior of the annular cylinder (see
Fig. 2-131). The column between the Sm-doped
annular cylinder and the outer diameter of the ED-2
alpha rod amplifier was filled with a viscous solu-
tion of inorganic index-matching fluid. The compo-
site rod assembly was installed in a standard Shiva
alpha rod amplifier in preparation for out gain
measurements.

As Fig. 2-132 shows, when we conducted gain
measurements on the composite **dry’” Shiva alpha
rod, we found that the axial gain of the **dry™* rod
exceeded the axial gain of the liquid-clad standard
rod tested in the same pumping cavity by approxi-
mately 15%. We attributed the difference to a com-
bination of increased parasitic control and in-
creased transparency of the ED-5 shield glass to
xenon-lamp pumping radiation. (The transparency
level is compared with equivalent transparency of
the ZnCl, + SmCl; immersion fluid.) We also ob-
served a concomitant increase in **dry’’ rod axis-
to-edge gain ratio, which is to be expected if an
increased level of parasitic suppression were
achieved by using this geometry.
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Optical Properties of Active Laser Compo-
nents. We hinve made Tour important types of
DECUs I CMEents on aclive Giser sy stem companents
duiing 1977

®  Stressainduced biretvingence in Shivicopti-
cal components,

®  Surtace scatteriegm Shivi disk amplifiers.

®  Naturabon Suence i ED-2 0110 3-ns pulse
duriations).

®  Bulk absorption of Huorophosphate glass.
We discuss cach of these measarements and s
relative signiticance below.

Recent measurements of hirefringence in
Shiva chain components have included meas-
urements made on a beta disk amplitier. Pockels
cells. alpha rod amplifiers, beta rod amplifiers. and
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a pammi-to-delta spatial filter. In general, we con-
ducted these measurements using test contiguri-
tons approvimating both un ordinary plane
polariscope terossed analy zer and polarizery and a
circulur polariscope tyuarterwave plates oriented
at 45 bertween a crossed polarizer-inaly zer combi-
nation). The plane polariscope contiguration per-
mits the principal stress directions to be observed,
while the circular polariscope contiguration per-
mits the overall stress distribution to he mapped. In
practice. however. because we used o white light
source for these birefringence measurements. the
fringes obtained with the circular polariscope were
not distinet. Instead. we relied on the plane polaris-
cope measurements (for computational purposes.
we assumed a S530-nm Uwavelength™ for the
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**white’" light. The large-aperture polariscopes
used for these measurements feature Polaroid sheet
polarizers in conjunction with quarterwave plates.
The sheet Polaroid dye filters out most optical radi-
ation not around 550 nm, which permits high con-
trast with the quarterwave plates designed for 550
nm.

Table 2-30 lists experimental measurements of

for one beta disk amplifier, two beta rod and three
alpha rod ampilifiers. As indicated, we found that all
Shiva laser rods and disks examined thus far (with
the exception of rod No. 3 installed in the No. 1
alpha rod amplifier) were within the Shiva
»--ifications for birefringence. Rod No. 3 may
een stressed during assembly. The No. 55
bet . disk amplifier showed a substantial reduction
n me2-ured birefringence when the amplifier was
rotatea v a 90° azimuthal angle (disks standing on
their edges). We believe this reduction was due to
relaxation of gravitationally induced stresses.
Because Shiva laser chains propagate linearly
polarized beams, any birefringence in the chain
components elliptically polarizes the transmitted
beams. The disk amplifiers and the dielectric-
coated polarizers reject the s components of any
elliptically polarized beams. This process, there-
fore, represents the principal loss mechanism for a
chain with a significant amount of birefringence.
We assume that the incident laser beam is ini-
tially linearly polarized, so that the electric vector
E is given by
E =1A,cos wt +]J A, coS wt. (10)
After passing through a birefringent medium, a
phase retardation ¢ imposed between the x and y
components of E is given by
é = Qu/N) (n, — ny t, an
where tis the thickness of the birefringent plate, n,
is the refractive index along the x axis, and ng is the
refractive index along the y axis.
If we assume no transmission losses, Eq. (10)
then becomes

the retardations made with the plane polariscope E=1A cosal +J A, cos (wt + ¢), (12)
Table 2-30. Measured retardation and birefringence.
Inferred”® Shiva
Retardation birefringence specification
Laser amplifier Laser rod No. at 550 nm at 1.064 um at 1.064 um
Alpha rod amplifier 3 11° 0.84 nm/em *.2 0.75 nm/cm
Alpharod amplifier 4 5 0.38 nm/cm 0.75 nm/cm
Alpharod amplifier 5 6° 0.46 nm/em 0.75 nm/cm
Beta rod amplifier 43 il 0.53 am/cm 1.25 nm/cm
Beta rod amplifier 4 8 0.61 nm/em 1.25 nm/cm
Beta disk amplifier —_ 8 1.43 nm/em 2.5 nm/em
2 0.36 nm/cm 2.5 nm/em
(see note a)

2For this messurement, the beta disk amplifier was rotated to a 90° azimuthal angle.
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which can be expanded to produce the expression

2 2
..E"_ + E - __ZE"E’ cos ¢
A, A, AA,
=sin®é, (13
where we have written

E. = 2 _cos wt (14)

and
E, = A, cos wt. (15>

Equation (13) describes an ellipse; thus, in
general, the resultant polarization state after pas-
sage through a birefringent medium is elliptical.

In a more general case, we can assume that the
initial incident beam is linearly polarized at an angle
« with respect to our coordinate system. We also
assume that the stress axes of the birefringent re-
gion are oriented at an angle with respect to our
coordinate system (as indicated in Fig. 2-133).
Under these circumstances, the elliptically
polarized wave leaving the birefringent plate is de-
scribed by

E.* E? _ E,E,cos ¢
cos? (B-a) sin® (B-a) sin? (3-a)
= E, sin® ¢. (16)

For this geometry, we assume that the polarizer
and analyzer are oriented at right angles to each
other (so that, in the abseace of the birefringent
medium, the faser beam is extinguished).

After the incident laser beam has passed
through the birefringent region (where the *‘fast™
axis is oriented at an angle 8-a), the resultant elec-
tric field E, is given by

E, = E, sin 2 (B-a)
X [(I -~ €0S @) cos wt + sin ¢ sin wt] . 17

which corresponds to an intensity 1, given by

sin® 2 (B-a) a

1=1], — cos ¢@). (18)

Equation (18) can also be written as
Ha,B,¢) = 1, [sin2(B-a) sin(¢/2}]%.  (19)

In the case of a uniformly stressed plate, Eq.
(19) estimates the amount of intensity lost from the
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/ Axes of birefringent
/ plate

Fig. 2-133. G
birefringent plate.

try of plane-n d beam incident on

laser beam because of birefringence. For a pair of
spatial-filter lenses or a rod amplifier under azimu-
thally symmetric strain, it is necessary to integrate
the relaxation indicated in Eq. (1) over the azimu-
thal angle 8: and, assuming that both « and ¢ re-
main constant, we have the approximate expres-
sion

l w
= Lo fo sin? 2(8-a) sin(¢/2) dB, 20)
18

which reduces to
= ln 2
Lt = ?Sm (¢/2) 21)

The estimated losses from the Shiva gamma-
to-delta spatial filter, the beta disk amplifier, the
alpharod amplifiers, and the beta-rod amplifiers are
listed in Table 2-31. Our experimental arrangement
for measuring birefringence in laser components is
shown in Fig. 2-134.

Although these considerations are somewhat
oversimplified, they do permit us to estimate the
losses associated with simple forms of stress bire-
fringence. The Pockels cell case is somewhat more
complicated because of the inhomogeneous nature
of the birefringence throughout the crystal. As



Table 2-31.

Estimated birefringence losses in Shiva chain components.

Measured phase shift Direction of Estimated optical loss
Component (6/2) at 550 nm indicated stress (average s component) at 1064 nm
Gamma-to-defta
spatial filter .3 Honogeneous 0.24%
compression

Rod amplifiers 4 Azimuthally 0.23%

symmetric
Disk amplificrs 8 Azimuthally 0.24%

symmetric

“Assuming total rejection of P-polarization in next thin film polarization.

[
=

Axis of analyzer Retardatlon

Delta spatial-

Analyzer
filter lens

(set for dark field)

.—

Quarterwave \— Evacuated

Axis of polarizer

Diffuse white
light source _\

\

Gamma spatial- “— Polarizer
plate spatial-filter body filter lens
Fig. 2-134. Schematic of stress-induced bi-efring urement pparstus used for g to-delta spatial filter.

Figs. 2-135 and 2-136 show, the birefringence can
be large and nonuniformly distributed. The result-
ing depolarization of the beam will impose high
spatial-frequency ripple (specification <2%) on the
intensity profile as it passes through the next
polarizer. Only a small energy loss will occur at the
polarizer, however. A somewhal larger loss may
occur al the next spatial filter as the high frequen-
cies are rejected at the field stop. The latter effect is
difficult to calculate, although it can be minimized
by selecting KD*P crystals with low birefringence.
This phenomenon is more pronounced in the beta-
size crystals, as the data in Table 2-32 indicate. The

Shiva Pockels cells are the current state of the art.
in the future, we may need to choose between some
marginally acceptable level of birefringence in the
KD*P crystals and the lack of an available re-
placement. As Figs. 2-135 and 2-136 show, the

Table2.32. Spatial-frequency ripplesin Pockels ceils.

Average phase Estimated
Component shift (6/2) ripple magnitude
Alpha Pockels cell 2.6 £2.6° 0.3 £0.7
Beta Pockels cell 6.0 =2.1° 1.2 0.7
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losses for these five ampliticrs we can mter the
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disk surfaces by making some simple assumptions
Hhe totiowimg discussion detines these assumptions
and provides estrmates of the surfiace scatternng
fosses assocated with polished Brewster's angle
st laces e onr disk amplitiers,

Pl passivesnsertion fosses associated with
cach Shiva laser vod arise from three major
SOUTCUST

e  Bulk absorption by the ED-2 Faser glass,

e Relflection Tosses t'rnm the muldtilaver and
antirefiection coatings.

e Scaltering fosses hr‘é\) ‘the nearly normal
polished rod ends.

Acceptance iests have mide direct measurements
of reflection losses: estimates of the other two
losses appear in Table 2-33. In general. we antici-
pate that the surface scattering from cach rod face

will he somewhat less than that obtained for a laser
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cate that LSG-91H has sinnbar absorption and st
tering as FI1Y 20 however)

The passive transmission of a laser ampittict
with N disks. substrite Laser glass of refractive
index n. bulk absorption coctticient tat 106 ni g3,
thichness toand surface-scattering fraction X s
given by

Taa < (1 Neapt MU Nig) . 122)
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Table 2-33. Computations of surface-scattering losses from Shiva Laser amplifier insertion-loss measurements,

Optical path Assumed bulk Computed
Passive fength through Sumber of attenuation scilttering Reflectivits

Shiva laser fransmission anplifier, polished covfhicient. fraction per of AR-ceateid

amplitier Tatl.O642 om surfaces cm surtace surfaces
Alpha red 0.948 0 2 117 - 10 0.tW12 [EXE 1] Id
Beta rod 0.971 40 2 0.58 - 10 0.AM2 2
Beta disk 0.950 17.1 12 (LR75 - 10 0,103 -
Gammi disk 0.960 4.3 L L8785 - 10 0.0033 -—
Delta disk’ 0.965 iy [ [, A ] 0,102 -

Most surface seattering is due to lithivm nitride crystal growth.
1.8G-91H silicate laser glass,

Eastimated, not possible to measure.

2-141


http://il.11

The passive transmission of a laser rod with
faces of specular reflectivity r, length 1., bulk ab-
sorption coefficient (at 1.064 pm) 8, and surface-
scattering fraction Y is given by

Trwg ~ (1 T Y)expt - gl 23)

The rod face reflectivity values have averaged
0.0012. Thus, since Y is expected to be very small
because of the nearly normal incidence and excel-
lent polish of the rod ends, the principal contribu-
tion to the rod passive-insertion loss is expected to
be the bulk absorption coefficient . Therefore, if
we compute a value of 8 for the silicate laser glass
using rod-insertion-loss data and Eq. (23), then by
inserting this value for #in Eq. (22) we can obtain
trial solutions for the scattering-loss fraction X for
the laser disks. The results of this substitution are
tabulated in Table 2-33. The results of the scatiering
calculations are tabulated in column 6 of Table
2-33. As indicated, the results are reasonably con-
sistent with a scattering fraction of 0.3-0.4% per
surface for cach Brewster's angle surface. There is
an apparent trend toward increasing scattering as
the aperture of each disk increases. This may not be
areal effect however, becanse the disks are made of
[.SG-91H. not ED-2. (Consequently, it is probably
not reasonable to assume that the bulk attenuation
coefficient is 8.75 x 10 *c¢m ! for 1.SG-91H.) The
bulk attentuation coefficient specification for both
the ED-2 and LLSG-91H substrates is = 3 Xx
10 “em .

Prototype Rectangular Disk Amplifier Meas-
urement. In our continuing effort to improve the
performance and efficiency of Nd:glass laser am-
plifiers, we have designed a high-efficiency,
rectangular disk amplitier pumping apparatus that
uses linear arrays of standard 112-cm arc length,
1.5-cm bore flashlamps. The use of rectangular
(rather than cylindrical) pumping geometry seems
to offer a number of potential advantages: higher
efficiency, lower manufacturing cost, easier as-
sembly, greater experimental flexibility, and lower
bank costs. We tested the validity of these admit-
tedly optimistic speculations by making compara-
tive gain measurements of a rectangular pumping
cavity that pumped two 30-cm aperture **D"" disks
and the previously tested wraparound cylindrical
pumping cavity (the standard **D"* disk amplifier
discussed above).

Computer code ZAP calculations ha'e
predicted up to a doubling of pumping efficiency (at
constant lamp current density) for such a geometry.
The ZAP predictions are based on extrapolations
from our standard cylindrical pumping geometry.
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For this reason, our gain measurements will permit
this ZAP simulation of a rectangular geometry 1o be
normalized. To ensure that this experiment
provides a reasonable comparison between the
cylindrical and rectangular pumping geometries,
we have designed an experimental apparatus that
uses the sume lamp spacing, reflector cusp radius,
and laser disks as the 30-cm-aperture D" disk
amplificr described above. The performance of this
rectangular pumping cavity can, therefore, be
compared directly with that of the equivalent cylin-
drical geometry.

We designed the prototype rectangular disk
amplifier to permit evaluation of a variety of reflec-
tor and lamp configurations. We vary configura-
tions by simply installing new reflectors and rear-
ranging the flashlamps. (Eventually we will include
both transverse and longitudinal fashlamp orienta-
tions.) This flexibility substantialy reduces the
manpower needed to conduct our initial exper-
iments.

Figure 2-138 is a schematic of the rectangular
disk amplifier geometry. Asindicated, the amplifier
has the capability of using either one or two linear
arrays of standard 112-cm arc length, 1.5-cm-bore
cerium-doped xenon flashlamps. The remaining
interior surfaces of the pumping cavity are silver-
plated to reflect strongly in the pumping bands of
the Nd-doped laser glass. This permits higher
cfficiencies than the Shiva SS-lined structural
cavities.

For our initial experiments, we used the same
lamp spacing and reflector radii found in our stan-
dard cylindrical test D" disk amplifier, together

Flashlamp
-reflector

Upper flashlamp
linear array

206 122¢cm
em ‘

: CRemovable center

- divider
Brewster's angle -
S ) “D* disk holder-
(Removable) lower Entrance
: aperture

flashlamp array

Fig. 2-138 Schematic of rectangulat flashiamp pumping
-ﬁxlu_re." S . . i
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with the same ED-2 D" disks. This permitted us
to compare directly the relative pumping efficien-
cies of these two types of disk amplifiers.

We evaluated two 1.2% Nd-doped ED-2 'D*
disks averaging 3.39 cm thick in the rectangular test
amplifier. These disks had been doubly edge-
coated with EI-6 and EI-4 glasses. A ¢cw Nd:YAG
oscillator operating at 1064.2 nm was used as the
probe laser. Two silicon photodetectors monitoring
the amplified laser beam and the reference beam.
respectively, were connected to Tektronix 6904
and PDP-11/DPO data monitoring and processing
systems. The current and voltage waveforms of one
representative flashlamp circuit were monitored
using our Nanofast power meter. The remaining
flashlamp circuits were monitored with individual
current transformers.

We measured gain as a function of both input
energy to the flashlamps and spatial displacement
from the axis of the amplifier. Each pair of
flashlamps was operated using a standard 3VLC =
600 s pumping-pulse duration.

Figure 2-139 illustrates mea. ed gain
coefficients vs input energy for the 28-lamp
rectangular cavity vs the 40-lamp cylindrical disk
amplifier. As indicated, the rectangular disk am-
plifier (RDA) has a significantly higher pumping
efficiency (at constant bank energy) than the stan-
dard cylindrical geometry. These basic gain data
are summarized in Table 2-34. The ‘‘comparative
efficiencies™ (at constant bank energy) listed in
Table 2-34 are defined as

[¢4Y M

ay N

) (24)

énp =

60T T 1 T T T T 1
) 28-lamp rectangulat B
- 5,0 — disk amptifier \
1.
E =
£
e 40
8
& |
§.
e 30 .
) \_ {
E B 40-lamp
2 20 standard "D* —4
3 disk amphiier
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Fig. 2-139, Comparisons of small-signal gain cocfficients
vs input energy for 28-lamp rectangular disk amplifier and
standard 40-lamp cylindrical "™ disk amplifiers: <tindara
600-ps bank circuits,

where ay and oy are the small-sienal gain
coefficients measured for the amplifiers with N and
M lamps, respectively.

‘The significant trend in these data illustrates
that using the rectangular pumping cavity makes
possible increases in pumping efficiency of more
than 40% over the level attainable with the 40-lamp

Table 2-34. Comparisons of small-signal gain coefficients measured in 28-lamp rectangular disk amplifier;
two ED-2 D disks, 1.2% Nd-doped 3.39-cm thick were used (together with standard lamps and reflectors).”

Bank Input energy Peak lamp Small-signal gain coefficients Comparutive
voltage, per lamp circuit, current density, 28-Lamp, 40-Lamp, efficiencies
kv kJ kA/em? Um i/m (28/40)
10 4.5 0.88 2,16 +.06 1.85 +.09 1.67
12 6.5 1.4 2.87 .11 2.64 =.08 1.55
L] 8.8 1.41 31.51 .09 3.24 +.05 1.53
16 i1.5 1.67 3.95 +.06 3.77 .03 1.50
18 14.6 1.96 4.28 +.09 4.18 +.04 1.46
20 18.0 2.23 4.57 .06 4.43 .05 1.4
22 2L.8 2.54 4.74 +.05 4.82 +.4 1.40
24 59 2.8% 4.93 +.10 4.94 +.04 1.43

2All these measurements were conducted using an Nd/'YAG laser oscillating at a wavelength of 1064.2 um and are uncorrected for fluor-

escence defect.

The resulis of this cavity pumping experiment were very encouraging. In 1978, a variety of tests are pl d to optimize the flashlamp
reflector, lamp number, and lamp performance to obtain further improvements in rectangular disk amplifier pumping efficiency.
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cylindrical disk amplifier. The meisured spatial
pain profile wiss found to be acceplable, as Fig.
2-140 shows.

Mcasurements of xenon flashlamp self-
absorption have shown that flushlamps absorb sub-
stantinl fractions of their own output radiation isnd
reradiate thet absorbed energy in other spectral
regions with -n assumed optical efficiency. The
absorbed fractions are dependent on the lamp
current densities and, hence, become a more im-
portant factor in the cavity power-flow budget as
the input cnergy 1o cach lamp increases. We have
recently made new lamp opacity measurements,
using i cw liaser probe method, which yielded i high
signal-1o-npoise ratio. We made these recent meas-
urements using cerium-doped, 1.5-¢cm-bore xenon
flashlamps similar to those used to pump our laser
disk amplifiers. These measurements hiave shown
that a relatively large fraction of the total light emit-
ted by a flashlamp installed in an amplifier pumping
cavity can be reabsorbed by the lamp. Presumably
this energy is then reradiated in spectral regions not
useful for pumping the ND* ' jons in laser glass.,

Small-signat
Gain coefficient, m~
6 o
[T =
- o e e
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41 k)
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P 3
E o
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2 e
1
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[ - i 1 L | I
1% 10 -5 & 5 10 15
Fig, 2-140. Measured gain profile of 28-lamp rectangular
disk amplifier (20-kV. 252-kJ input energy), standard
reflector, two 1.295 Nd-doped ED-2 “D™ disks 3.39 cm thick.
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We used the apparatus shownin Fig. 2-141 for
our measurements of flashlamp opacity. As shown,
this apparatus directed a cw laser beam of moderate
power through a standard cerium-doped ! S-cm-
bore, 112-cm arc length xenon flashlamp while the
flashlamp was fired with a standard 90-uF . 450-uH
capucitor bank. We used voltages from 10 kV 10 24
KV 10 permit generation of lamp current densities as
high as 2850 A/cm® while the transmission of the
famp (a1 a specific wavelengthy was monitored.
Seven laser oscillator wavelengths ranging from
476.2 (Kr) to 1064.2 nm (Nd) were used. We ob-
served significant absorption of all seven laser
wavelengths used in these experiments. This wiss
because all seven fell in spectral regions for which
there was significant continuum radiation from the
test flashlamp.

Figure 2-141 also presents a schematic of our
fliushlamp opacity measurement appuaratus. As in-
dicated, the cw laser beam was directe © into a
semisealed, No-purged, flashlamp testing fisture.
T'wo identical singlet lenses focus and recollimate
the probe laser beam, respectively, through the
axis of the flashlamp under test. This configuration
wis selected to minimize the aberrations and steer-
ing effects of the hot xenon plasma generated when
the flashlamp was fired.

The recollimated probe laser beam then enters
a one-meter monochromator, which is adjusted to
transmit the appropriate probe laser wavelength.
The transmitted laser power is then monitored as 4
function of time with a standard silicon photodiode.
Noise measurements were made by blocking the
cw laser beam while the flashlamp was being fired.
Essentially no significant flashlamp light was de-
tected by the photodetector when the noise meas-
urements were made.

Figure 2-142 illustrates an osciliograph of a
typical event with both fAashlamp current and
photodetector output being monitored. As shown
in the figure, the minimum in the transmitted cw
laser signal was observed delayed slightly from the
peak of the flashlamp discharge current.

We calculated the attenuation coefficients,
using the following expression for the transmission
T of the flashlamp as a function of the current
density J and probe wavelength A:

T (.A) = T, exp[ -bt!- K)La]for J>K, (25)

where b is a constant derived from the experiment,
L is the estimated path length through the xenon
plasma, T, is the quiescent transmission of the
flashilamp, and K is the experimentally observed
**threshold™’ current density.
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The variation of opacity with flashlamp current
density is plotted for 20 three-probe laser
wavelengths (476.2, 647.1. and 1064.2 nm} in Fig.
2-143. Using a value of b = 1.213 x 104 (A ?),
values for T(j. M) given by Eqg. (25) are also plotted
in Fig. 2-143 for all three wavelengths. As indi-
cated, there is a significant increase in the lamp
absorption for current densities greater than 1 kA/
cm?, so that a “‘threshold’” for the absorption phe-
nomenon may be perceived. This may be a result of
the development of an arc within the lamp
envelope,

As summarized in Table 2-35, the general trend
of these data is in qualitative agreement with previ-
ous Jamp absorption data.” The differences will
require additional work to quantify the discrepan-
cies between the two bodies of data.

Disk Amplifier Contamination and Dam-
age. In early 1977, we began planned periodic
maintenance of Argus system amplifiers by rebuild-
ing them one at a time, taking two weeks for each.
During the process, we zathered information on the
severity and frequency of damage with two goals in
mind: to determine system reliability and to predict
optimum maintenance intervals -5

The most notable aspect of the morphology of

laser disk damage is that damage sites are round, or
at least circularly symmetric. The sites are always
located on the surface of the glass (we have not

1ov 10my 20035

CW laser power evel

Current waveform
I v

/o~ Delayed peak absotption
e

Extens ve heam steering
Kmusvri by gas heating
/
\ ’ \.A'v’“'\
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Fig. 2-142.  Flashlaiup current and transmitted probe laser
power as functions of time (At = 200 ys/cm); current probe
sensitivity = 1.0 kA/cm: wavelength of prohe laser heam =
476.2 nm: current density of standard lamp at peak = 2,53
kA /em.

\
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observed damage to the bulk of the glass). Large Small damage sites—5 to 50 um in diameter
damage sites—100 pum to several millimetres in —are also circular and generally appear o have
diameter—are accompanied by extensive fractur- contaminants or foreign particles fused into their
ing of the glass surface. surface. We find that damage site location generally
correlates with disk position within the amplifier
Melted fragments of glass adhere to or partially (i.e., disk surfaces facing upward generally sustain
cover many damage sites. These most likely repre- more damage than downward-facing surfaces). We
sent fragments of glass from the disk itself that have have also noted that the first disk surface, in the
melted and resolidified. They may also be glass direction of gas flow, generally has more damage,
fragments from the encircling quartz shield tube by as much as a factor of five, than any other disk
that have fallen onto the disk and initiated the dam- surface upon which nitrogen-carried particles
age. would come to rest.

Table 2-35. Flashlamp plasma absorption.

Current measured standard Previously measured
Wavelength (15- % 20-mm bore, M-380, 300 Torr) lamp attenuation,

region Current density Probe laser line attenuation, 3 I:3

450 nm 2,24 kA/em 2 476.2 nm 0.70 cm™! 0.42 cm™
2.24 kA/um™? 482.5 nm 0.69 em™! —_

500 nm 2,24 kA/em? 488.0 nm 0.73 cm™! 0.56 cm™'

550 nm 2,24 kA/em™? 568.2 nm 0.79 cm™' 0.67 cm™!

600 nm 2.24 kA/em™? 632.8 nm 1.01 em™' 0.62 ecm™!

650 nm 2.24 kA/em™? 647.1 nm 1.19 cm™! 0.63 cm™!

1000 nm 2.24 kA/em™? 1064.2 nm 1.66 cm™! 2.30 em™!
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Although foreign contaminant particles are
rarely found attached to large damage sites, they
are the cause for all forms of damage mentioned
above. Any dielectric or metallic particle remaining
on disk surfaces is rapidly heated by the flashlamp
radiation and the laser pulse. The cerium-doped
quartz flashlamps, pumped with 9 kJ in 600 us,
supply inexcess of 20 J/cm® at the disk surface. This
is sufficient energy to heat and evaporate most par-
ticles smaller than 10 pm.

A quantitative measure of the optical severity
of damage is needed to determine when a disk has
sustained sufficient damage to warrant regrinding
and repolishing. A quantitative measure of damage
is also useful for correlation with such proposed
causes for the damage as number of amplifier firings
or incident energy.

The fraction of the optical surface obscured by
damage sites is one measure of the amount of dam-

age to the disk. It may be obtained by integrating
the product of the area obscured by a damage site
and the size distribution of the damages sites. The
cumulative size distribution of damage sites found
on both lightly and heavily damaged Nd:glass disks
(see Fig. 2-144), follows a power function of the
form

C=ad".

The count density C may be expressed as the
number of damage sites per unit area greater than
diameter d: the parameter « determines the concen-
tration, and the constant n has been experimentally
found to be approximately - 1.64,

Since January 1977, we have examined all over-
ha'led Argus and Shiva amplifiers to determine the
extent of damage. Figure 2-145 shows the unaver-
aged data pertaining to the quantity of damage per

Fig. 2:144. “Cumulstive size distribution R
~of damage sites. measured on several .. 10%
Nd:glass disks. The,_ sizé. distribution of - .
typlcll con(lmlnlnt plrticlel follow; the .
same genenl form 28 llle size dlslribMon- B
_ol‘ lhe dlmlge. Lo K
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)
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2-145. Damage site demhy on Arguq lml Shiva .
. Nd:glass disks’ as a function-of the number of amplifier
firings. In genenl there is a very tow correlation between
'dnmlge and number of firings.

disk surface as a function of the number of amplifier

firings. There appears to be an upper bound of |
damage site/em? - HWO wm, corresponding to 0. 1%

obscuration per surface. The average level of dam-
age is 0.20 damage sitesiem® - 100 wm. correspond-
ing 1o 0.0137 obscuration per surfuce or 0.9277 per
arm for the Argus system—a very acceptable level.

The low correlation of damage with number of
firings (shown in Fig. 2-144) implies that only ini-
tially present contaminants or defects in the surface
initiate the damage. The data also imply that there
is no long-term surface fatigue effect and that disks
examined after the first 10-240 firings will have the
same level of damage as they would after several
thousand firings. This, of course, excludes the pos-
sihility of inadvertent recontamination of the op-
tics. It also implies that, at low repetition rates,
very long lifetimes can be expected if all surfuces
are initinlly clean and remain clean.

In addition to damage sites found during re-
building, we have found that many disks have a
light-scattering film covering their surfaces. Figure
2146 shows this film on a 10-cm aperture disk.
Although we first thought that the film resulted
from the condensation of gascous contaminants in
the cooling system, we now know that the few
organic compounds in the nitrogen gas are not re-
sponstbie for the fitm observed on the disks.

Microscopic examination of the film showed it
to be composed of small spots and crystalline
fibers. The largest fibers are typically 2-5 pum in
diameter and up to 500 pm long. Figure 2-147, a
photomicrograph of the crystalline fiim, shows the
large fibers and smaller spots characteristic of the
film. It is of interest that the fibrous film has been

Fig. 2-146. Ndiglass disk  illuminated
from above and from right by a high-
intensity tamp. The light is scattered from
the disk surface hy a crvstalline film that
has grown after sesen months exposire to
a SU% velative humidity atmosphere.
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Fig 2-147. Crastailine fibers on Nd:glass
surface after being stored in g dosed and
unfired disk amplifiee for seven months,
The atmospheze i the amphiier was air at
20 7 relative humidits when sealed. 1 iber
diameters are 24 .mo magaified 200 times,

found on unfired amplitiers, that the radiant energy
from flashlamps does not appear to diminish
growth, and that the film does not appear to aggra-
vate dumayge.

Direct examination of fibers using an ion probe
(UMMA) verified the existence of lithium and nit-
rogen in high concentrations in the fibers. This im-
plies that lithium nitride Li,N. the nitrate LiNQ,,
the trihydrate form LiNQ.,3H.O, or the nitride
LiNO,2H,0 could be present. Since it is known
that ED-2 glass contains Li, O, there appears to be
sufficient evidence to support the theory of atmo-
spheric attack of the Nd:glass.

To determine the optical severity of the film
problem, we examined a Shiva beta amplifier for
transmission loss after being on-line for ten
months. The film that had grown on the surface
reduced the transmission by 0.36% per surface.
This should be compared to an average damaged
disk with a 0.013% per surfuce-transmission loss. A
heavily filmed disk. therefore. reduces transmis-
sion much more than a damaged disk. Removal of
the film requires that the amplifier also be removed
from service. completely disassembled for clean-
1ag, and then reinstalled.

In conclusion, it appears that the only
significant damage problem on Argus—and now on
Shiva—is to the surfaces of laser disks and that this
damage is due to flashlamp heating of contami-
nants. Current cleaning and surface preparation
techniques have been abl.e to produce amplifiers
with sufficiently low danfige rates that an entire
laser arm will sustain less£he 1% beam obscuration
after 500 shots. The film ’crystallizing out onto the
disk surfaces is currently the most significant
source of beam obscuration, and an immediate so-

lution is not available. It may be possible, though,
to chemically deplete the lithium from the glass
surface and thus substantially extend the time be-
tween cleaning periods and thus increase system
reliability. New glass for Nova should not exhibit
this problem because of the low lithium content.
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2.4.2 Inertial Inductive and Fast Inertial Energy
Storage Systems

The 40-chain Nova system may require up to 4
MJ per chain for flashlamps and Faraday rotators.
This energy can be obtained inexpensively from the
power grid over a I- to 2-min period (at 3¢/kW - h,
160 MJ costs $1.33). The power-conditioning re-
quirement is to deliver this energy in a short time
(0.5ms) with minimum technical risk and by the
most cost effective method.

Because flashlamps constitute the major frac-
tion of the load (~140 MJ), the potential for cost-
saving is greatest with the flashlamp power system.
The peak power requirement (~0.3 TW) is far be-
yond that available from the power grid; hence,
intermediate energy storage is necessary. Energy
storage is also required for the Faraday rotator
syste.m, because the ~20 MJ must be supplied in
0.1s or less with the room-temperature coils.

Inertial-to-inductive storage technology has
demonstrated both appropriate energy-storage
economyv and high enough power to warraut niore
careful analysis. Problems with chaiging and
switching the inductor have precluded widespread
use, but recent work®3* has demonstrated the
feasibility of using an intertially driven homopolar
generator to charge an inductive store. The
homopolar generator is discharged over a time con-
stant of tens of milliseconds into an inductor, a
technique that converts mechanical energy into
magnetic energy. The inductor is then discharged
into the flashlamps in 0.5 ms. This technique re-
quires opening-switch technology that is not in
present use: however, the feasibility of single-shot
switches has now been fully demonstrated.>* Be-
cause both the charging and the switching of a
single-shot inductive storage system have amena-
ble solutions, no technological barrier exists in the
use of this system for Nova. With the assistance of
the staff of the University of Texas at Austin we
have compared this technology with present
methods, using capacitor storage, and decided that
it is not economically compelling. We present the
technology description here.

Nova requires that any energy-storage device
time-compress the energy delivery rate from min-
utes coming from the power grid to sub-milli-
seconds going into the flashlamps. This time-com-
pression (or power amplification) of at least five
orders of magnitude is not readily handled by big
inductors alone. Compelling economic reasons
(i.e., large volumes of copper) ¢ ctate that the in-
ductor be charged in 1 s or less, which necessitates
the use of a primary storage davice. The size of the
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Nova flashlamp system (--140 MJ) requires that
this primary store be capable of delivering many
hundreds of megawatts to charge the inductor. An
attractive way to provide this power is the homopo-
lar pulse generators (HPG).

In its conventional form, an HPG consists of a
flywheel, rotating in an axial magnetic field. Energy
can be accumulated slowly in the flywheel, in tens
of minutes, if necessary. The principal virtue of this
machine is that it can be discharged rapidly:i.e.. all
the inertial energy can be converted into an electri-
cal impulse in less than 0.1s. This is accomplished
by lowering electrical contact brushes onto the rim
and the hub of the spinning wheel. A large closing
switch then completes the circuit, and current flows
radially through the wheel into the inductive store.
This machine provides much higher instantaneous
power than other forms of flywheel-driven
generators because the magnetic braking action
takes place in the flywheel itself. Because the fly-
wheel shaft transmits no torque, the strength of
shaft materials is not a limiting condition. There-
fore, the HPG provides the highest specific power
(W/kg or W/m®) of any type of rotating electrical
machinery.

The HPG requires magnetic energy in its ficld:
in a fast-pulse machine, this energy can be compa-
rable to the energy stored in the flywheel. Robson
et al.’? have shown that the machine can be self-
excited in a way that would convert the stored
energy in the flywheel into its own magnetic field
energy. This field magnet then becomes the induct-
ive store used to power the flashlamps.

An example of the homopolar inertial-
inductive storage system is given in Fig. 2-148,
which shows the layout of the components in the
electrical charge-discharge circuit. The flywheels
can be started by wound-rotor induction motors,
which were chosen by the University of Texas (UT)
in a study for Nova.* Hydrostatic bearings are also
recommended in this study. The rotors are nor-
mally beryllium-copper or steel, but they may be
aluminum to reduce the density and therefore
provide a better impedance match and faster dis-
charge time. Flame-sprayed copper slip-ring sur-
faces for brush contact to an aluminum wheel have
provided satisfactory results at UT. Copper-
graphite (automotive starter motor) brushes were
used, because they have demonstrated satisfactory
performance to at least 270 m/s wheel-rim velocity.
The field-coil/inductive-store would typically be
edge-wound copper for strength. A second coil and
possibly an iron return yoke (not shown in
Fig. 2-148) could be used to provide an initial field
for the generator.
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After the flywheels are motored up, and the
brushes are lowered onto the wheels, the discharge
sequence is initiated by the high-current closing
switch. This switch is similar to the 500-k# unit on
the 5-MJ UT hemopolar.5%7 Current flows from the
generator and through the closing switch, inductive
coils, and aluminum cylinder in the explosive open-
ing switch. A schematic of this circuit is presented
in Fig. 2-149.

The explosive switch opens this primary cir-
cuit when the current reaches peak value by firing
the PETN detonating cord (requiring about 10 g of
explosive). This pushes paraffin insulation against
the iaside of the current-carrying aluminum tube.
Steel cutters on the outside of this tube create
multiple-series arc channels along the length of the
tube. The paraffin is forced into these channels,
quenching them in about 20 us. During this time,
the current transfers to a number of parallel fu.e

wires located around the switch. When these wires
explode, a high-voltage spike appears across the
flashlamps. This spike triggers the lamps and then
fires a sparkgap in series with a nonlinear resistor.
The resistor shares current with the flashlamps,
reducing the rate of rise of current in the lamps so
that peak lamp current occurs 100 to 150 us after
the opening switch is fired. The nonlinear resistor is
made of iron or tungsten wir.. As current passes
through, it heats and becomes more resistive, al-
lowing the flashlamps to carry more and more
current. This resistor uses about 30% of the energy
that would have gone into the flashlamps, but the
mechanism enables the lamps to survive much
longer than otherwise.

The explosive-openir.,g switch under consid-
eration is similar o a 100-k A device being tested at
NRL.* For Nova, this unit would have to be up-
graded to switch at least 500 kA of current for
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Fig. 2-149.  Homopolzr inductive storage-system schematic.
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Flashlamps

driving 100 to 200 circuits. Cheap, replaceable
switch insests can be designed so that the cost per
shot is only a few dollars, or about 0.2¢/] per
thousand shots.

The circuit, which uses a self-excited homopo-
lar generator, has been modeled at LLL with the
HUMM program (see Fig. 2-149). Figure 2-150
shows the waveforms from a run with a four-rotor
machine that initially stores 20 MJ in the rotors at
306 m/s rim velocity. The machine drives 360 flash-
lamp circuits. corresponding to 15 of the large
35-cm amplifiers. Accomplishing this requires that
the peak current in the 7-uH inductor reach 2.1 MA
before the primary circuit is switched
[Fig. 2-150(a)}. The corresponding voltage across
the inductor is given in Fig. 2-150(b). It rises to 874
V during the charging phase and then peaks at 4.4
kV during discharge. (Note that the voltage spike
that would trigger the flashlamps is not modeled.)

The currents in the flashlamps and through the
nonlinear resistor are shown in Fig. 2-150(c). The
resistor current drops off rapidly as the resistor
heats. The peak flashlamp current is 1.17 MA, cor-
responding to 3250 A in each lamp circuit. This
current rises to its peak in 148 us, and its half-width
is 615 ps. As Fig. 2-150(d) shows, the flashlamp
voltage reaches 13.7 kV. Our assumption in the
model is that this voltage V = 240 V/i, where i is the
current through a single lamp circuit.
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The energies delivered to the lashlamps and to
the nonlinear resistor are shown in Fig. 2-150te).
The flashlamp energy reaches 8.8 MJ, correspond-
ing to 24.4 ki per circuit. This is an overall ef-
ficiency of 4477. The :i nlinear resistor consumes
about 3.3 MJ of energy in its role of reducing the
current risetime in the flashlamps. This energy doe:.
not melt the 1.72-lb iron resistor. As seen in
Fig. 2-150(f). the iron is heated beyond its 1050K
phase transidon temperature, but below its 1817K
melting point. Thus, no explosive energy release
oceurs.

We explored the possibility of entirely
eliminating the explosive switch, fuse, and non-
linear resistor. In this case, the homopolar
generator must be very fast—discharging in a very
few milliseconds. Appropriate impedance-
matching devices would be required. For example,
if the generator were fast enough, an inductive
store would not be required, but a pulse trans-
former would be needed to match the approxi-
mately 1 kV from a four-rotor generator to the 7- or
14-kV flashlamps.* It is, of course, possible to
series-couple a number of homopolar wheels to
eliminate the transformer.

*Each single 44-in. flashlamp drops about 7kV at the peak of the
current pulse. A series pair of these lamps requires 14 kV.
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Fig. 2-151. Homopolar generator capital cost, .

Another possibility is to charge an inductor
rapidly with a fast homopolar by means of a series
fuse. When the fuse blows, the resulting five-times
voltage multiplication correspondingly reduces the
discharge time. This circuit is passive, ~liminating
the need for an explosive opening switch.

A fast homopolar generator with a discharge-
time goal of 1 ms is being developed by UT. This
work could possibly lead to an alternative to ca-
pacitor banks for powering flashlamps; however,
the HPG/ind. ctive-store with explosive opening
switch and some sort of optimized-fuse/nonlinear-
resistor arrangement has a smaller risk factor at
present.

A cost-scaling study for the HPG was per-
formed for LLL by UT.% This study was directed
toward a machine that would drive Faraday
rotators; however, the general scaling principles
apply to any similar machine. Figure 2-151 shows
the estimated cost for several proposed machines.
From this figure, we obtain an estimated cost of
$370,000 for a high-performance 20-MJ machine.
An additional $300,000 ($833/circuit) is estimated
for the switches and fanout system. A multiplica-
tion factor of about 4/3 should be applied to these
numbers to account for spare parts, stores draw
and small procurements, and manpower, so the
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Capacitive energy storage
Cost,
Component 3
Replaceable elements
Energy-storage modules 0.159
Power supplies 0.019
Ignitron switches and triggers 0.010
Bank dump hardware 0.005
0.193
Elements not replaced by alternative systems
Controls, dlagnostics, interlocks 0.025
High-voltage cabling 0.013
High-voltage junction boxes 0.006
Flashlamps 0.035
om
Total 0.272

total cost would be about $900,000. Since this ma-
chine would drive the equivalent of 360 25-kJ cir-
cuits (9 MJ), the cost is roughly 10%/J.

For comparison, a cost breakdown of the
baseline Nova flashlamp system is given in Table
2-36. The elements of this system that would be
replaced by the inertial-inductive alternative are
shown to cost 19.3%] (including the 4/3 factor).
Thus, the alternative has “’.e potential to save over
9¢/J compared with current capacitor technology;
however, recent advances in low-cost capacitors
could reduce this difference to perhaps 7 or 8¢/}. If
Nova were implemented with this alternative, we
would probably use it to drive the large 22- and
35-cm disk amplifiers. In a 40-chain Nova, this
could amount to at least 100 M! of energy. At 7%/)
saved, 100 MJ represents $7 million potential re-
duction in the cost of flashlamp power-conditioning
equipment. While this saving is attractive, the de-
velopment of higher density capacitors entails less
risk. Furthermore, a new device, the compensated
pulsed alternator, has more attractiv: technical fea-
tures, and it possibly will have the same economical
advantage as the iiiertial-inductive sysiem.
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2.4.3 Laser Propagation and Isolation

Plasma Retropulse Shutter. An essential
element in operating a fusion laser system is the use
of a device designed to minimize light retroreflected
from the target. The only two scheme- previously
used with glass lasers are a Faraday rotator
polarizer and an exploding mirror. The Faraday
rotator polarizer combination is reliable, but it adds
to the nonlinear phase contributions and is expen-
sive. A feasible alternative candidate is an inline
plasma shutter.

The logical location for » fast plasma shutter is
contiguous to the final spatial-filter pinhole.*® As-
suming a pinhole aperture of I mm and a distance to
the target of 15 m, the pinhole must close with an
average velocity of 10° cm/s.

Of the several candidate techniques for pro-
ducing the required opaque plasma, most fall into a
class based on rapidly induced sublimation of solid
material. This rapidly induced sublimation may be
used directly as a plasma shutter, or it may drive a
solid projectile®® (flyer or spall) across the optical
beam path. The rapid sublimation may be produced
by the resistive heating of a foil or by laser vapor-
ization of a surface. We describe here a particular
shutier that uses the electrical sublimation of a thin
metal foil. After summarizing the primary physical
processes involved, we summarize the results of
current experiments.

To produce sublimation of aluminum foil, a
short pulse of electrical current derived from a par-
allel array of low-inductance capacitors is dumped
through the foil. Current flow resistively heats the
foil at nearly constant volume, until the tempera-
ture exceeds the binding energy of the atoms and
sublimation begins. On the timescale of these ex-
periments, the vapor is resistively superheated by a
factor of two to five. The temperature achieved by
these processes then determines the adiabatic ex-
pansion velocity of the plasma.

We have used a detailed numerical model®®
that incorporates an equivalent circuit with an
equation of state of aluminum for parametric sur-
veys, and for interpretation of experimental re-
sults.

In an initial shutter experiment, we used a
low-inductance pulse-charged capacitor network
to explode a foil into a 1-mm-diam pinhole in vac-
uum. We demonstrated closure within 70 = 20 ns
after foil explosion using a cw probe laser.

The pulser for this experiment contained a
Marx charged PFN connected to the foil load by a
transmission line. The two-stage Marx, using tubu-
lar capacitors and low-jitter pulsar gaps, rung onto
the PFN, charging it to 72 kV in 420 ns. The PFN
was constructed from six parallel three-section
lumped ladder networks using 30-kV ceramic ca-
pacitors. These capicitors, when pulse-charged and
connected as described, provide the lowest in-
ductance high-voltage PFN available from com-
mercial components. The PFN was connected to
the foil through a printed circuit board and Mylar
flat-plate transmission line with a surface-air self-
break multichannel switch.

The 25-um-thick, 1-mm-wide, and 3-mm-long
aluminum foil was bridged across a tapered portion
of the transmission line on the printed circuit board.
A rectangular channel | mm wide, | mm high, and 3
mm long was placed transverse to and on top of the
foil (see Fig. 2-152). This configuration simulated
the pinhole, yet it was easy to fabricate.

We observed that a sinusoidal current of 30-kA
peak was driven through the foil. The foil burst 82 =
5 ns after the beginning of the current pulse with a
total input of 42 J. The optical signal shut off 70 = 20
ns after the foil burst. A typical photodiode record
of the transmitted cw laser power vs time is shown
in Fig. 2-153.

We have obtained good agreement between
experiment and model concerning voltage, current,

Foil geometry
t-mm X 1-mm X 3-mm

Copper electrode

1-mm foil PC substrate

Fig. 2-152. Foil ang aperture geometry.
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and time of burst. According to the model, the foil
bursts at 3 x 10°K and continues heating to 7 x
10*°K. The plasma-expansion-front velocity was re-
corded with a TRW streak camera with a 7B fast
streak head and found to be 2 x 10° cm, in good
agreement with the predicted temperature.

A significant problem associated with this
configuration is that it permits a portion of the sub-
limed material to strike the spatial-filter pinhole. As
a consequence, we have modified the geometry by
removing the channel from above the foil and re-
placing it with a short conical nozzle. This nozzle
directs the sublimated vapor across the optical
beam path and into a dump tank. Measurements
with collector plates located at various positions
within 0.6 cm of the exploding foil show that, with
the nozzle, no detectable vapor is observed on the
optical axis, but that significant vapor is deposited
within a cone centered on the vapor axis (ortho-
gonal to the optical axis) and within a solid angle
controlled by the nozzle geometry. An additional
benefit of the nozzle is that a slightly higher plasma
density is achieved on the optical axis, because the
plasma is contained within a smaller solid angle
than was the case with the preceding channel
geometry. We expect some vapor io expand toward
the optics when the initense return laser pulse inter-
acts with the plasma. However, our preliminary
calculations indicate that it is feasible to deflect
electromagneticaily the charged particles from the
optical axis and into collection baffies.

In measurements conducted on current laser
systems, the post pulse reflection has been sup-
pressed in the high-power output stages by Faraday
rotators. The plasma closing shutter may be con-
sidered as a candidate to replace the Faraday
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rotator for retropulse isolation. The net benefit of
this technique is to remove the costly Faraday
rotator, which possibly could improve laser per-
formance at lower cost.

Fast, Large-Aperture Optical Switch. The re-
generative amplifier concept described in §2.6.3
requires a large-aperiure optical switch that
changes state in one cavity transit time. In opera-
tion, the switch is turned on to inject an optical
pulse into the regenerative cavity. After the optical
pulse is sufficiently amplified (over several round
trips through the cavity), the switch is again ac-
tivated to direct the pulse out of the cavity. In
addition to having a low loss and high extinction
ratio, the switch must open uniformly across the
entire aperture. This latter constraint is particularly
important for large aperture (~ 100-ns round trip)
because of the time for an E-M switching wave to
propagate across the aperture,

We have examined in detail and conceptually
developed several types of switches ‘for the re-
generative amplifier.®' Here, we review the results
of this research and outline the most promising
switching techniques.

The most well-developed large-aperture
switch technology is thai of Faraday rotation in
paramagnetic glass.®> These switches have been
developed with < 30-cm aperture and 200-us turn-
on time for optical isolators. We examined the pos-
sibility of making such a rotator faster to act as a
switch and have developed scaling relations to
larger apertures. We describe the conceptual de-
sign of a 20-cm Faraday switch and a technique for
arraying such switches to achieve large aperture.
Subsequently, we show conditions for a single
large-aperture Faradayv switch. We minimize glass
thickness and cost, which are critical to this design.

In our analysis of a 20-cm Faraday switch, we
assume FR-5 glass. Since the Verdet constant var-
ies inversely with temperature, there is a significant
advantage t¢ cooling the glass. Two options we
considered were face-cooling by helium flow for a
transmission switch and face-cooling through a
mirror with liquid nitrogen for a switch located at
one end of the optical cavity, as shown in Fig.
2-154. The required magnetic field is given by

B = oT Tesla, (26)
60.5S

where @ is the optical rotation in radians, T is the
glass temperature in degrees K, and S is the glass
thickness in cm.

Based on the design of Faraday rotators, we
know the coil dimensions relative to the optical



' Fig. 2-184; Arungment for toolin; rotalor |lns to llquld
nitrogen tempenture. . .

aperture to provide a 19 uniform magnetic field.
Assuming a single-turn coil—to minimize
inductance—and liquid nitrogen temperature, we
find that the peak current is I, = 20 BD KA, and the
coil inductance is 7.3 10-*D uH, where D is the
optional aperture. If we further assume a low-
inductance 80% efficient capacitor bank, the re-
quired bank capacitance is C = 56 T,;2/D uF, and
the charge voltage is V = 0.25 BD*/T kV, where T,
is the switching time required to ring the bank
energy into the coil. In this design, therefore, the
coil inductance aad peak current are determined by
the Faraday swiwc'_ aperture, whereas the coil drive
pulser characteristics are also determined by the
required switching time.

A baseline design Faraday switch is driven by
a type-A pulse-forming network with risetime and
falltime equal to one cavity transit time and flat-top
time equal to the number of cavity transits. With
1.4-cm-thick FR-5 glass cooled to 77K, the pulse-
forming network stores 8KJ, has a characteristic
impedance of 0.5Q and is charged to 175kV. For a
five-pass regenerative amplifier with a cavity tran-
sit time of 200 ns, this pulse-forming network pro-
duces a 1-us pulse with 0.2-us rise and fall. The
construction of this baseline pulse-forming circuit
and coil is within the state of the art.

It appears possible to build a composite Fara-
day switch of aperture greater than | m. As with a
large-aperture amplifier, benefits are obtained by
modularizing the aperture into smaller "elements
requiring less energy that can be switched faster. It
is also easier to fabricate smaller aperture glass,
and the thickness and nonlinear phase distortion
can be reduced. These segmented glass pieces
could all be placed in a single coil, or a prismatic
plate could direct portions of the beam into sepa-
rate Faraday switches, as shown in Fig. 2-155. This
would permit the 20-cm-aperture baseline Faraday
switch described above to be applied directly to
large-aperture regenerative amplifiers.

Fil. 2-155 Apeml'e divmon and composnte of sevenl
. smll-dlamler Faraday swi(ehes .

According to the scaling relations described
above, as either the aperture of a Faraday switch is
increased or the switching time decreased, the
Faraday switch coil requires higher voltage—on
the order of several hundred kilovolts. The modular
coil configuration shown in Fig. 2-156 permits driv-
ing the coil sections with standard 100-kV parallel
capacitors and multichannel switches. Such a de-
sign is essentially a Marx generator with its output
started by the coil. This approach is also within the
state of the art.

Comparison data for single-disk and seg-
mented |.2-cm-aperture Faraday switches are
shown in Table 2-37. Cost data are based on
preliminary estimai2s. #

Qur analysis has shown that a Faraday switch
for large-aperture regenerative amplifiers is feasi-
ble and does not require development of a new
technology. Tradeoffs can be made for a particular
aperture switch, but it appears that a switch for
very large apertures having the thinnest glass and
the fastest switching time will be segmented.

Pockels cell switches use the Pockels elec-
trooptic effect in transparent crystals to rotate the
polarization of the laser beam. Such switches are
now sufficiently fast (< 10 ns) but limited in aper-




Table 2-37. Comparison of selected Faraday switch geometries for hypothetical 1.2-m aperture regeneration.
Single 6-cm- Single 3-cm- Single cooled Modularized cooled Modularized cooled

Condition thick disk thick disk 3-cm-thick disk 3-cm-thick disk 1.5-cm-thick disk
O(rad) wld /4 ald w4 ald
T(K) 293 293 77 7 77
D(cm) 120 120 120 21.6* 21.6*
S(cm) 6 3 3 3 1.5
B(T) 0.4 127 033 0.33 0.66
L{uh) 0.88 0.88 0.88 0.16 0.16
En(k]) 1280 5050 360 74 295
VukV) 1580 1150 300 9.6* 19.2*
Iu(kA) 1540 370 770 143 286*
B 0 L5 L5 1.5 0.87
Costs ($K)

Mechanical 200 200 300 770 770
Glass 2400 1200 1200 1440 720
Prism —_ — —_ 230 230
Electrical 2560 10200 720 150 590
Total 5160 11600 2200 2590 2310
“Data for one module.

ture both by the size of crystals grown (~ 7.5 cm)
and by the method of applying the axial electric
field (coaxial electrodes).

As described in Ref. 61, several materials that
exhibit the Pockels effect might be considered for
future Pockels switch design. However, the most
useful available material is KD*P.

Although the ring electrode geometry
currently in use might be extended or modified to
apply to larger apertures, as detailed in Ref. 61, we
have selected a liquid electrode geometry as the
most promising way to apply a uniform axial poten-
tial to the Pockels material. Since KD*P is hydros-
copic, which constrains the selection of liquids that
contact it,** we concentrated on the geometry
shown in Fig. 2-157. This configuration has two
attributes: it contains glass to isolate the liquid elec-
trode from the KD*P, and, because the glass is
electrically in series with the KD*P, the overall
arrangement reduces the Pockels switch ca-
pacitance, which permits faster switching.

Because the Pockels switch is driven by a low-
inductance pulse-forming cable, the transmission
of the applied voltage across the Pockels cell (be-
tween the liquid electrodes transverse to the optical
beampath) obeys a diffusion equation. The effec-
tive switching-time constants for 2-cm-thick
KD*P, l-cm-thick glass, and 0.1-cm-thick,
10-Q-cm liquid electrode are shown in Table 2-38
for several aperture diameters.
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Fig, 2-157. Geometry for liquid-electrode Pockels switch.
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Table 2-38. Effective switching time for several
apertures of a liguid-electrode Pockels switch.

Aperture diameter (D), Switching time (T),
cm ns
5 1.2
10 5
20 18
40 65




For very large aperture Pockels switches, we
have considered using ribbon electrodes embedded
in the liquid electrode to reduce the switching time.
The ribbons minimize beam obscuration, and a
natural ribbon spacing equals the amplifier segment
size (nominally 20 cm). A 1.2-m-diam liquid ribbon
electrode cell could switch in < 100 ns.

A Pockels switch using KD*P and crystal seg-
ments of 5- to 20-cm aperture arrayed together and
having liquid electrodes provides the potential for
fast, thin, large-aperture switches for regenerative
amplifiers. We estimate a 1.2-m-aperture Pockels
switch would cost ~ $0.4 million. The two areas
undergoing continued evaluation are the stacking
of the crystals and the selection of the electrode
liquid.

Al] interferometer switches operate on the
principle of dividing the incident-pulse amplitude
into two or more parts and then recombining after
variable relative-phase delays. The direction of
pulse propagation when the parts are recombined
depends on the magnitudes of the phase delays. We
considered two switches: the two-beam Michelson
interferometer and the multiple-beam Fabry-Perot
interferometer.

Figure 2-158 shows the Michelson interfe-
rometer switch. Important to the potential applica-
tion of this switch are variations in the round-trip
phase delay 8 from sources that include the pulse
bandwidth, mirror-surface imperfections, and mis-
alignment. These variations result in loss during
amplification and incomplete switchout. The most
critical loss source is mirror imperfections. Main-
taining loss < 19 requires a surface figure of A/90,
which is difficult to achieve for a 1-m aperture.

Several switch arrangements that we consid-
ered are shown in Fig. 2-159. In Fig. 2-159a, the

: .Fli';.z-llgl.‘ﬂ M iuhon Inlnfemmeurngnopﬂal swil

switch operates by moving the mirror with
piezoelectric transducers applied to its rear sur-
face. The second method [Fig. 2-159(b)] switches
by applying a A/4 vollage to an electrooptic mate-
rial. The third arrangement [Fig. 2-159(¢c)] uses an
auxiliary pulse to bleach a near-resonance
transition.

In summary, the Michelson interferometer has
the advantage of requiring that only a short path-
length of material be placed in the optical re-
sonator, thereby minimizing the nonlinear phase
(B) accumulation. It can work at any wavelength
and is scalable to large apertures. The major prob-
lem is fabricating the large mirrors and maintaining
their alignment with interferometric precision.

As an optical switch, the Fabry-Perot inter-
ferometer has several seriois problems: the
method of changing the phase delay to switch the
resonator, the transient response constraining mir-
ror separation, and loss due to time-varying wave-
front distortions. These difficulties combine to
make the Fabry-Perot interferometer switch ex-
tremely unattractive.

—

Piezoelectric:
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Fig. 2-159. Possible methods for switching the Michelson interferometer.
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Fig. 2-160.  Tilting-mirror switch.

The angle through which a pulse is deflected in
passing through a prism of an electrooptic material
can be changed by applying a voltage that alters the
index of refraction of the material. The required
voltage for a transverse prism is similar to that for a
transverse Pockels cell. The prism deflector has the
advantage that field grading is easy and that biref-
ringence is not a problem.

Figure 2-160 illustrates how the resonator mir-
rors could be tilted to switch out the optical pulse.
The flat mirror can be tilted through the angle 6, =
D/L to ensure that the beam does not intercept the
curved mirror. Otherwise, the curved mirror could
be tilted through 8. = d/L to direct the beam onto
the target of diameter d. The speed of all mechan-
ical switches is limited by the tensile strength of the
materials. The strongest available materials, resin-
impregnated fiber composites, have tensile
strengths in the range 1-3 x 10° psi and have densi-
ties of 1-3 g/cm®. Maximum tip velocity V; about
an axis of rotation is in the range of 10° cm/s. When
switching the flat or curved mirror, the tip velocity
restriction requires L? > (cD?/4vy) or L? > (cdD/
4v.), respectively, where c is the velocity of light.
Typical values, D = 10cm and d = 1072 cm, give
L > 200 m for flat-mirror switching.

Switching by mechanical beam deflection in-
troduces no additional material that can contribute
B and loss into the resonator. The tilting velocity

required for a single-piece flat mirror lies at or be-
yond the limit of physical possibility. Segmenting
the flat mirror or tilting the curved mirror makes the
method possible.

The most crucial element of a large-aperture
regenerative amplifier is the optical switch. The
switch must open and close in one cavity round-trip
transit time 7,y and remain open for N7y; during
amplification, where 7 is determined primarily by
amplifier-inversion lifetime, or the economical
length of the line-of-sight pipe, or both. Anticipated
new-generation regenerative systems might require
apertures > 100 cm and switching times of 0.1-1
us. The initial regenerative amplifier system will
require a switch that can be developed at low risk
and reasonable cost. In addition, future regenera-
tive amplifier systems will require the switch to
draw relatively little energy.

We have evaluated a variety of active optical
switch options, and the Advanced Laser Group has
also examined some selected novel switch con-
cepts. Based on the collective information of these
studies, we have identified the most promising op-
tions (Table 2-39).

The Faraday switch could be implemented
with low risk, and it requires no new technology.
However, the problems associated with segmenta-
tion and cooling remain to be examined in detail.

The Pockels switch is attractive because it
uses little energy and, with liquid-ribbon elec-
trodes, could be made thin and cost-effective. Prob-
lems associated with liquid selection and segmenta-
tion fabrication remain to be examined.

The exacting alignment required for the
Michelson interferometer, as well as the problem of
moving the mirror for switchout, represent
significant technological risk.

The mechanical beam deflector is the simplest,
least expensive, lowest B, and lowest-cost option
available. The risk is in transducer performance.

The estimated cost for each switch option, as-
suming a 1.2-m aperture and a 1.06-um regenera-
tive amplifier, is $2.5 million or less, which is a

Table 2-39. Summary of switch techniques.

Cost, Energy,

Method M Major cost element k) A Loss
Faraday switch 2.5 Glass 100 Medium Low
Pockels switch 04 KD*P 2 Small Low
Michelson interferometer 2.0 Mirrors, alignment control Nil Nil Medium
Mechanical beam deflector 0.5 Transducer and controls Nil Nil Nil
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small fraction of the total system cost. The Faraday
rotator and Pockels cell appear most attractive.
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2.5 Optical Materials Overview

Optical materials limit the performance of all
laser systems. To increase the performance of fu-
sion lasers, we have an active research and devel-
opment program on optical materials. The principal
thrusts are as follows:

® Low-refractive-index materials. We
search for transmitting optical materials with
smaller refractive-index nonlinearities to reduce
self-focusing and breakup of intense laser beams.

® Spectroscopic properties of Nd laser glas-
ses. We study the dependence of absorption
cross sections, stimulated emission cross sections,
excited-state lifetimes, and quantum efficiencies on
glass composition.

® Gluss physics.  We investigate relaxation
processes for excited electronic states, excited-
state absorption, cross relaxation, and site-
dependent spectroscopic propeities of neodymium
and their effects on saturation and transient gain
recovery in laser glasses.

® Laser-induced damage. We measure
surface and bulk damage in optical materials and
damage thresholds of thin-film coatings, examine
the dependence of damage thresholds on laser

pulse-duration and wavelength, and study the ef-
fects of physical and chemical properties of sur-
faces and interfaces.

Other, more specialized materials efforts in-
clude development of Faraday rotator materials for
optical isolators and fast switches, large-aperature
nonlinear crystals for electrooptic switches and
harmonic generators, and oscillator crystals
operating at wavelengths of the maximum gain of
new amplifier glasses.

Optical materials research is conducted in two
laboratory complexes: the Laser Optical
Spectroscopy Laboratory and the Nonlinear
Optics/Laser Damage Laboratory. These facilities
have been described in previous annual reports.

In addition to the above activities, three re-
search programs are supported by the Office of
Basic Energy Sciences, DOE, under their Mate-
rials Sciences Program:

® [Low-Index Optical Materials Research.

® Optically Induced Damage in Transparent
Dielectric Materials.

® Laser-Excited Fluorescence Studies in
Amorphous Solids.

These programs complement those of the Laser
Fusion Program by exploring basic phenomena of
potential importance for fusion laser materials,

The year 1977 has witnessed several significant
developments in optical materials. In the pursuit of
glasses with lower nonlinear refractive indices n,,
fluorophosphate glasses are now being produced
that have n, values of 0.5-0.6 x 10~ esu compared
with values of 1.0-1.4 x 10~" esu for present-day
silicate, borosilicate, and phosphate glasses. This
translates into a factor-of-two increase in focusable
laser energy over our present laser systems. These
glasses also have spectroscopic properties, laser
parameters, and damage thresholds sufficient to
satisfy the design goals of the Nova laser.

Three companies (Hoya, Owens-lllinois, and
Schott) have produced large. high-optical-quality
fluorophosphate glasses sufficient to satisfy the
Nova laser glass requirements. The contractual
support of these companies by the Office of Laser
Fusion was the key to this progress. This rapid
development was fostered by numerous interac-
tions and communications. Two conferences were
held in 1977—one at the National Bureau of Stan-
dards in April and one at LLL in Ociober. These
meetings brought together workers from commer-
cial glass companies with users at laser fusion labo-
ratories. New glasses were quickly evaluated in
LLL's computer-controlled spectroscopy labora-
tory® and the information distributed to all partici-
pants in the form of Nd Laser Glass Data Sheets. A
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new, more condensed format has been developed
for the wider dissemination of these data in 1978.

Recent progress in reducing n, of glasses is
illustrated in Fig. 2-161, where regions of known
optical glasses are plotted in terms of their linear re-
fractive index and reciprocal dispersion (given by
the Abbé number). The Shiva lascr uses oxide glasses
such as ED-2 Nd silicate glass for amplifiers, BK-7
borosilicate glasses for lenses and other transmit-
ting components, and FR-S Faraday rotator glass.
Included in the figure are lines of constant n,
predicted from empirical relationships.%®- 57 These
results indicated that the nonlinear refractive index
could be reduced by the development of low-index,
low-dispersion glasses. Increasing the fluorine con-
tent, has made new fluorophosphate glasses such as
LHG-10, LG-812, and E-309 available with lower
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n; values than those of previously available FK-51-
type fluorophosphate glasses. Glasses based on be-
ryllium fluoride, if they can be produced in large
sizes and of high optical quality, offer the potential
for a further reduction in n,.%®

Although techniques for measuring n, and
simple procedures for estimating n, of solids sub-
ject to intense 1064-nm light are now well devel-
oped, a number of questions concerning index non-
linearities remain and warrant future investigation.
These include the frequency dispersion of the non-
linear refractive index, the spatial anisotropy of n,
in crystals, the dependence of n, on pulse duration
in the regime where electrostriction and thermal
self-focusing are important, measurements of n,
liquids and gases using time-resolved interfe-
rometry, and exploration of the possibility of neg-



ative contributions to n; in solids. This work is
continuing under the OBES program on low-index
optical materials.

For larger lasers such as Nova, the ability to
store and extract energy in the ampiifying media
becomes increasingly important. By using longer
pulses and low-n, materials, near-total energy ex-
traction is possible in Nd glasses with stimulated
emission cross sections =~2-3 x 10°% cm?. For
xencn flashlamp pumping, both fluorophosphate
and fluoroberyliate glasses provide energy storage
comparable to that of ED-2 silicate glass. Glassy
BeF, has one of the longest fluorescence lifetimes
and the best energy storage of the fluoride glasses.
Gain measurements of the new fluorophosphate
and fluoroberyllate gl.sses made with small test
disks have confirmed the predicted amplifier per-
formance.

For Nd glass lasers operating at longer (> 1 ns)
pulse durations and using low-n, materials—where
more intense beams can be propagated—gain sat-
uration is possible. An important material parame-
ter is the rate at which the terminal laser level of Nd
relaxes. We have developed a procedure for direct
measurement of this rate by observing transient
gain recovery in an amplifier following a short
saturating pulse.® Initial results for ED-2 glass in-
dicate that this rate is fast, ~1-2 ns. The technique
also applies to measuring the presence of excited-
state absorption from the upper laser level. We will
examine the dependence of these properties on
glass composition and the rates in new fluorophos-
phate laser glasses in 1978.

Because of the local inhomogeneity of glass,
the Nd sites in glass are inequivalent. Depending on
the distribution of levels and the relative degrees of
homogeneous and inhomogeneous line broadening,
some spectral hole burning in the gain profile could
occur. If present, this phenomenon is potentially
detectable in the gain-recovery experiment cited
above. A more direct measurement can be obtained
from the observation of fluorescence line narrow-
ing.

Computer-aided laser system design optimizes
the amplifier for a specific glass and, in turn,
predicts the performance of a Nova laser based on
spectroscopic data obtained from an =1-cm* sam-
ple. Small-signal gain measurements confirm the
siiccess of the modeling and the computer simula-
tion.’* We have therefore examined the
spectroscopic properties at a wide variation of Nd
glasses.

Early investigations of Nd laser glasses dem-
onstrated that a factor-of-five variation in stimu-
lated emission cross section was possible by vary-
ing the plass network-forming and network-
modifying ions.” The fluorescence lifetime,
linewidth, wavelengths, absorption cross sections,
and quantum efficiency also varied. Beginning with
silicate glasses in 1974, the spectroscopic studics
extended to phosphate, fluorophosphute, and
fluoroberyllate glasses in 1975-76. they were re-
ported in the 1975 and 1976 annual reports. Ranges
of variations of the stimulated emission cross section,
peak wavelength, and linewidth of the *F,,—~*l,,,
transition and the radiative lifetime of the *F,, state
observed thus far for the four principal glass types
investigated are summarizzd in Tabe 2-40. A num-
ber of other inorganic glass types that have been
examined, but less comprehensively, are also iisted.
The results of these glass-composition studies pro-
vide the laser designer ‘vith a wide range of proper-
ties 1o use in future laser designs.

Several different rare-earth ions have been
used for glass lasers. The knowledge gained in
tailoring the spectroscooic properties of Nd** for
improved performance is also pertinent to develop-
ing improved laser glass compositions for other
rare-earth laser ions.

The search for improved Faraday rotator ma-
terials included measurements of a new crystal,
KTb,F,,. This material combines a high concentra-
tion of active ions (Tb**) with the low nonlinear
refractive index of fluoride hosts, and it has a figure
of merit nV/n, five times higher than the best
terbium-doped glass. Since this material is cubic, it

Table 2-40. Measured variation in Nd laser glass properties.

Cross section (o), Linewidth (AM), Lifetime (1';, )y Wavelength (A,),
Glass® 10°%° em? nm us nm
Silicate 1.0-3.1 28-45 330-950 1057-1088
Phosphate 1.8-4.7 19-28 320-560 10531056
Fiuorophosphate 2.24.3 22-29 350-600 1049-1056
Fluorcberyliate 1.7-4.0 15-4 550-1000 1046-1050
20ther glasses i igated include borate, ger tellurite, Auorosilicate, calorophosphate, borosilicate, silicate-titanate, calcium

aluminate, zirconium Auoride, nitrate, and sulfate.

2-163



is amenable to hot forging, fusion casting, and other
techniques for preparing large sizes. Because ter-
bium compounds arc very costly, lower cost
cerium fluoride materials have also been explored
for Faraday rotator applications.

We have made further progress in understand-
ing the local fields and ‘nteractions at rare-earth
sites in glasses, using techniques of laser-induced
fluorescence line-narrowing and site selection
spectroscopy. We measured site-dependent transi-
tion probabilities and energy levels of Nd** in sev-
eral silicate, phosphate, borate, fluorophosphate,
and fluoroberyllate glasses.™ ™ Fluorophosphate
glasses are especially interesting because of the
presence of two different anions—F - and O*-, This
introduces an additional inhomogeneity into the Nd
ion coordination that is reflected in both the
spectroscopic properties and the relaxation prop-
erties of excited electronic states.

Phase separation is another phenomenon in
glass that we studied for the first time, using laser-
excited fluorescence. Exploratory studies of Eu**
fluorescence of alkali borate glasses revealed a de-
pendence on alkali content.” Laser-excited
fluorescence has begun to be a valuable tool for
exploring the local fields in amorphous solids.

We have continued our efforts to measure
laser-induced damage thresholds of optical mate-
rials and thin-film coatings and to discover more
damage-resistant materials. The latter is particu-
larly important to capitalize on the more intense
laser beams made possible by the use of low-n,
materials. Data on the damage thresholds of sur-
faces and coatings at the longer pulse durations
envisioned for future fusion lasers are incomplete.
Our activities have thercfore been expanded to
encompass the following:

® Characterization and development of a
continually evolving data base on the best state-of-
the-art materials.

® Research into the fundamental processes
limiting damage in materials and determination of
critical parameters.

e Expanded experimental facilities for rapid,
comprehensive studies of damage processes at var-
ious laser pulse durations and wavelengths.

Today well characterized laser pulses, repro-
ducible optical coatings, various analytical tools for
characterizing surfaces, interfaces, and thin films
are available. Therefore, with the application of
materials science, progress in the development of
more damage resistance components should be
forthcoming.

Numerous studies have shown that low-index
materials exhibit higher damage thresholds, During
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1977, we further confirmed this by measurements
using 150-ps, 1064-nm pulses.™ Additional tests
and evaluations of film designs using fluoride and
other low-index materials are being pursued.

Thin-film coatings are used for mirrors,
polarizers, and beam splitters, and to reduce reflec-
tions. Of these, antireflection coatings have had the
lowest damage thresholds. Working with Optical
Coating Laborztory, Inc., we demonstrated that
the introduction of a barrier layer of SiO, or A1,0,
between the TiO, film and the substrate increased
the damage threshold of SiO,/TiO, AR-coatings, in
some cases by more than 50%2.7 We incorporated
this innovation into the design of many optical coat-
ings for Shiva components.

In 1977, we continued to upgrade our exper-
imental facilities, We demonstrated the utility of
vidicons for fast electronic recording of laser beam
intensity profiles.”” To speed the rate of testing
Shiva components, we developed a comparative
test procedure. (Component reliability is a critical
issue for operation of complex optical system such
as Shiva.)

Looking ahead, we again expect optical mate-
rials for fusion lasers operating at shorter
wavelengths to be limited by index nonlinearities.
two-photon absorption, and optical-damage
thresholds. To explore these effects, the lasers in
our Nonlinear Optical/Laser Damage Laboratory
will be converted to the second, third, and fourth
harmonic of the 1064-nm Nd:YAG frequency. In
addition a versatile vacuum ultraviolet
spectrometer is being set up for linear and nonlinear
absorption spectroscopy.
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Fig. 2-163. Fxamples of new Nd fluorophospliate laser ghasses melted in 1977: () Blank of Schott™s § G-812 Baser glassin 76 - 39 4
e thy A large blank of fluaraphospiiate faser gliss niade by Owens-Minois. (cr Interferogram ol a 123+ 30 - 2 cm picce of L HG-10

fluorophosphate glass manulfactured by ilova. The index inhomogeneities are - 2.5 -

HE%: the stress Birefringence is 2.5 nm om.

sitions and melting of small disks for n, and laser-
gain measurements and proceeds to developing of
meling and casting technology and eventual prod-
uction capabitity for Nova disks.

With support from the DOFE Office of Laser
Fusion, we established a laser glass research and
development program for fluorophosphate glasses,
Table 2-41 hists participants in this program and
their roles. Critical to rapid progress in this pro-
gram was close communication among the various
groups involved. For this purpose. two meetings on
laser glass were held in 1977, ane hosted by the
National Bureau of Standards in April, and the
other by LLLL in October. Between 30 and 40 at-
tendees at each conference represented atotal of 13
organizations. In addition to this information ex-
change, data on the spectroscopic and optica!
properties of new glasses were provided to the glass
researchers in the form of the Nd Laser Glass Data
Sheets, as well as by personal contact and corre-
spondence.
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Progress on the laser glass development was
on schedule in 1977, We received and measured
siamples and small disks of new glasses. This work,
together with additional studies of fluoroberyllate
glasses, is reviewed in the pages that follow.

By the end of 1977, several companies had
demonstrated the capability of casting large, high-
optical-quality pieces of the new fluorophosphate
glass compositions. Examples are shown in Fig.
2-163. Although questions, such as the damage
thresholds, development of suitable edge cladding,
and the final costs of production and optical finish-
ing. remain, the results to date are encouraging for
the timely development and future production of
laser glasses for Nova.

Fluoride Glasses. Laser glasses containing
fluorine are desirable for laser application because
they have lower linear and nonlinear refractive in-
dices than oxide glasses. However, they have not
been as well developed because of a limited market
for low-index aptical glasses. Accordingly. in 1977,



Table 2-41. Participants in the laser glass research
and development pregram.

® Glass composition and characterization
— Corning Glass
— Kigre, Inc.
— LLL
— National Bureau of Standards
— UCLA
® Large melt experiments
~- Hoya Optics
— Owens-Illinols
— Scholt Optical Co.
® Basic glass research
=~ GTE Laboratories
— LLL (Office of Basic Energy Sciences Program)

DOE- and LLL-funded programs have concen-
trated on the development of fluoride-containing
glasses of low nonlinear refractive index that fulfill
Nova requirements. (See Table 2-42 for the types of
glasses investigated.) They include oxyfluoride
glasses, such as fluorophosphates and fluorosili-
cates, and pure fluoride glasses with BeF; or ZrF,
as the glass network former. The largest portion of
the development effort has been directed toward
the fluorophosphate glasses, which have now been
melted in large sizes of good optical quality, as
shown in Fig. 2-163. During the past year, the
refractive-index space of available fluorophos-
phates (shown in Fig. 2-161) has been expanded
from FK-51(n, = 0.7 x 10~ *esu) to beyond LG-812
(n, = 0.5 X 10-" esu).

Studies have shown that pure and multicom-
ponent beryllium fluoride (BeF,) glasses can be
made useful not oniy for low-n, materials, but also
for high-energy-storage laser glasses and for uv-
transmitting optics.

The properties of fluorozirconate laser glasses
are adequately covered in previous publications,™: ™
and we will not discuss them further. Of the fluoro-
zirconate glasses examined to date, the refractive
indices and spectroscopic properties offer no ad-
vantage over those already obtainable in fluoro-
phosphate glasses.

Fluorophosphate Glass. Fluorophosphate
glasses have been known for their low refractive
indices and dispersion for many years. However,
because of the somewhat limited market for these
glasses (compared with oxide glasses), they have
not been as well studied in terms of the glass-
forming compositions and their properties.
Significant compositional studies of fluorophos-
phate glasses were initially made by K. H. Sun.®°In

Table 2-42. Fluoride glass components.

Pure fiuoride glasses

Fluorophosphate Network Modifier ions
.03 <OfF <3.6" BeF, MF
ZrF, RF,
PO, AlF;

MF (M* = Li, Na, K, Rb, Cs)
RF, (R*’ = Mg, Cg, Sr, Ba, Zn, Cd, Pb)
AlF,, YF,, LaF;

“The symbol O/F refers to the oxygen-to-fluorine atomic ratio.

the period 1947-1950, he was awarded several pat-
ents on fluorophosphate glasses with refractive in-
dices and Abbé numbers in the ranges 1.45 to 1.60
and 65 to 76, respectively. In the 1950's, Jahn®' at
Schott, Mainz, investigated glass-forming corapo-
sitions with similar properties. This work even-
tually resulted in the introduction of a commercial
fluorophosphate glass with an index of 1.486 and an
Abbé number of 81.5.

In the 1960’'s, additional work or the
fluorophosphate glass-forming regions was done in
the Soviet Union.* By 1970, the Japanese® were
also investigating fluorophosphate glass. In 1975,
when interest in the use of low-n, fluoride-
containing glasses for high-power lasers began to
increase, only a few low-index fluorophosphate
glasses were available commerc.ally. However,
most of these glasses had not keen melted in large
sizes, and none had beesn doped with Md.

Compositions. The glass-forming region of
principal interest has been that of fluorophosphates
containing a minimum amount of P,O;, consistent
with good glass properties, and similar to the gen-
eral compositions in Ref. 84. In 1977, the
spectroscopic and optical properties of about 60
Nd-doped fluorophosphates were measured in our
Laser Optical Spectroscopy Laboratory using the
computerized facilities described in previous pub-
lications.**? Glass melts and studies of the glass-
forming regions were done by the glass companies
and organizations listed in Table 2-41.

In the fluorophosphate glass sysiem, P,O; is
the primary glass network former. However, many
fluorophosphate glass compositions contain less
than 50 mol % P,0O; and some contain less than 10
mol % P,0;.These glasses are, by necessity, mul-
ticomponent glasses to suppress their tendency
toward crystallization. The fluorides AlF; and CaF,
are used to stabilize the glass. (Although neither
AlF; nor CaF, alone forms a glass, they do have
wide glass-forming regions when combined with
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Fig. 2-164. Glass-forming space of Li-Ca-Al fluoro-
phosphste compositions [from K.H. Sun.%0)

relatively small amounts of glass formers, such as
BeF, or ZrF,.) The fluorophusphate compositions
most extensively investigated contained A(PO;);,
AlF;, RF,(R?** = Mg, Ca, Sr, or Ba), and sometimes
MF (M* = Li, Na, K). These nine chemical con-
stituents can be used for literally fifty thousand
compositions that differ by at least 10 mol % in their
constituents. Only a fraction of these compositions
form glasses; therefore, it is important fo know the
boundaries of the glass-forming regions.

Glass compositions are generally illustrated on
a ternary diagram, such as Fig. 2-164. This diagram
shows the ways in which, for example, Al(PO;);,
LiF, and CaF, can be put together subject to the
condition that the total add up to 100%. Each vertex
corresponds to 100 mol % of the listed compound,
and the boundary of the glass-forming compo-
sitions is shown. If LiF and CaF, in the figure are
replaced by the sums of alkali fluorides (Li, Na, and
K) and of alkaline earths (Mg, Ca, Sr, and Ba), the
figure becomes a pseudo-ternary diagram. The
boundaries of the glass-forming region are now not
as well-defined because of the effects of the dif-
ferent alkali and alkaline earth modifiers. However,
these pseudo-composition diagrams are helpful in
visualizing the general aspects of the composition
space.

We have carried the ternary diagram one step
further in illustrating the fluorophosphate composi-
tion space, which consists of four major types of
constituents, as a pseudo-quaternary diagram
shown by Fig. 2-165. Each point in this diagram
corresponds to a composition melted in the
fluorophosphate glass development program. The
lines connect the points to their projection onto the
0 mol % AlF; plane. The approximate glass-forming
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space of low-index glasses is defined by the
purple-colored region. Figure 2-165 also indicates
three fluorophosphate compositions—LFHG-10,
E-309, and LG-812—that are contemplated for use
in Nova.

Spectroscopic Properties. Spectroscopic
properties are dependent on the glass composition.
Compositions of fluorophosphate glasses investi-
gated to date are given in Table 2-43, which lists
them in order of increasing oxygen-to-fluorine
ratio. The variations of spectroscopic properties
with composition are large. The obsarved ranges of
selected properties are listed in Table 2-44. Com-
plete data is available in Vol. 2 of the Nd L-1ser
Glass Data Sheets, described below. All measured
properties of five commercial fluorophosphate
glasses are given in Table 2-18.

Compared with silicate laser glzcs, the low-n,
fluorophosphates have the additional advantages of
much lower stress-optic coefficients and tempera-
ture coefficients of optical path length.

As examples of composition variations of the
spectroscopic and optical properties of Nd-doped
fluorophosphate glasses, the following series are
described:

e Alkali type—Li, Na, K.

Alkaline earth type—Mg, Ca, Sr, Ba.
Oxygen (P,0;) content.

AlF, content.

Alkali for alkaline earth substitution.

® PbF, addition.

The effects of varying the alkali or alkaline
earth type are described in the 1976 annual report.
The nonlinear index coefficient decreases in the
order of Li-Na-K and Ba-Sr-Ca-Mg. Radiative
lifetimes and cross sections also vary with alkali
and alkaline earth. We find that glasses with the
lowest vy, longest lifetimes, and lowest cross sec-
tions should contain KF and MgF, as modifiers.

Much larger property variations are found
when the oxygen (P,0;) content is changed.
Fluorophosphate compositions with a wide range
of oxygen-to-fluorine ratios (O/F) can be melted as
glasses. Our investigations have covered a range of
nominal O/F ratios from 0.03, which is almost a
pure fluoride glass, to 3.6, a phosphate glass with
some fluorine (not a minimum value). The removal
of oxygen results in a significant lowering of the
nonlinear index coefficient, as illustrated in Fig.
2-166. Further, the radiative lifetime is lengthened
in part because of the lower refractive index that
enters as n(n? + 2)* in the spontaneous-emission
probability. The cross section is generally smaller
in glasses with low oxygen content, which im-
proves energy storage in large disks where parasitic
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Table 2-43. Compositions of fluorophosphate laser glasses (cationic %) in order of increasing oxygen/fluorine
ratio.

Oxygen/ Group Group
fluorine  V mn Group 11 Group 1 Others Sample
Ratio P Al Mg Co Sr Ba Li N2 K P La Y Nd No.

0.03 2.0 44.0 39.2 1.5 5060
0.08 56 374 9.3 28.0 9.3 9.3 oo 1146
0.10 74 370 9.3 278 9.3 74 0.9 09 1105
0.10 7.1 8.4 71 21.3 71 7.1 0.2 1.8 829
o1 7.7 3.7 7.7 2.8 7.7 7.7 13.9 1.7 828
0.12 8.2 n7 8.2 4.5 8.2 8.2 8.6 1.6 8%
0.12 8.6 M4 8.6 258 8.6 8.6 a9 L5 82%
0.13 9.0 36.0 9.0 27.0 29 9.0 0.9 1106
0.13 8.9 36.3 9.0 27.0 20 20 0.8 8189
016 107 3.2 8.9 26,8 7.1 10.7 3.6 1.0 1129
0.16 106 38 8.0 25.6 8.0 8.0 as s L0 1131
017 10.6 28.3 8.0 8.7 8.0 8.0 53 53 09 Ny
0.1? 10.6 319 .1 248 71 7t 10.6 09 U
0.18 12.3 3.7 4.4 2854 79 12.3 6.1 09 HB
019 1.8 226 1.7 12.7 177 1.5 0.9 04 8036
0.21 12.9 259 10.1 30.2 10.1 10.1 09 114
0.21 129 L9 6.9 233 6.9 6.9 10.3 0.9 N4
0.22 129 259 8.6 25.9 8.6 8.6 8.6 0.8 1155
0.23 13.0 22.6 174 16.5 16.5 13.0 09 1100
0.29 16.7 208 19.1 19.2 1.7 1.7 08 1102
0.30 134 4.6 217 217 i34 0.9 04 8129
036 169 4.1 5.6 13.2 19.1 9.7 10.1 0.5 08 1103
04 229 229 8.9 26.7 8.9 8.9 08 143
047 229 229 7.6 229 7.6 7.6 7.6 08 1154
047 229 3.5 5.1 15.3 51 5.1 15.3 08 1161
049 229 22.9 64 9.1 6.4 64 15.3 0.8 1160
0.50 19.6 20.0 114 16.0 1.0 10.7 10.1 0.3 0.8 10%
6.51 22.1 25.7 1.0 14.7 37 22.1 08 1110
0.52 22,9 7.6 22.9 45.0 1.5 818
062 213 14.3 19.3 2.0 21.3 08 8148
0.94 257 13.9 27 26.5 29.7 1.5 814
11 3.3 124 18.6 30.9 08 1125
11 ».3 18.6 6.2 18.6 6.2 6.2 8.2 06 1153
1.2 373 124 16.5 28 L2 87
12 373 124 7.2 21.7 7.2 7.2 6.2 0.6 1152
12 373 18.6 5.2 158 52 5.2 124 0.6 1159
13 37.3 124 6.2 18.6 6.2 6.2 124 0.6 1158
14 36.9 12.3 15.8 12.6 2.1 03 8097
1.5 1S 1.3 9.8 4.3 0.7 1091
1.5 3s.0 1.7 17.5 352 0.6 1095
1.5 30.3 10.1 0.2 8.8 0.6 BIS6
LS 30.3 10.1 20.2 38.8 0.6 B157
LS 30.3 10.1 202 38.8 0.6 8158
15 3.3 10.1 20.2 38.8 0.6 8159
1.8 39 1n3 541 0.7 1090
1.8 32.2 10.7 3.6 22.1 1.3 8119
20 3.2 16.1 3.5 18.8 1.3 8120
2.2 37.5 12.5 49.7 0.3 80%
2.3 a4 133 8.7 357 04 1093
2.3 14 138 8.7 35,7 0.3 1o%4
24 343 14 10.3 2.9 i1 8
24 M3 14 10.3 2.9 1.1 814
2.4 M3 114 103 2.9 11 81s
-4 M43 n4 10.3 a°.9 1.1 8116
2.7 414 138 H“He 03 1092
28 412 1.7 222 22.2 06 8151
28 41.2 n7 222 222 06 B8IS2
28 0.2 27 222 22.2 06 353
6 324 33 X ] 05 1126

2-170



Table 2-44. Observed variations in properties of
Nd fluorophosphage laser glass.

Oxygen Content
Low High
Nonlinear index coefficient (10 2° m*W) 1.3 3.0
Emission cross section (10-*° em?) 2.2 4.3
Radiative lifetime (us) 350 600
Emission wavelength (um) 1049 1056
Absorption efficiency
(5 x 10*° Nd fons/cm?, 15-nm xenon 0.77 1,03

flashlamp at 1 kA/cm?, relative to ED-2)

In addition, alkali-containing glasses have the dis-
advantages of larger thermal-expansion
coefficients and lower chemical durabilities.

Table 2-46 lists spectroscopic and optical
properties of a series of glasses in which the PbF,
conieni was varied from 0 to 40 wt%. There are
dramatic increases in the linear and nonlinear indi-
ces with PbF,, together with a reduction in the
effeciive linewidth. However, the Judd-Ofelt pa-
ramcters or transition strengths do not change very
much throughout the series. The decrease in
lifetime with PbF, is due to the n(n® + 2) local
field-correction term in the spontaneous-emission
probability.

Optical Transmission. Figure 2-168 com-
pares the transmission spectrum of a typical Nd-
doped fluorophosphate with a phosphate glass. The
fluorophosphate glasses have very low water
(OH") content, as indicated by the small absorption
at ~ 3000 nm, in contrast with phosphate glasses,
which can have a sizable water content. (The pre-
sence of water results in nonradiative quenching of
the Nd fluorescence.) The uv transmission of
fluorophosphates is sensitive to the purity of the

7
1072 2
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-
o

Nonlinear index coefficient

1.0 | | 1 |
0 0.2 04 0.6 0.8

Oxygen fraction

Fig. 2-166. Nonlinear index coefficients of fnorophos-
phate glasses as a function of oxygen content.

starting materials; this is illustrated in Fig. 2-169.
The uv transmission is improved by using ‘‘high
purity’* flourides, i.e., those low in Fe.

Passive loss at 1.05 um in the optical glass used
in laser systems is seriously detrimental to the sys-
tem efficiency. This is particularly true in some of
the large Nova amplifier designs where the satu-
rated gain is <0.03 cm~'. There are three contri-
butions to the passive loss: surface scattering, bulk
scattering, and bulk absorptive loss.

The primary contributor to bulk absorption at
1.05 um is Fe** impurities. We measured the ab-
sorption spectrum of Fe?* in fluorophosphate glass
in two samples obtained from NBS which were

Table 2-45. Variations in Nd** spectroscopic properties with AI** content and oxygen-to-fluorine ratio (O/F)

in a fluorophosphate glass.

OF 0.21 0.48 1.3
AF* (cationic %) 25.9 319 229 30.5 12.4 18.6
p (gem?) 3.519 3.391 3.362 3.314 3.330 3z
m 1.453 1481 1.470 1.463 1.521 1.514
Veate. (10-2mEW-") 1.63 1.57 1.91 183 2.54 2.49
Q, (10~ cm?) 1.8 1.6 2.3 2.4 29 35
2,(10-® em?) 38 39 43 38 48 4.4
0, (107 env?) 49 4.6 5.2 47 58 5.6
Ahgrr (nm) 30.9 31.3 30.8 1.8 30.0 31.0
7a (15) ) 510 426 436 348 mn
o, (10-2 em?) 27 25 29 2.5 3s 3.2

2171



Table 2-46.

Variations in Nd** spectroscopic properties with PbF, content in a fluorophosphate glass.

Composition — (wt.%) [Ba(PO,), — 14.5, BaF, — 8.6, SrF, — 12.4, CaF, — 23.2, MgF, — 6.2, AIF, — 33.2,

NdF;—2.1],.« [PbF.]..

x[PbF, (wt. %)) 0 10 20 30 40

p (em®) a.sq7 .74 4.013 4.287 4.645
np 1.444 1.461 1.479 1.499 1.527
Yeate. (1072"M*W-") 1.51 1.98 2.59 .21 4.02
2, (107%" em?) 1.6 1.5 14 14 1.3
Q, (10> cm?) 35 3.9 4.0 4.0 4.0
Q4 (1072 cm?) 4.3 4.6 4.7 4.7 4.7
A\gr (nm) s 18 31.3 30.7 29.8
T (uS) 542 485 454 442 416

o, (1072 em?) 23 2.5 2.6 27 2.9

deliberately doped with Fe,Oy; the results are
shown in Fig. 2-170. The absorption coefficients a
at 1.05 um are 0.19cm~" and 0.059 cm™! for the 0.5
and 0.1 wt% Fe,0, samples, respectively. The ratio
of 3.2:1 for the « values of the two samples is not
consistent with the ratio of the nominal Fe,O; con-
centrations. However, the Fe?*/Fe* ratio is prob-
ably smaller in the more highly doped sample. Ex-
trapolating these results, we find that the Fe, O,
concentration must be <10 ppm in order that the
absorption coefficient be <0.001 cm™'.

To measure total attenuation in fluorophos-
phate glass, a moderate-power cw Nd:YAG laser
oscillating at 1064 nm was directed into a simple
etalon containing a 28-cm-long sample of Nd-doped
fluorophosphate laser glass mounted at Brewster's
angle. The etalon was adjusted so that the probe
laser beam made four, six, or eight transits of the
laser glass. We corrected for the reflectivities of the

= T . r
o No alkali fluoride
© 13 mol % alkali fluoride

etalon mirrors by removing the glass from the eta-
lon and measuring the resulting output laser power
as a function of the number of transits of the laser
beam through the skewed etalon. These transmis-
sion measurements are consistent with a combined
bulk absorption and scattering coefficient of 0.67
.04 m~'. The spectral dependence of the transmis-
sion obtained by using a spectrophotometer indi-
cates that Fe?* contributes 0.35 m~' of the loss.
Therefore, the remainder is due to bulk scattering.
This was clearly visible within the volume of this
fluorophosphate laser glass when a infrared image
converter was focused on the glass slab. Efforts to
reduce this scattering loss :ire underway.

Optical Pumping Efficiency. Conversion of
flashlamp photons into excited Nd ions depends on
the strength of the Nd absorption bands and their
spectral coverage of the flashlamp emission. By
taking a spectral integration of the flashlamp energy
absorbed in a glass, we can calculate an absorption
efficiency e,. We define that efficiency as the ratio
of the energy stored in the upper laser state to the
energy input to the flashlamps. Figure 2-171 shows
a typical efficiency curve plotted against the prod-
uct of the Nd concentration and the glass thickness.
The efficiency is compared to that of a perfect ab-
sorber. At a typical concentration-thickness value
of 5 x 10 ions/cm?, the Nd glass absorbs ~40% of
the energy that could ideally be absorbed in the
wavelength range 400-950 nm.

Fora constant total absorption strength per Nd
ion, €, can be improved two ways: by increasing
the Nd-absorption bandwidth and by using a sen-
sitizer ion that absorbs pump energy and transfers it
to the Nd ion. A study®® to determine whether in-
creasing the bandwidth could result in a sizable
increase in absorption efficiencies in actual glasses
found:
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will not create a large increase in the amount of
energy stored by Nd glasses, although increases of
5-10% may be pos.ible.

We investigated the possibility of increasing
absorption bandwidths by compositional changes.
The increased Auorescence linewidth observed
when AP is added to a glass composition suggests
that small, highly charged ions (e.g., AP+, T;**,
Zr**, or Ta**) could be used to broaden the Nd
spectrum. However, the most promising
fluorophosphate laser glasses already contain ~ 35
mol % AIF, and show large effective linewidths due
also to the presence of two types of nearest neigh-
bor anions: oxygen and fluorine. In addition, at-
tempts by NBS to substitute alkaline earth fluorides
by TiF, and ZrF, were unsuccessful. Therefore, we
concluded that this approach to increasing €, is not
feasible.
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Fig. 2-172. Concentration quenching of Nd3* fluorescence lifctime in fluorophosphate glasses. The shaded region corresponds to
norrsal doping levels in glases for disk amplifiers. Corresponding data for silicate and phosphate laser glasses are included.
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The second approach, the use of sensitizer
ions, could improve the overall optical pumping
efficiency and energy storage. Qur computer codes
indicate that, with proper concentrations of Ce** or
Cr 3+, increases in energy-storage capacity should
be possible. Be:ause required concentrations of
these codopants are ouly ~0.1%, they will not
upset the other spectroscopic properties. We are
contir .:ng studies of these possibilities.

..e rate of optical pumping of a Nd laser glass
depends on the fluorescence lifetime, which, in
turn, is a function of the Nd concentration. As
discussed in Ref. 78, ion-ion interactions result in
nonradiative decay processes that compete with
the radiative decay of Nd**. Therefore, the Nd**
excited-state lifetime decreas-s as ..> concentra-
tion increases. This concentration querching effect
is shown in Fig. 2-172, where the concentration-
dep .dent fluorescence lifetimes of two
fluorophosphate glasses are compared with those
of a phosphate and a silicate glass. The shaded
region in Fig. 2-172 corresponds to the Nd concen-
tration levels normally used in large laser disks.
Note that the lifetimes of fluorophosphate are
longer than those of the phosphate or silicate,
which reduces the required pumping rate for high-
energy storage.

Fiuoroberyllates. The lowest-index fluoride
glasses are thos= based on beryllium fluoride, a
well-known glass former with: a structure similar to
that of silica. However, the toxicity of beryllium
fluoride glasses has limited its development to labo-
ratories located at LLL, UCLA, and Corning,
which ha 2 special beryllium-handling facilities.
Accorcngly, fluoroberyllate glasses have received
less attention than other glass types.

The history and early developmental work on
BeF,; glasses and recent compositional variations,
melting studies, polishing, hardness, and moisture
resistance were discussed in the last annual report.
In 1977, our investigations of BeF, glasses have
concentrated on the following.

Polishing techniques.

Elastic property measurements.
Solubility.

Effects of uv and ir transmission on purity.
Gain measurements.

The polishing of BeF. glass optical compo-
nents is a crucial operation. Qur current facility
(Fig. 2-173) is capable of fabricating disks up to 20
cm in diameter. The fluoroberyllate glasses, espe-
cially pure BeF., require a low-moisture and tem-
perature-controlled environment for obtaining a
good optical finish. Investigations of many polish-
ing media have converged on the following parame-
ters for obtaining satisfactory optical finishes:

® Pitch—Gugholz (equal mixiures of Nos. 64
and 73).

® Lubricant—ethylene glycol.

® Polishing compound—tin oxide.

® Polishing speeds—do not appear critical.

® Weight on spindie——not fully evaluated.

We measured the elastic properties of BeF,
and BeF,-based glasses, and have tabulated themin
Tables 2-47 and 2-48. A trend of decreasing elastic
moduli with increasing alkali ion size correlates
with decreasing hardness in the same glasses.

Table 2-49 presents data on solubility in water
of NaCl, a number of beryllium fAuoride glasses, a
fluorophosphate glass, and BK-7, a borosilicate
glass commonly used for optical components. Note
the imprcvement in moisiure stability with AIF,
addition. It is apparent that BeF.-based glasses can
be prepared that are superior to NaCl crystals,
which are frequently used for optical components
and which thercfore have satisfactory moisture
durability for many applications. More extensive
solubility studies and comparisons -ith fluoride
crystals are in progress.

In addition to their small refractive-index non-
linearities. beryllium fluoride glasses are transpar-
ent over i large spectral range. Vacuum ultraviolet
measureinents of simple 3eF, glass, Fig. 2-174,
indicate a strong absorptica beginning at < 160 nm.

Table 2-47. Elastic properties of BeF, and BeF.-AlF, glasses.

Py G", | 81, v, AN
Glass composition glom? v 10 Gpa 10 Gpa 10 Gpa km/s km/s
BeF, 1.987 0.1414 1.706 3.915 1.851 4.556 2.930
95Be*,-5AIF 2,063 0.1673 1.923 4.482 2.248 4.829 3.052
92.5BeF,-7.5AIF, 2,087 0.1645 2.006 4.673 2.321 4.893 3.100
93BeF-5A IF,-2N@F, 2.161 0.1665 1.903 4.440 2.219 4.692 2.968

2Poisson’s ratio; "Shear modulus; ‘Young’s modulus; “Bulk modulus; *Longitudinal sound velocity; ‘Shear sound velocity.
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Table 2-38.  Fflect of alkali addition on elastic properties of fluoroberylate glasses, (47Bel -27ME-14Cak -
TOAIF -2NdE

. “. k. ([ AT VoL
Alkali fluoride (ME) pem ! 1 Gpa 14 Gpa 1 Gpa hm s hm s
Nab 2,680 02719 1.985 RX1TH RE L) 4888 2.7
KF 2.620 0.2640 1.782 4.500 3K ENi 2.608
RhF 2.960 0.2741 1.013 4.110 RNIRM 4. 184 2y
COsF 3.250 9.2773 140 A579 2678 740 2.076

Poisson’s ratio: "Shear modulus; Younp's modulus: 'Hultk modulus; *Tongitudinal sound selocity: ‘Shear sound selocity .
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7.4 mm

lined die was used to contain and shape the molten
glass. This die and the resulting 4.8- by 8.4-cmellip-
tical glass disk are shown in Figs. 2-176 and 2-177.
Gain measurements and comparison with predicted
gain coefficients are presented in a later article.

Table 2-49. Relative solubility of fluoroberyllate
glasses in water. (Compositions are mole %).

Material % weight lossh
Sodium chloride (NaCl) 100.0 (dissolved in
7 min}

ReF, glass 3.88
92.5 BeF, + 7.5 AIF; 0.70
47 BeF, + 27 KF + 14 CaF, +

10 AIF, + 2 NdF, 0.425
34 BeF + 24 AIF, + 19 MgF, +

13 BaF, + 10 CaF, 0.0166

Fluorophosphate glass (LG-802) 0.0021
Borosilicate glass (BK-7) 0.0012

Conditions: 250 m!? distilled H,Q; 50°C; 24 h; 15-cm® sur.
face area.

Data Sheets. In 1977 we generated three ad-
ditional volumes of Neodymium Laser Glass Data
Sheets. This concluded our program of providing
spectroscopic data to glass manufacturers and laser
designers that began last year.” In all, six volumes

" .. Wavenumber,cm™' "

! ] !

Distilled BeF2
Remelted BeF

2 ~.
Raw Ser
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Fig. 2-177. Disk of Auoroberyllate glass 4.8 XOR 4 cm usaed
for taser gain measorements

mal. mechanical. and chemical properties not con-
tained in the original volumes. We will ase anew,
campact presentation format.

Data Correlation System.  Work aso began in
Tate 1977 ona Jaser gliass datacorrelation sy stem tor
tise on the CDC 7600 computer. Our purpose is to
provide accessihility o the raw data collected by
the Laser Optical Spectroscopt Laboratory and a
means of manipulating chisses of those data. This
system will have the capability of correlating a
given property with other properties and ghass
ty pes. and with compasitional changes within glass
types. These correfations may be done by inspec-
ton of lists, tables. statistics, or graphs created by
the system or by computations that reduce the data
to ather usetul forms.



Common data-management systems usually
provide only input and output functions and do so
using languages unsuited to the task. Our system
consists of both string and mathematical pro-
grams. The string programs (written in the TRIX"
language) treat data as collections of charac-
ters (strings) and provide input and output func-
tions. The mathematical programs (written in
the MATHSY® language) provide statistical,
graphical, and general computational functions.
The string programs produce data that may be
used by mathematical programs written in any lan-
guage. Calculations performed by MATHSY are
not limited to preprogrammed routines. This desir-
able situation arises because all data is stored in
simple packed ASCII (character) format and be-
cause the MATHSY language is an interactive
interpreter that performs opeiations specified from
a terminal keyboard.

Note that the choice of languages provides a
useful, easily programmable, flexible, and interac-
tive string and calculational capability not found in
common (one language) data-storage systems. The
TRIX and MATHSY languages were designed for
string and mathematical operations, respectively.
The use of both languages thus avoids the problem
of programming around a language designed for one
or the other operation, making it easier to obtain the
desired functions of the data-correlation system.

Sixty-three spectroscopic and physical prop-
erties (listed in Table 2-50) and compositional data
for 100 laser glass samples were entered into the
data correlation system in 1977. Output of this in-
formation is presently limited to a summary page of
all data for one glass or tables of selected properties
for several glasses. Future capabilities will include
the following:

Sorted property lists.

Selection of glasses via property values.
Graphical presentation of data.

Statistical summaries of properties.
Curve fitting of property relations.
Storage of notes and references.
Operation of the system via command files.
Digital transfer of data from the laboratory
to the 7600 computers.

We also plan a variation of this program to correlate
data obtained in the laser-induced damage studies.

Gain Measurements. Our measurements of
the small-signed gain coefficients of new laser glas-
ses are made with small disks in a standardized test
facility. This provides uniform comparisons of the
gain of different glasses—all measured under iden-
tical conditions—and tests the accuracy with
which amplifier gain can be modeled by computer
simulations.

The apparatus, test procedure, and ancillary
equipment for gain measurments on small (4.8- by
8.4-cm) elliptical glass disks have been described in
detail in the 1976 annual report.** A fluorescence-
absorbing, index-matching immersion fluid is circu-
lated about the peripheries of the test laser disks.
This eliminates uncertainties in the performance of
the laser disks produced by potential parasitic oscil-
lations. This is of vital importance because of the
difficulty in developing equally effective solid edge
coatings that can match refractive indices ranging
from 1.56 to only 1.34 in a wide variety of glass
compositions. Because of the small physical size of
most of the test laser disks, the effects of superfluo-
rescence are not important. We conducted meas-
urements dealing specifically with this effect with
much larger laser disks (major axcs of 40 cm); these
are described in § 2.4.1.

Table 2-50. Glass properties used in the data correlation system.

Common name Radiative lifetime

Glass type Cross section

Manufacturer Cross section error

Melt number Peak wavelength

L L L number Intensity ratio

Date received Full width half max

Density Effective Linewidth

Omega 2 Sodium index

Omega 2 error Peak index

Omega 4 Abbe number

Omega 4 error Calc n,

Omega 6 Measured n,

Omega 6 error Calculated n-linear coefficient
Branch 15/2 Measured n-linear coefficient
Branch 13/2 Relative absorption

Branch 11/2 Absorption eff A

Branch 972

Absorption eff B Stress optic coefficient
Absorption eff C Damage threshold
Absorption eff D Expansion coefficient
Quenching p Heat capacity
Quenching q Heat conductivity
Tau zero Yield point

Decay e-foldings

Triple exp a Knoop hardness
Triple exp b Young’s modulus
Triple exp ¢ Shear modulus
Triple exp d Poisson ratio

Triple exp e Water stability
Calculated gain Acid stability
Measured gain Nominal weight %
Temperature coefficient Measured weight %
Thermal coefficient Nd ions/em?®
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During 1977, we made optical gain meas-
urements on 15 different Nd-doped glass compo-
sitions that represent four general glass types: sili-
cates, phosphates, fluorophosphates, and fluoro-
beryllates. The glass types are listed in Table 1
together with the Nd-doping level, disk thickness,
peak stimulated-emission cross section (deter-
mined from both the 'F,,0 — 'l ;0 fluorescence
spectrum and the Judd-Ofelt intensity parameters).
calculated radiative lifetime, linear, and predicted
nonlinear refractive indices. The glass types featur-
ing very low nonlinear indices (such as the fluoro-
beryllate and fluorophosphate glasses) perform
best in applications requiring very high power,
short (< 1 ns) laser pulses. Glass types with rela-
tively low stimulat :d-emission coefficients (primar-
ily silicates) exhibit relatively large effective sat-
uration fluences: hence. these glasses are more ap-
propriate for relatively long pulse (~1 ns) laser
operation. Finally. glass types having large
stimulated-emission coefficients (phosphate glas-
ses) are most appropriate for applications requiring
high specific gains. albeit at reduced saturation
fluences.

Measured small-signal gain coefficients for the
laser glasses in Table 2-51 are given in Table 2-52.
These results were all obtained under constant and
specific pumping conditions. Also included in
Table 2-52 are the predicted gain coefficients. In a
few cases. the bulk laser glasses were modified, or
they suffered from processing problems that af-
fected the comparisons of simulations of laser disk
gains and the experimental measurements. As we
noted above, our computer codes are normalized,
using data for ED-2 silicate glass as areference As
a consequence, the statistical distribution of our
sitnulation error may be skewed because of a sys-
tematic error associated with ED-2 simulation. In
addition, the radiative quantum efficiency,
excited-state absorption, and passive losses of all
glasses are, in the absence of actual data, assumed
to be equal for all glasses. (Details concerning our
methodology in determining Judd-Ofelt radiative
intensity parameters, peak cross sections, and
other properties are covered in a forthcoming Ref.
95.)

Future gain-coefficient determinations will be
made, using a new, more comprehensive laser glass
evaluation procedure.*® Three 4.8 X 8.4 x 1.5-cm
disks polished on the faces and perimeters and hav-
ing a doping level of 2.5 x 10* Nd/cm? are obtained
for each glass composition of interest. One of the
disks is used as a reference for recording different-
ial absorption spectra; it is then set aside as a con-
trol disk. Absorption, fluorescence, and fiuores-
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cence-decay measurements are recorded for the
disks to be used in the gain measurements. The
gains of two ED-2 glass reference disks are meas-
ured in the test amplifier under standard conditions.
This is followed immediately by measurements of
the new glass made under identical conditions. We
use index-matching liquids for edge cladding.

Following the gain measurements, we cut two
samples from one of the tested disks and chemically
analyze for Nd content in two separate determina-
tions. We remeasure the differential absorption
spectra of the test disks to check for solarization.
Our standard Nd glass spectroscopic evaluation is
applied to determine the absorption efficiency and
stimulated-emission cross section of the actual
glass tested. These data are then used as input to
our computer code GAINPK, which simulates per-
formance of a laser amplifier.

The result of our efforts is a separate report on
each new laser glass that contains results of the
tests, the ED-2 reference test data, a spectroscopic
data summary, and a comparison of the measured
and theoretical gain curves.

Faraday Rotation Materials. We investigated
additional paramagnetic materials for use in large
Faraday isolators and fast switches. These in-
cluded both glasses and crystalline materials. To
obtain improved perforniance. we searched for ma-
terials with higher concentrations of rotator ions
per unit volume—and therefore larger Verdet
constants—and for materials with smaller non-
linear refractive index n, and lower costs. In addi-
tion to these properties. the materials must also
uhimately satisfy the concomitant requirements of
size, high optical quality, low absorptive loss. and
high damage threshold.

The development of low-n, fluorophosphate
glass compositions has brought about the possibil-
ity of incorporating large quantities of paramagne-
tic Faraday rotator ions in‘o these glass types. We
explored this in collaboration with Hoya, Kigre,
and Oweuns-lllinois, the tirst two supported by the
Office of Laser Fusion and the last by LLL. To
date, the amount of Tb** that can be successfully
incorporated into these glusses has been substan-
tially less than what is obtainable in borosilicate
glasses such as FR-5. The Verdet constants of these
fluorophosphate glasses are therefore small. But
the n, is significantly smaller; thus, a longer sample
length can be used to achieve comparable rotation
with no increase in the B integral. Comparative
numbers foi FR-5 and for an experimental fluoro-
phosphate rotator glass FR-7 (supplied by Hoya)
are given in Table 2-53.



Table 2-51. Summary of optical properties for developmental laser glasses included in gain measurements;
S, P, FP, and FB denote silicate, phosphate, fluorophosphate, and fluoroberyllate glasses, respectively.

Nonlinear
Nd Thick- Peak index

Glass doping, ness, cross section, Lifetime, Refractive coefficient,

designation Type Source" wi% cm 10 *em* us index 10 “m*W
ED-2 S on RE] 1.425 27 59 1.556 4.3
LSG-91H S H 3.0 1.500 24 412 1.549 4.2
LG-650 S S 5.0 1.502 1.1 926 151 39
Q-88 P K 3.0 1.490 4.0 326 1.536 34
LHG-5* P H A3 1.519 4.1 322 1.529 3.2
LHG-T* P H 34 1.518 3.9 U5 1.505 29
EV.2 P on 2.5 1.501 4.4 334 1.500 2.6
1.G-700 P 'S 30 1.501 A7 63 1.517 3.0
LG-710 P S 8.0 1.486 38 367 1.529 35
LG-800 FP S 1.9 2.582 27 456 1.426 .8
LG-810 Fp S 2.5 1.509 2.6 495 1.457 IS
LHG-104A FpP H 2.5 1.473 2.6 476 1.438 1.6
LHG-104B FP H 2.2 1.501 2.6 470 1.438 1.7
E-181 FP on 2.1 1.508 2.6 504 1.438 1.5
B-101 FB LLL 3.0 1.438 32 611 1.342 1.1

“new glass melt,

" O/1 = Owens-Tilinois, Toledo, Chio.
H - Hoya Corp., Tokyo, Japan.
S - Schett Optical, Duryea, Penn., and Mainz, W. Germany.
K - Kigre, Toledo, Ohio.

Table 2-52. Comparisons of predicted and measured small-signal gain coefficients of Nd-doped laser glasses;
standard 1.5-cm-diam hore, cerium-doped xenon flashlamps and a 600-us pumping-pulse duration were used.

Gain coefficient, m '

Error,
Glass type Designation Predicted Measured G
Silicate LSG-91H 11.8 10.1 +17%
Silicate LG-650 6.8 7.0 ~3%
Phosphate LHG-5* 18.1 14.5 +25%
Phosphate LHG-7T* 17.8 15.0 +19%
Phosphate EV-2 17.9 17.3 +4%
Phosphate LG-700 13.2 133 ~1%
Phosphate LG-710 13.4 15.1 - N%
Phosphate Q-88" 16.0
Fluorophosphate LG-800 8.7 8.1 +7%
Flucrophosphate LHG-104A 12.0 11.3 +6%
Fluorophosphate LHG-104B 11.3 11.§ ~2%
Fluorophosphate LG-810 12,2 10.3 +18%
Fluorophosphate E-181 11.8 11.4 +4%
Fluoroberyliate B-101 15.1 1.8 +2%

*New glass melt (data differ from previously reporied measurements).
"New glass melt with Th* * * sensitizer added; these are not indicative of standard Q-88 (predicted gain coefficient of 18.6 m '),

‘Extra thickness of disk (2.5-cm) reduces gain coefficient.
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Table 2-53, Properties of Faraday rotator materials measured at 295 K.

Glasses Crystals
Property FR-5 FR-7 KTb,F,, CaF,:0.3 CeF, EuF,
Verdet constant (min/Oe-cm)
442 am -0.60 ~0.29 -0.933 -0.39 -6.37
633 nm -0.25 -0.12° —-0.386 -0.11 -0.90
1064 nm -0.071 -0.033 -0.114 -0.03 -0.195
Active ion Tb* Tb™ Ty Ce™* Euv**
Concentration (10%*/em?®) 0.78 0.44 1.53 0.66 1.8
Refractive index, n;, 1.686 1.531 1.511 1.495 1.550
Abbe number, v 53 74 89 81 ~19
Estimated nonlinear refractive
index, n, (10~ esu) 24 0.95 0.70 0.75 ~1.5

"Hoya reports that Verdet constants as high as -0.146 at 633 nm have been obtained in these glasses, The value cited here was mewsured

for a sample from a small experimental melt.

Crystalline rare-earth fluoride crystals that
combine high active ion densities with low
refractive-index nonlinearities are potentially
superior Faraday rotator materials. One particu-
larly attractive candidate is KTb,F,,, a cubic crys-
tal that has beer grown at the Crystal Physics Lab-
oratory of M.1.T. The Verdet constant at several
wavelengths and other properties of this material
are given in Table 2-53. No evidence of ferromagne-
tic ordering is seen down to 1.66 K. Additional
properties and growth techniques are published
elsewhere.%

As Table 2-53 shows, KTb,F,, has a larger
Verdet constant and a lower n, value than the best
Faraday rotator glasses. The material is grown by
the Czochralski method, but has been prepared
only in sizes of a few centimeters. Because the
material is cubic, it is amenable to hot forging to
increase the diameter. Further studies of the phase
diagram of the KF-TbF; system and the prepara-
tion of large-size KTb,F,,crystals are in progress at
M.L.T. and Sanders Associates.

Rare-earth trifluoride crystals are uniaxial or
biaxial and have not been grown in diameters > 1-2
cm. However, the solid solution CaF,:xRF; is
cubic and may be prepared in large sizes by using
growth techniyues applicable to CaF, such as
Bridgman-Stockbarger and fusion casting. Op-
tovac has prepared small samples of CaF, doped
with up to 40 mol% CeF;. Data for a 30% CeF;
sample are summarized in Table 2-53. A potential
advantage of this material is cost. For rotator mate-
rials based upon terbium, the terbium is a major
cost-determining factor; cerium compounds are
cheaper. Although the rotation per ion at 1064 nm
for Ce?* is not quite as large as for Tb?*, the non-
linear index of CaF,:0.3CeF; is a factor of three
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smaller than that of FR-5. Attempts to prepare 10-
cm-diam Ce-doped CaF, rotator disks for test and
evaluation are underway at Optovac.

Another Faraday rotator crystal examined was
EuF.,.*® The magnetooptic properties of this mate-
rial and other higher index divalent europium com-
pounds (Eu0, EuS, EuSe) were investigated more
than a decade ago by Suits et al.* At 1064 nm and
295 K, EuF, has the largest Verdet constant of any
material we have measured to date. The rotation in
EuF, arises from 4f-5d transitions of Eu?*. The
Verdet constant is large because the 5d bands are
located at low energy and because the Eu?* ion den-
sity is large.

Because the crystal structure of EuF, is cubic
(fluorite), there is no anisotropy. Accordingly, var-
jous growth and preparation techniques—includ-
ing hot forging and fusion casting—are applicable,
although untried. Divalent europium has no ab-
sorption bands at wavelengths >500 nm and hence
is useful as a Faraday rotator material in the red and
infrared wavelength regions. The current sample
exhibited intense scattering, which probably arises
from compositional gradients. Variations in the
F/Euratio from the ideal 2.0 have been reported. '®

Apparatus. The equipment used for deter-
mining the Faraday rotation is illustrated schemat-
ically in Fig. 2-178. The capability was extended to
include both cw and pulsed light sources and dc and
pulsed magnetic fields. Four fixed-frequency cw
lasers are available for measurements at specific
frequencies. To determine V as a function of wave-
length, we use a tungsten lamp as the light source.
A 400-nm portion of the rotated spectrum is ob-
served with a Tektronix rapid-scan spectrometer.
This unit consists of a 0.25-m grating mono-
chromator equipped with a silicon vidicon for elec-
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Data on V(r) were taken for approximately 25
materials that included paramagnetic and
diamagnetic glasses and crystals. These results will
be incorporated into a data book on Faraday rotator
materials similar to the data sheets described for
neodymium laser glasses in § 2.1.2.

In cuses where the rotation angle 8 = VH¢ is
very small, either because the Verdet constant of
the material at the wavelength and temperature of
interest is small or because the sample size ¢ is
limited. i1 is desirable to increase ihe magnetic field
H. This was done, using a pulsed magnetic field
provided by a Faraday rotator magnet'?! having a
pulse duration ~100 us. The light source was a
1-ps xenon flashlamp, and the rotated spectrum
was recorded with a vidicon at the peak of the field,
The vidicon :iming was set up for single-shot oper-
ation. Thereafter, normalization and signal proces-
sing were identical to that used previously. A
photograph of this apparatus is shown in Fig.
2-180.
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2.5.2 Glass Physics

Nonlinear Optics. Nonlinear optics research
in 1977 concentrated on experimentally charting
the region of lowest possible refractive-index non-
linearity in transparent solids and—in anticipation
of future needs for optical materials— .tiating a
study of two-photon absorption in transparent
crystals and glasses. To facilitate these and laser
damage studies, a substantial expansion in exper-
imental capabilities in the Nonlinear Optics/Laser
Damage (NO/L.D) laboratory was brought close to
completion.

The electric fields associated with intense op-
tical pulses are so large that higher-order, nonlinear
terms in the material polarizability become impor-
tant. Of particular importance to the propagation of
fusion laser pulses, is the intensity-dependent

change in the refractive index n. This change, An,
which leads to self-focusing and beam breakup, is
expressed by

n = n, + An, 27

where n, is the familiar linear refractive index. Anis
given by n,E*, where n, is the nonlinear refractive
index and E is the rms optical electric field; An is
equivalently given by yI, where v is the nonlinear
refractive index coefficient and 1 is the laser pulse
irradiance or intensity. (The quantities y and n, are
related by -y[mz/W] = (407/cn,)n, [esu] ,wherecis
the vacuum light speed). For practical purposes,
ideal materials for transmitting optics would pos-
sess the smallest n, possible.

Throughout 1977, we performed accurate ex-
perimental measurements of n, in a large class of
optical crystals'™** and glasscs. '™ We examined
both oxide and fluoride materials. These meas-
urements have substantiated the utility of the em-
pirical rule derived by Boling, Glass, and
Owyoung'™ for predicting the nonlinear refractive
index from measurements of the linear refractive
index and dispersion. This empirical understanding
points to materials having the lowest refractive
index and weakest dispersion for minimization of
n,. Hence, we concentrated on the development of
fluoroberyllate materials—both pure BeF, and
nonhygroscopic BeF,-based glasses—in the search
for minimum-n, materials.

We investigated three beryllium-flunride-
based glasses: pure BeF, glass and two
neodymium-doped fluoroberyllate glasses. The
compositions and designations of the latter two
glasses were :noi%) 48.5 BeF,, 26.7 KF, 13.8
CaF,, 9.9 A1F,, 1.! MdF, (B102) and 34 BeF,, 23
AlF,, 19 MgF,, 10 CaF,, 14 BaF,, with 2.5 wi%
NdF; added (B402) (the latter sample was provided
by Corning Glass). The BeF, was obtained by de-
composing (NH,),BeF, in an inductively heated
graphite crucible at 1000°C in a flowing drv-
nitrogen atmosphere. To remove black discolora-
tion, the material was recycled three times by heat-
ing in nitrogen gas to 850°C and cooling to room
temperature in air. Two amorphous BeF, samples
approximately 15 by 15 by 90 mm were prepared. A
sample of the second glass was cast into a
preheated (600°C) platinum-foil-lined cylindiical el-
lipse die, which yiclded a 15-by-48-by-85-mm disk
suitable for gain measurements in a laser amplifier.
For n, measurements, flat faces were polished at
opposite ends of the ellipse.

When the optical frequency is well below the
electronic band gap, the self-focusing index n, for
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Table 2-54. Linear and noniinear refractive indices of beryllium flouride glasses. The nuclear contributions to
n, are derived fron» Raman scattering data'"; the total n, was measured using linearly polarized 1064-nm
laser pulses of 150-ps duration. (All quantities are in esu.)

Glass ny 10*B, 10'%A, + By} 10"*n, (nuclear) 10"n,
BeF. 1.275 43 1023 §3 23 3
B102 1.340 1413 20§ 943 33 =10
B403 1.384 9o 23:3 1032 38 (est)*
§io," 1.459 14 =2 57 6 31 £2 95 10

“No experimental data for the total n, were obtained for this sample because the optical quality was not adequate to obtain a usable fringe

pattern.
"Data from References 103 and 107,

linearty polarized (LF) light in isotropic media can
be separated into electronic and nuclear contri-
butions that are given by'"

ny(LP) = 2n/m)(3cd4a + A, + B,), (28)

where the o term is the electronic contriubtion to
the third-order nonlinear response and the nuclear
parameters A, and B, are related to the differential
Raman scattering cross sections d?a/d(dA. The
latter are defined as the fraction of incident photons
of frequency v scattered per unit distance into solid
angle d(} about v —A.

The nuclear contributions to n, in fluoroberyl-
late glasses were determined by D. Heiman and
R.W. Hellwarth at the University of Southern Cali-
fornia from light-scattering spectra.'*® The Raman
and fluorescence spectra were recorded with a
double monochromator using either the 458-, 488-,
or 515-nm lines of an argon ion laser for excitation.
The fluorescence contribution was estimated by
comparison with traces excited with other incident
wavelengths. The results for the nuclear contribu-
tion to the nonlinear index parameters are shown in
Table 2-54.

The total nonlinear refractive index was de-
termined from iniensity-dependent fringe shifts
measured using linearly polarized 1064-nm, 150-ps
pulses from a Nd:YAG oscillator-Nd:glass am-
plifier laser and time-resolved interferometry.'?
The sample was placed in one arm of a modified
Michelson interferometer (see Ref. 103). Because
of the small index noniirearities in these glasses,
the beam was passed through the sample twice to
increase the fringe shift to a measurable value. The
total path length was =~ 18 cm. The time-dependent
shift in the fringes at’the output of the inter-
ferometer was recorded by a streak camera. Sev-
eral measurements were made of each sample to
reduce the experimental error, The measured n.
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values are given in the final column of Table 2-54.
For comparison, we have included corresponding
results'*:1% gbtained for fused silica, which has the
lowest refractive index of any silicate glass. The n,
of BeF, (0.23 x 10-" esu) is the smallest ever
measured in a solid material.

The refractive-index nonlinearity of beryllium
fluoride glasses is predominantly electronic in ori-
gin. From Table 2-54, v/e see the nuciear contribu-
tion to n, is approximately 20-30% of the total for
the glasses studied. This factor is in the same range
as that found for silicate glasses.'*®

In addition to fluoroberyllate materials, we
measured the index nonlinearity of two new com-
merical Nd laser glasses: Kigre's Q-88 phosphate
glass and Schott's 1.G-812 fluorophosphate glass.
Table 2-55 lists these experimental results together
with the fluorophosphate glass n, estimated by
using finear refractive properties and the expres-
sion in Ref. 108.

A more extensive comparison of measured and
calculated n, values for a wide variety of different
glasses is given in Fig. 2-181. The agreement is
good for n, values ranging over more than a factor
of 10.

In 1977, we also began an investigation of the
dependence of n, on geometry. The refractive
index nonlinearity is not a constant but a linear

Table 2-55. Nonlinear refractive indices for Nd:
phosphate (Q-88) and Nd:fuorophosphate (LG-812)
laser glasses. Measurements were made using lin-
early polarized 1064-nm pulses of 150-ps duration.

n, (1073 esu)
Glass Measured Calculated
Q88 L14 =0.1S 1.23
LG-812 0.49 +0.08 0.50
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combination of real elements of the third-order ten-
sor nonlinear susceptibility x*. The particular linear
combination is specified by the polarization type
and direction relative to symmetry axes of the ma-
terial. In the simplest case of an isotropic solid such
as glass, n, is independent of geometry for a
single-wavelength, linearly-polarized wave. How-
ever, for a circularly-polarized wave of equal inten-
sity in an isotropic material, n, (electronic) is re-
duced by 33%.

In the simplest crystalline materials of the
cubic classes, such as NaCl or CaF,, there are
three independent tensor elements, denoted x'*),,,.
Xz, and xgg,. To determine the propagation
geometry that offers the minimum n,, it is neces-
sary to know all three x'® elements. We derived
theoretical expressions for n; in terms of x'® ele-
ments for a set of geometrical arrangements. The
notation used is n, (a,b), where a = incident electric
field direction for linearly polarized (b=LP) waves
and a = propagation direction for circularly
polarized (b = CP) waves. The rclations are as
follows:

1227

n(100,LP) = = [x1111] (28a)

ny(110,LP) = T [Xun + 22+ X ](28b)

4a7

n(111,LP) = o [Xnn + dxnz + 2Xien ] (28¢)
6

n(111,CP) = o [Xnn + Xz — Xe | (28d)

ny(110,CP) = 2n [Xlnl + WOxvrzz _ .X122| ](283)
2n 3
127

ny(111,CP) = "o [Xlln + dxnz — X ] (280

To exhibit the electronic (&) or nuclear (A, B, C,)
origin, the expressions for each geometry may be re-
cast using the transformations!'®

Xun — _(; + 'g %“ + _B() % (29a)
o A B8
- = 4+ =24 0 29b
Xue = o 12 7 20
4 B
+ Do 29
Xz ""24 —12 (29c)

Measurements of n, for these arrangements
will determine the full tensor and, hence, n, for any
geometry at the wavelength 1064 nm. We have ob-
tained 2 single-crystal NaC1 sample appropriate for
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Fig. 2-182.  Gain saturation experiment. The laser source penerated a 1,6-us satursting nulse and a 30-ns probe pulse. Calorimeter €4
and photographic plates PI were used to characterize the input beam, photodiode D1 recorded the input and output was eform of the
saturating pulse, and photodiodes D2 and D3 recorded the input and output waseforms of the probe pulse.

these experimental measurements for the cubic
classes 432, 43m, and m3m. and are extending the
derivations to the treatment of other crystal
classes.

Gain Saturation Recovery. The amplification
of an intense laser pulse reduces the amplifier gain
and leads to gain saturation. In Nd laser glass, gain
recovery after amplification can occur by several
processes—relaxation of the terminal laser level
population, return of ions 1o the upper laser level
following exciled-state absorption, or spectral
cross relaxation. The temiporal dependence of gain
saturation and recovery is very important in deter-
mining the performance of a laser amplifier and
impacts the design of large laser systems.

Previous attempts to indirectly measure the
gain recovery or lower-level lifetimes of silicate
glasses yielded times ranging from < 2 ns to 50 ns or
more.!'"" We have performed several experiments
to measure gain recovery directly and to explore
excited-state absorption. The technique uses a
weak laser beam to monitor the transient gain in a
rod amplifier, following propagation of an inlense
saturating pulse. Results for a silicate glass
(Owens-Hlinois ED-2) demonstrate that the recov-
ery is fast, ~1 ns.

The experimental apparatus is shown in Fig.
2-182. A single-axial-mode, Q-switched Nd:YAG
oscillator produced a 30-ns pulse. A laser-triggered
spark gap and fast Pockels cell gated a 1.6-ns
(FWHM) pulse from the Q-switched pulse. The
short pulse was amplified 10 ~ 2 J/cin® and propa-
gated through a 4-cm-diameter, 25-cm-long ED-2
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amplifier rod. The small-signal gain of the amplifier
at 1064 nm was = 7.0. The amplifier was chosen
because of its known flat gain profile.!'* A portion
of the 30-ns pulse was simultaneously passed
through the test amplifier at a small (- 3°) angle as a
probe beam. (Because the energy of the probe pulse
was only a few microjoules, we were careful to
eliminate stray light originating from the saturating
pulse or flashlamps.) The temporal behavior of the
probe heam was recorded at the input and output of
the test amplifier, using biplanar photodiodes and
Tectronix R7912 transient digitizers. Signals were
processed by a PDP-11 computer. The response
time of the system was measured to be < 0.5 ns by
recording 125-ps pulses from a meode-locked
oscillator.

The experimental arrangements also had
sufficient diagnostics (e.g., calorimeters, photo-
diodes, and input/output beam photography) to
mieasure the saturation flux energy E..

Figures 2-183(a) and 2-183(b) show examples
of the input and output probe pulse shapes for the
case of a 1.6-ns [064-nm saturating pulse applied
near the peak of the probe pulse. For these data, the
probe and the saturating pulse had the same linear
polarization. Figure 2-183(c) shows the result of
dividing the output probe pulse by the input pulse.
Gain recovery is clearly evident. We recorded and
averaged several pulses to provide data for compar-
ison with a model described below.

Gain recovery was also observed by recording
the input and output pulse shapes for the saturating
pulse itself. In these measurements, the saturating
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Fig. 2-183. Probe pulse shapes at the input (a) and output
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pulse consisted of a short (= 1 ns), intense pulse
followed by a second pulse of lower intensity to
serve as a probe of gain subsequent to saturation.
Gain recovery was readily apparent in the change
of output pulse shape. These data support those
obtained by using an independent probe pulse, but
they are not easily interpreted because they are
obtained only during the saturating pulse itself.

The gain recovery behavior was also investi-
gated for a probe pulse linearly polarized perpen-
dicular (S) to the saturating pulse: no gain satura-
tion recovery was observable. In another experi-
ment, a quarterwave plate was introduced into the
probe beam and two photodiodes were used to
simultaneously record the S and P components of
the circularly polarized probe on cach shot. The P
and S channels for a single shot are shown in
Figs. 2-184(a) and 2-184(b). Figure 2-184(c) shows
the result of dividing the P signal by the S signal.
The recovered gain is approximately the same
(within experimental error) in both P and S polari-
zations, but the S polarization exhibited no gain
recovery—only a drop in gain at the time the
saturating pulse passed through the amplifier.

To explore the possible contribution of excited
state absorption to the temporal gain recovery, we
performed an experiment to measure the rise time
of the *F,, fluorescence in Nd-doped materials fol-
lowing excitation into higher lying states. For these
studies, the 1.6-ns 1064-nm pulse used previously
to saturate the 4 cm ..aplifier was frequency-
doubled to 532 nm and used to pump a small sample
of Nd-doped material. The rise time of the 880-nm
fluorescence. measured using a fast photomulti-
plier, indicates how quickly Nd ions relax from the
pump band into the upper laser level. Table 2-56
summarizes results for a variety of Nd laser mate-
rials. For ED-2 glass, the relaxation following
excited-state absorption occurs on the same time
scale as the observed I- to 2-ns gain recovery.
However, excited-state absorption may not be the
dominant factor, because the gain recovery level
must be higher in the presence of excited-state ab-
sorption than that observed in the gain-recovery
experiments.

To interpret the experimental data, we wrote a
computer code to solve the rate equations for a

Table 2-56. Rise times (10-90%) of the 880-nm 'F,,
fluorescence of Nd** in several laser materials.

Nd Rise time,
Type doping Material ns

Fluoroberyliate glass 1% B105 1.5 =0.5
Fluorophosphate glass A% LG-813 2.0 =0.5
Phosphate glass 4.3% Q-88 1.0 =0.5
Silicate glass 3% ED-2 1.0 0.5
Fluorophosphate glass 4% LHG-10 2.7 0.5
YAG crystal 1% Y.ALO,, 2.0 0.5
Fluoride crystal 1% LaF; 70 =5

Fluoride crystal 1% LiYF, 11 =2
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four-level system. The equations used in the model
were

fi; = C ¢ TpNy — N7y, (30)

N, = Ch T 12Ny — CH(T2 + To3)Ny + Ny/Ty, 3n
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N, =C¢oayn; — Ch TNy — N7y (32)

g = Ny/ryq - . (33)
9% 4 % _ ¢ oun; - ouny ~ oun),  (4)
at ox

where

o, = effective uxcited-state absorption cross

section,
02, 32 = effective stimulated absorption and emis-
sion cross sections,
= decay time of excited level,
= decay time of lower laser level.

Taz
Tio

We assumed pumping by the flashlamps, during the
short time interval of interest, to be negligible. In
this model, all parameters thought to affect the
amplification process are accessible. These include
level degeneracies (o3,/0,,), excited-state absorp-
tion (o33, T12), and lower-level lifetime (7,0).

Using the rate equation model, we obtained
excellent agreement between the predicted and ex-
perimental gain recovery temporal behavior for
parallel probe polarization from the following pa-
rameter set:

T2 = Oy (35)
on=10 (36)
Tio= 1.25 £ 0.2 ns. 37

Although we obtained a s.1i* "actory fit to the data,
the equal effective degeneracies of the initial and
final levels are strictly correct for Nd** only in the
low-temperature limit. Also, the accuracy of the
present measurements is insufficient to rule out
entirely any contribution arising from excited-state
absorption. Additional measurements in ED-2 and
other glasses are planned.

Saturation Fluence. An important parameter
for a laser glass is the saturation flux E;. For an
amplifier with small signal gain Gy, and net gain G
with input flux E,, the saturation flux E; is defined
by the expression''?

G= %ln {1 + [exp(En/Ep - 1]G,}. (38)
in

This expression is strictly true only for time-
independent gain saturation. The rate equations
discussed above were used to calculate output flux
as a function of input flux (energy gain) for input



pulses of several durations. Parameters g3 = 0, o5,
= g2, and 7, = 1.25 ns determined from the above
experiment and o, = 2.7 x 1072 ¢cm? from
spectroscopic measurements''! of ED-2 glass were
used in the czlculations. Input pulses were assumed
to have a Gaussian temporal waveform. At each
pulse duration, we obtained a value of E, by fitting
Eq. (38). Table 2-57 gives the saturation fluences
predicted for several pulse durations.
Experimental data in Table 2-57 were obtained
by measuring saturated optical gain in a well-
characterized!*® rod amplifier. We used two exper-
imental procedures: a simple, self-calibrating
calorimetric technique in measurements at 0.14 and
1.6 ns, and a photographic technique at 3.2 ns.
In the first procedure, we amplified a beam
with good spatial uniformity and high fill factor and
measured the output pulse energy as a function of
input energy, thus producing a measurement of
gain as a function of output flux. A model of the
amplifier, which included fill factor as a parameter
and the effects of gain saturation, was used to de-
duce a value of saturation flux from the gain data.
We based the experiment at 3.2 ns on photo-
graphic techniques for measuring absolute flux that
have evolved from studies of laser damage. We
determined the flux profile for both the input and
output beams from photographic records and then
compared them point by point. A beam with ap-
proximately Gaussian spatial profile was used. We
measured gain saturation by comparing the on-axis
gain with that in the spatial wings of the profile. This
technique has several advantages. Uniform beams
are not required because the gain is mapped point-
by-point through the amplifier. The amplifier can be
modeled using a plane wave input, because it is
never necessary to interpret a single calorimetric
signal containing informationrelating to a variety of
input flux values. The single disadvantage is that
the photographic record is a nonlinear recording of
flux; this nonlinearity must be carefully measured.
The two experimental procedures above are,
in essence, identical. We describe the calorimetric
technique in detail below to illustrate the treatment
of fill factor.

Table 2-57. Calculated and measured saturation
fluxes for ED-2 glass at 1064 nm and 300 K.

Pulse duration Saturation flux, Jem?
(FWHM) Calculated Measured
140 ps 3.6 3.35 +0.7
1.6 ns 4.3 3.9 =03
3.0 5.2 55 *0.6

The calorimetry experiment was arranged in a
configuration similar to that used previously'*® on
Cyclops. A well-characterized, pulsed (1.064 nm)
laser beam strikes a wedged diagnostic input beam
splitter inat splits off three diagnostic beams from
the incident beam. The first diagnostic beam goes
directly to an input energy calorimeter. The second
beam is relayed to an I-Z plate, which is placed at
the same optical distance from the beain splitter as
the input aperture of a 4-cm rod amplifier. The third
beam is directed to a fast biplanar photodiode
monitored by a Tektronix 519 oscilloscope. The
fourth (main) beam impinges on the input aperture
of the 4-cm rod amplifier after having had its
energy, spatial intensity profile (apodization), and
temporal development characterized by beams 1,
2, and 3, respectively. After amplification by the
4-cm rod amplifier, the output pulse is divided into
three additional beams directed to the I-Z plate, a
multiple image etalon (to permit a D-log E curve o
be generated), and the output calorimeter.

We installed selected ‘*hard'' apertures in
front of the first diagnostic beam splitter to select a
uniform portion of the saturating laser beam to be
directed through the 4-cm rod amplifier. Because of
irregularities and spatial intensity fluctuations im-
posed on the laser beam by the small-aperture
preamplifier rods at the front end of the laser chain,
it was necessary to reduce the aperture of this
“*hard"* apodizer to 0.5 cm before the photographic
data indicated that the fill factor was acceptably
high (0.95). For the 0.5-cm aperture, a transmitted
beam of relatively uniform intensity profile was
achieved.

We wrote a simple computer program that cal-
culated amplifier saturation as a function of output
fluer.ce with the saturation fluence as a parameter.
In this program, the saturating pulse can have
either ‘*hard’’ apodizations or variable super-
Gaussian intensity profiles. Assuming no lower
laser level drain, the azimuthally symmetric, one-
dimensional Franz-Nodvik saturation ex-
pression''® becomes the ratio between the satu-
rated amplifier gain coefficient «, and the small-
signal gain coefficient «,, represented by ¢:

Qg ln[Euut/Ein]
%  InG, 39

f:

where G, is th.c small-signal CW gain, and E,; and
E;, are the ampiifier output and input energies,
respectively.

Since the local saturation of the input laser
beam s, in general, a function of the displacement r
of the beam element from the axis of the amplifier,
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calculations of amplifier gain saturation musi take
into account the apodization function F(r) of the
laser system. We approximated this distribution
with a ““top-hat’" super-Gaussian function. An ap-
propriate super-Gaussian apodization function F(r)
is given by

Fir) = exp[-6.9 (r/d)¥], (40)
and for a fill factor 0of 0.9, N = 50. For these calcula-
tions, each amplifier aperture was divided into K
annular zones of width Ar = d/K, and saturation

calculations were made for eacn zone. The optical
fluence, ¢ is represented by

¢ = dimexp [ 6.9 (r/r,)¥], (41)

where the peak value of the input flux o, is ex-
pressed as

PO - " (42)
[ 2xFn v dr

whereas the output energy from the amplifier is
calculated from the expression

i
G, F(r)
[exp ( (b.\;ll ' ) ]

r dr. (43)

d
Enul = (b.\ul J:) 27In x

+ 1

Here. d is the amplifier semiaperture.

We calculated saturation curves, using the
Frantz-Nodvik expressions above (and N = 50)
assuming saturation fluences ranging from 6 to 2
J/cm?. The majority of the calorimeter-based data
points lie on a curve relatively close to the curve
corresponding to a saturation fluence of 4 J/cm?®,
and the overall fit to the F/N curve was judged to be
good for pulse durations in the range of 1.2 to 1.5 ns.

Site-Dependent Spectroscopic Properties.
Laser-induced fluorescence line narrowing (FLN)
techniques provide a microscopic probe of the local
fields and strength of the ion-phonon coupling of
ions in solids. Recent studies have revealed the
existence of large site-to-site variations of these
properties in glasses.!"® These include variations in
energy levels, radiative and non-radiative transition
probabilities, and optical linewidths. Furiher
investigations of these phenomena and their rela-
tionship to the behavior of Nd laser glasses have
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Fig. 2-185, Relative quantum efficiency and lifetimes of the
Nd3* fluorescence in ED-2 silicate glass at ~ 15 K as a
function of the lg;3 — 2Pt/ excitation wavelength. The
quantum efficiency is normalized to unity at 432.5 nm.

continued in 1977 in collaboration with GTE Lab-
oratories (C. Brecher and L. A. Riseberg) and
the University of Wisconsin (J. Hegarty and W.
M. Yen).

Site-dependent variations in the transition
probabilities and quantum efficiency of Nd** in
ED-2ssilicate glass were studied by Brecher et al.''?
lons were excited into the *P, state of Nd** usinga
tunable dye laser. Following rapid decay to the 'F,,
state, fluorescence was observed to the *I ground
multiplet. With pulsed laser excitation, the result-
ing fluorescence decay was exponential with a
lifetime that varied with excitation wavelength, as
shown in Fig. 2-185. The fluorescence lifetime is
given by l/r = /T + 1/1y,;,, where T and Ty, are the
lifetimes for radiative and nonradiative decay,
therefore the variation in Fig. 2-185 arises from one
or both processes. To determine 7y, the fluores-
cence intensity was measured under conditions of
constant absorbed excitation into *P,,. The radia-
tive quantum efficiency n = 7/7; was then nor-
malized 10 unity at one wavelength and the result-
ing variations in 74 and ty, were plotted in Fig.
2-185. Note that both the radiative and nonradiative
probabilities vary with excitation wavelength.

The Auorescence spectra, branching ratios,
and decay of the *F,, state of Nd** have now been
measured in a number of different glass types'' by
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using tenable pulsed laser radiation. These include
silicate, phosphate. borate., fluoroberyllate. and
fluorophosphate glasses. Measurements, as before,
were made at liquid helium temperatures by excit-
ing into the *P, state, and line-narrowed fluores-
cence spectra were obtained as a function of excita-
tion wavelength. Large variations in Stark splitting
of the 1, and ‘I, , states have also been observed
and attributed to site-to-site differences in the Jocal
crystal field. Examples of these spectra for a sili-
cate glass and a fluorophosphate glass are shown in
Figs. 2-186 and 2-187. The probabilities for radia-
tive decay and for nonradiative decay by multipho-
non emission also exhibit variations with excitation
wavelength. Although similarities exist, each dif-
ferent glass type shows its own distinctive patterns
of variation in crystal-field splitting and relative
quantum efficiency.

In the fluorophosphate glass, which contains
large numbers of both fluorine and oxygen anions,
comparison of the laser-excited fluorescence
spectra and lifetime of Nd** with the corresponding
results from pure oxide and pure fluoride glasses
demonstrates the presence of Nd** sites having
both fluorine and oxygen nearest-neighbor coordi-
nation. Thus, in fluorophosphate glasses, we ex-
pect some sites to have lifetimes and quantum

efficiencies similar to those in phosphate glasses.
and other sites to have lifetimes and quantum
efficiencies similar to those in pure fluoride glasses.
We also expect Nd** sites with fluorine ligands 1o
appear on the short-wavelength side of the in-
homogeneously broadened *P,, band. The latter
occurs because the Racah parameters for Nd*- in
oxide and fluoride hosts are different and this shifts
the centers of gravity of the J states. This is illus-
trated in Fig. 2-188, where the ‘I, , — *P,, absorp-
tion bands of Nd** in phosphate. fluoroberyllate.
and fluorophosphate glasses are compared.

Both of the expectations above are remarkably
well confirmed by the GTE data in Fig. 2-189,
where the fluorescence lifetimes observed at a
function of excitation wavelength into the *P, , band
are shown for a fluoride. a phosphate. and a
fluorophosphate glass. The values for the short-
and long-wavelength extremes of the fluorophos-
phate glass do not equal those for the pure rhos-
phate and fAuoride glasses for two reasons. The
network modifier ions in the various glasses were
not identical in number density and type. and the
refractive indices of the glasses—which enter into
the spontaneous emission probability as n(n*+2)
—are different. Using the index corrections, a
lifetime of 500 s in a fluorophosphate increases to
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620 us in a fluoroberyllate; similarly, a lifetime of
360 us in a fluorophosphate decreases to 320 usina
phosphate. The latter values in both cases are in
good agreement with experimental values.

To determine the coordination an local fields
at rare-earth sites in a fluoroberyllate glass, FLN

spectra of Eu?* were recorded and analyzed at GTE
Laboratories. Assignments of transitions and de-
termination of second-order (B,,) and fourth-order
(B,m) crystal-field parameters were performed in
the same manner used in their earlier investigation
of a silicate glass.'"

Fig. 2-188. Comparison of the Nd**
419;2 — ¥Py;2 absorption bands in oxide
{phosphate), fluoride (fluoroberyllate), 0.6
and mixed anion (fluorophosphate) glasses *
at 4 K.
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To understand the structural implications of
their results, the GTE group generated a geometric
model of the immediate environment surrounding
the emitting ion. In the previous work on oxide
glasses, there were three major reasons for concen-
trating on structures involving eightfold or ninefold
coordination:

® Appropriate ionic size and available bond-
ing orbitals.

® Ubiquitousness of eightfold and ninefold
coordination in crystalline rare-earth compounds.

® Absence of chemical or structural con-
straints that might prevent the rare earth from
achieving its maximum coordination.Since this is
no less true in the fluoride case than in the oxide,
the same procedure was followed.

The previously developed structural model for
the coordination in oxide glasses involved eight
coordinators essentially equidistant from the Eu*
ion, arranged in a distorted Archimedes antiprism
with C,, symmetry, and a ninth coordinator along
the C; axis at a variable distance from the central
ion. The model gave reasonabl. agreement to the
observed changes in magnitude of the crystal-field
parameters. For the fluoroberyllate glass, how-
ever, these geometrically derived parameters have
the opposite sign from what is observed. While the

signs are essentially arbitrary for the B, and By,
terms (depending only on the naming of the x and y
axes), the other three terms (B,,, By, B.s) are
uniquely determined by the spectral assignments
and must be satisfied. It is feasible to satisfy the
requirements of sign and magnitude for any of the
crystal-field parameters by suitable varations in
the geometric parameters of the structural model.
What proved impossible to do, however, was to
satisfy the signs and magnitudes of a/! of them.—
along with their relative changes as functions of
distortion (caused by the ninth coordinator)—and
still maintain the packing density and C,, symmetry
of the eight equidistant primary coordinators.
Moreover, structures with seven or fewer primary
coordinators gave even less satisfactory results,
while larger numbers of primary coordinators re-
quired an intolerably large radial distance to the
central coordinating ion.

Seeking a suitable structural model, we con-
sidered various kinds of structural medifications
possible within the context of close-packed
eightfold or ninefold coordination having C,, sym-
metry. This analysis revealed that with only a small
alteration in the starting assumptions, a structural
model can be generated that exhibits appropriate
behavior in both sign and magnitude for all five
crystal-field parameters. This change involves the
segregation of the primary coordinators into two
different classes based on radial distance. The re-
sultant new model'?® is a ninefold coordinated
structure, with three of the coordinators (desig-
nated ‘‘peri-"") lying 5% closer to the central ion
than do the other six (*‘apo-'"). The structure re-
sembles a capped antiprism (the oxide model) elon-
gated in the y direction (perpendicular to the ,
axis). The parametric variation corresponding to
the range of excitation energies is reflected in the
difference between the average distances of the two
coordinator classes, with the higher crystal field
associated with the larger radial difference and
hence the closer approach of the peri-coordinators.
The crystal-field parameters calculated with this
model generally agree with the spectroscopic
values to within 20%, a figure that we consider
respectable.

As for the oxide glasses, no independent sup-
port for this hypothetical model is available. The
differences can be attributed to the chemical dif-
ferences between oxygen and fluorine themselves.
The degree of covalency in the metal-oxygen bond
should be considerably greater than that in the
metal-fluorine bond. Furthermore, to the extent
that covalency enters the picture in the fluorine
case, the greater electronegativity of the latter and
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its univalent bonding should tend toward more
bridging asymmetry than in the oxide case. Thus,
the model can be viewed as an EuF,; entity that has
become solvated by BeF, groups through the for-
mation of nine asymmetric fluorine bridges. The
model is chemically consistent and is the least
complicated arrangement that can give reason-
able agreement to the spectroscopically derived
parameters.

Two phase separation structural phenomena
occur in alkali borate glasses that modify local site
and are, in principle detectable by fluorescence line
narrowing. First, in simple glassy B.O;,, boron has
three coordinating oxygens, and a glass is formed
from a random network of BO, triangles or boroxyl
groups. If an alkali oxide is added as a network
modifier, boron also occurs with four coordinating
oxygens in a tetrahedral complex. The relative
numbers of three- and four-coordinated boron ions
in alkali-borate systems have been determined
from NMR studies. Second, subliquidus immisci-
bility is well established in binary alkali borates.
Separation into B,0,-rich and lithia-rich phases oc-
curs in regions on a scale of 5-500 nm. Therefore, if
a paramagnetic ion is introduced into these glasses,
the position of lines in the laser-excited fluores-
cence spectra should reflect differences in the
number of nearby BO; triangles, BO;, tetrahedra,
and Li* network-modifier cations. Evidence of
these effects has been observed and reported in
detail in Ref. 121.

We studied two lithium-borate glasses doped
with 1 mol.% Eu,0,: one with 40 mol % Li,0, a
concentration at which the fractional number of
borons with four coordinating oxygens is a
maximum (~45%), and a second with 10 mol %
Li,0, which is at the maximum of the coexistence
curve. lons were excited into the D, and *D, states
of Eu?*, and the subsequent fluorescence from the
3D, state to levels of the ’F multiplet was observed.
The 5Dy — 'F, line appears in the region 17,200 —
17,400 cm™!', the three *D, — 7F, transitions in the
region 16,700-17,250 cm~, and the five Dy — 'F,
transitions in the region 15,800-16,600 cm~'. The
last group of lines is not well resolved because of
accidental coincidence of excitation levels of ions
in different sites.'??

Spectra for the 10Li;0-90B,0; glass are shown
in Fig. 2-190. At low excitation energies, the
spectra are nearly equal to those observed in the
40% Li;0 borate glass; at high excitation energies,
however, the splittings are different and additional
lines appear. From the numbered lines on the
spectrum at the top of Fig. 2-190, we see that there
are two groups of lines characterized by different
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fluorescence lifetimes. The first group consists of
lines 1, 2, 5, 6, and 8 and has a shorter lifetime than
the second group consisting of lines 3, 4, and 7.

When the europium-oxygen interaction is
large, the Racah parameters and the 'F — 5D sep-
aration are reduced. Therefore, the low-
excitation-energy spectra in Fig. 2-190 arise from
ions in sites where the Eu-O interaction is strong.
This occurs when there are many four-coordinated
boron or lithium cations. Conversely, if three-
coordinated borons predominate, the effective
Eu-Ointeraction is weaker and the ’F,— *Dy transi-
tion occurs at higher energies. This suggests that
the new lines appearing in the 10% Li,O glass arise
when BO; triangles are more numerous.



Phase separation of binary alkali-borate sys-
tems has been anaiyzed in terms of one phase com-
posed of a complex (B,0;),, structure and another
phase composed of a compound Li,O-nB,0;.'*
When phase separation occurs, it is not known
whether an ion such as Eu** goes into one or both
phases. The 40% Li,O borate glass represents a
lithia-rich phase. To identify a B,G;-rich phase,
studies of Eu** in simple B,0, glass are needed.
Attempts to add Eu,0; to B,O; have thus far been
unsuccessful.

The above results and their interpretation are
still incomplete. Further studies are needed in
which the alkali ion is changed and the alkali ion
concentration varied between the minimum and
maximum possible. The effects of phase separation
should be investigated as a function of thermal his-
tory. The resulting spectroscopic parameters
should provide a test of geometric models for the
local coordination at the probe ion site.
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2.5.3 Laser-Induced Damage Program

Generation of high-energy laser pulses is cru-
cial to the success of experiments on laser-driven
inertial confinement fusion. Tigure 2-191 illustrates
that, for intermediate pulse widths, the laser energy
is limited by laser-induced damage to the surfaces
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of optical elements in the amplifier chain. Increas-
ing the material damage threshold allows a pro-
portional increase in the laser energy. Since these
intermediate pulse widths are of greatest interest
for high-density laser fusion experiments, the goal
of this program is to understand surface damage
mechanisms and increase damage thresholds.
Comparison of damage thresholds of con-
ventionally polished surfaces with flame polished
or chemically etched surfaces suggests that in-
creases up to a factor of two may be possible.

Thin-film optical coatings currently have the
lowest damage thresholds in Nd:glass lasers. Re-
search and development on thin-film coatings has
been divided into three categories. The first cate-
gory is state-of-the-art studies, whose goal is to
determine those materials and processes that
currently have the highest damage thresholds. An
important experiment in this category demon-
strated that the damage threshold of multilayer
antireflection coatings on BK-7 borosilicate glass
increased when the glass was first coated with a
layer of Si0,. This Si0, undercoat is now deposited
on all Shiva optical surfaces that receive antireflec-
tion coatings.

The second category is basic research, whose
goal is to determine fundamental damage limits and
to develop an understanding of the physical pro-
cesses involved. Two major experiments in this
category were performed in 1977. The first experi-
ment showed that thin-film damage thresholds are
not simply correlated with the standing wave elec-
tric field intensity in the coating layers. The second
experiment studied bare-surface damage
thresholds as a function of surface roughness. We
found that, for pulse widthsin the 0.1-to I-ns range,
the damage threshold remains constant as rough-
ness increases up to SOA rms and decreases
thereafter.

The third category is the laser-damage test fa-
cility. In 1977, a new laser system was built that
produces continuously variable pulse widths in the
range 1-30 ns. A vidicon and minicomputer system
was developed to rapidly record and process laser
beam intensity profiles. The suzcessful operation of
this system reduces the time required to determine
the damage threshold of a material from several
days to several minutes.

A separate microscony area was established
and equipped with a Zeiss microscope capable of
bright- or dark-field microscopy with reflected light
as well as bright-field and phase-contrast micros-
copy with transmitted light. Nomarski microscopy
has been found to provide the highest contrast
damage detection technique.
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To accommodate the large number «~f optical
components for Shiva that required damage testing
for acceptance, we established a procedure for
rapidly determining the damage threshold in com-
parison to a surface of known threshold. This now
permits technical personnel to make rapid routine
measurements.

The articles in this section contain a full ac-
count of the progress made in each of these three
categories in 1977.

Laser Damage Studies. Several a«ernpts, un-
successful to date, have been made to understand
and use the standing waves in optical thin films and
relate them to damage thresholds. In 1977, Apfel,
Matteucci, Newnam, and Gill'** reported an exper-
iment that demonstrated a strong correlation be-
tween damage thresholds and standing wave inten-
sities in thin-film devices. Following this report,
Apfel'® and Newnam'* independently published a
design for reducing the standing wave intensity in
the outer TiQ, layer of Ti0,/SiO, maximum reflec-
tors, at the cost of increasing the intensity in the
Si0,. Field alteration is produced by adding non-
quarterwave TiO,/SiO, film pairs to the usual quar-
terwave stack design, a technique first used by
DeBell. '?" With the addition of each modified pair,
the intensity decreases in the TiO, and increases in
the Si0,. Since TiO, damages more easily, this
tradeoff was expected to produce an increase in
damage threshold of the muitilayer coating.

Gill, Newnam, and McLeod'* reported 1064-
nm, 30-ps thresholds of 4.5t05.4,4.5t08.0,and 4.5
to 6.4 J/cm? for three films: a normal quarterwave
stack, a normal stack with one modified pair, and a
normal stack with two modified pairs. The stated
threshold range is between the lowest flux that
caused damage and the highest fux that did not
cause damage. The lower limit was attributed to
defects encountered by large laser beams: thus, the
thresholds are effectively the same. Gill, Newnam,
and McLeod have since published additional data
purporting to show an increase in threshold by the
use of added pairs,'*® but the largest values seen in
their experiments at 30 ps do not exceed thresholds
seen in normal quarterwave stacks.'*® These au-
thors claim that the nonquarterwave designs are
extremely sensitive to deposition errors in coating
thickness and that their threshold data agree with
standing wave intensities computed for the actual
coating thicknesses.

Three LLL experiments have studied standing
waves and damage in collaboration with Optical
Coating Laboratory, Inc. (OCLD. The first was
intended to verify the initial experiment of Apfel et
al.,'?* except that the bandpass filter design was



altered to produce standing wave maxima inside
film layers instead of at film interfaces. Two films,
one with the maximum standing wave intensity in
SiO, and one with the maximum intensity in TiO,,
were measured with the film as the input surface
and also with the film as the exit surface. The four
thresholds were in reasonable agreement with cal-
culated standing wave intensities in TiO,.

In the second LLL/OCLI experiment, four
TiO./Si0,; maximum reflectors were tested. One
was a normal quarterwave stack. The otiier three
were a normal stack with one, two, and three
modified nonquarterwave pairs.'** Thresholds for
all four films were high: > 9.0 J/cm® for 150 ps,
1064-nm laser pulses. But there was no parametric
dependence or threshold on the presence of
modified pairs or on their number.

In a subsequent experiment,"' Apfel fabri-
cated three nlms: a quarterwave stack maximum
reflector, a reflector with an antireflection coating
deposited over it, and a four-layer antireflection
coating deposited directly on the substrate. These
films were tested at LLL using 180-ps, 1064-nm
pulses. The first two films behaved as predicted
from standing-wave calculations, but the antireflec-
tion film differed from caiculations by more than a
factor of two.

At present, the accumulated data suggest that
thresholds are not simply correlated with the peak
field in the high-index layer.

There is a long-standing observation'¥ that
picosecond damage thresholds in antircflecticn
(AR) films average about 30% less than thresholds
for highly reflective (HR) stacks of the same dielec-
tric materials. This observation is contrary to
predictions based on calculations of standing wave
intensities'2+'2? in the two coatings. The standing-
wave intensity in the high-index film material is
greater in HR films than in AR films. Because the
higli-index material damages more easily, AR films

" should have higher damage thresholds. -

The film/substrate interface is irradiated at full
incident-beam intensity in AR films, but not in HR
-films. J. Apfel of OCLI therefore proposed that the
lower thresholds of AR films might be due to excess
absorption at the interface. The typical TiO,/SiO,
AR film has two or four tayers, with TiO, in contact
with the substrate. Coleman'** had noted that TiO,

"“was absorptive when deposited on some soft

glasses and that absorption was reduced by the use
of a SiO, undercoat between the TiO, and sub-
strate. Such a coating sequence occurs normally in
HR stacks. The outer TiO, layer is deposited on the
adjacent SiO, film, not the substrate, and this outer

layer is more resistant to damage than TiO, depos-
ited directly on glass.

Since all these observations agreed, a study
was made of the correlation between laser damage
thresholds in the Shiva four-layer TiO,/SiO., AR
film and the thickness and composition of under-
coats between the film and the substrate. Deposi-
tion was done by OCLI. Coatings both with and
without undercoats were prepared in single coating
runs by use of movable masks. This masking pro-
cedure eliminated the run-to-run variations that
plague damage experiments in thin films. The films
were tested, using linearly polarized 1064-nm,
150-ps pulses incident at 10° from the normal. Table
2-58 lists typical results obtained in the study.'?

Use of undercoats produced increases in
threshold that ranged from zero to nearly 100%. In
only one instance, out of approximately 30 films,
the undercoated film from a coating run had a lower
threshold. Tiie mean threshoid increase was about
30%. The resuits agree qualitatively with the pro-
posed model for low thresholds in AR films. If
interaction between the glass and the TiO, causes
absorption, eliminating that interface would im-
prove the coating. However, this step alone does
not guarantee high thresholds. The TiO./SiO; film
still must be stoichiometric to minimize absorption.
Some variation in results is to be expected.
Nevertheless, the average effect is an improve-
ment. The process was tested on production Shiva
AR coatings and found to yield similar results. Un-
dercoatings are now a specified feature of Shiva
coatings, and have resulted in enhanced system
performarce.

Table 2-58. Experimental damage thresholds
(J/em?) for coatings from research equipment.
Sampie Barrier* Threshold Improvement
566A none 4.2 +0.3 —_
5668 A/50 SiO, 4.0 0.3 none
566C A4 S0, 4.0 0.3 none
566D A/2 Si0, 4.8 +0.5 15%
565A none 3.2 =04 —_
565B 2 x M4 Si0, 6.3 £0.7 9%
565C 4 x A4 SiO, 6.3 0.7 9%
568A nene 3.2 +0.3 -
568D A2 SiO, 5.6 0.6 75%
568C A4 ALO, 4.0 04 25%
568D M2 ALO, 5.1=+04 60%

“Barrier Inyers stated (n optical thicknesses. Barrier fayers in
565B and 565C were deposited as an accurmulation of several dis-
crete thin films.
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A study at the Air Force Weapons Laboratory
(AFWI.)'* using 40-ns, 1064-nm pulses found a
direct correlation between local surface roughness
and laser-damage thresholds on bare and coated
surfaces. Initial studies at LLL™ suggested that
surface roughness was much less important in de-
termining damage threshold for picosecond-dura-
tion pulses. To clarify this issue, we performed two
experiments. In the first experiment, we retested
the bare. fused silica surfaces used in the 40-ns
AFWL study at LLLL, using 150-ps pulses. (The
cooperation of AFWL and the authors of Ref. 135
in furnishing these carefully prepured and charac-
terized samples saved both time and money and
allowed direct comparison between 40-ns and
150-ps results.) In the second experiment, OCLI
deposited antireflection films on BK-7 substrates
with rms roughnesses between 10 and =~ 100 A,
These films were also tested using 150-ps pulses.
Results of these two experiments are described in
Ref. 136 and summarized in Figs. 2-192 and 2-193.
From these experiments we draw the following
conclusions:

® Surface roughness greater than 100 A rms
reduces the 1064-nm, 150-ps surface-damage
threshold of conventionally polished fused silica.

® Additional 150-ps tests are required to de-
termine whether a threshold vs roughness correla-
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tion exists for the “*smooth’* surfaces (rms rough-
ness < 50 A) on normally available optics at
1064 nm.

®  The 150-ps damage threshoids of Ti0,/SiO,
antireflection films are not correlated with rough-
ness -of the BK-7 glass substrates on which they
were deposited.

® Damage thresholds (MW/cm) at 150 ps are
related by the fourth root of the pulse duration to
the thresholds found at 40 ns. Extrapolated break-
down fields at 40 ns agree with measured fields to
within 309 for the smooother surfaces.

® The extrapolation of Smith's threshold for
bulk breakdown at 30 ps in fused silica'® yields a
predicted 150-ps breakdown threshold in air at the
silica surface of 9.4 MV/cm. This, when compared
with the largest value observed here, 5.2 MV/cm,
suggests that breakdown fields for surfaces are
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test. Our two reference films damaged at
3.5 # 0.3 JJcm?and 4.3 + 0.4 J/cm? at 150 ps. This
reference pair allowed sorting the films into the
following categories:

® Much less than 3.5.
About 3.5.

Between 3.5 and 4.3.
About 4.3.

More than 4.3.

These tests were used to evaluate about 100
large-aperture optical elements. During the tests,
we did not encounter films that showed a site-to-
site difference in damage threshold, nor was dam-
age ever induced on the reference film (which dam-
ages at 4.3 J/cm?) without also damaging the other
reference film.

For several years, data have been pub-
lished #*13% showing that bulk materials with low
refractive indices (e.g., fluorides) offer generally
high damage resistance compared to oxide mate-
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rials. Recent work!*® at a pulse duration of 40 ns
demonstrated similar behavior in thin films of
fluoride materials. We have, therefore, begun to
study fluoride thin-film coating damage at 1.06 um
and in the pulse-duration range appropriate for fu-
sion lasers, 0.1to 10 ns. It is evident that for fusion
lasers designed to operate in the ultraviolet spectral
region, coatings composed of large band-gap
fluoride materials will be important.

The first fluoride coatings tested were obtained
in a study of possible hydroxyl-ion effect on dam-
age resistance, conducted in collaboration with
A .H. Guenther et al., of AFWL. The results of this
study'*! are illustrated in Fig. 2-195, where damage
threshold flux is plotted against coating-substrate
material combinations. Figure 2-195 demonstrates
that, although the OH~ content of the substrate was
unimportant for 150-ps damage performance, the
two fluoride coating materials (MgF,, ThF,) were
superior in damage resistance to the two typical
oxide materials (SiO,, ZrO,).



Recent publications'*? have described anti-
reflection (AR) coating designs that require only
low-index (n < 1.5) materials. Because of the po-
tential improvement in AR coating damage resis-
tance offered by these materials and designs, ef-
forts to obtain reproducible fluoride coatings for
practical use in 1.06-um fusion laser systems are
continuing.

Experimental Facilities. During 1977, we in-
stalled a variable-pulse laser that produces 1064-nm
pulses with durations between 1 and 30 ns. A
TEM,s-mode, single-longitudinal-mode YAG oscil-
la:or produces a 30-ns pulse that is shortened, as
required, by a Pockels cell shutter. A total of six rod
amplifiers with apertures of 6 mm, 10 mm, 25 mm,
40 mm, and 50 mm (Shiva components) are avail-
able. Two Faraday rotators and the shutter serve as
isolators. Various lenses and apertures establish
the beam profile needed for different experiments.
At 1 ns, the system will produce 10-J pulses in a
flat-topped, 40-mm-diam beam with < 20% peak-
to-valley nonuniformity and up to 30} in an approx-
imately Gaussian spatial beam profile.

The new laser operated reliably throughout the
second half of 1977. The only modification planned
is installation of an improved oscillator and a vac-

uum spatial filter. The vacuum spatial filter will add
flexibility to the apodization and relaying systems
that can be employed.

We purchased a Zeiss microscope with
Nomarski capability to serve as the fundamental
detector of laser damage. Damage sites can be re-
corded at magnifications between 80 and 900 times.
Since Nomarski microscopy is the most consistent
technique for detecting damage, an apparatus is
being designed to ailow in situ microscopy at the
laser damage station.

In late 1977, our computer-controlled,
vidicon-based laser diagnostics system entered the
final test and evaluation phase. A block diagram of
the overall digital data acquisition system (DDAS)
is shown in Fig. 2-196. The specific functiors of the
DDAS are as follows:

e Capture and storage of spatial energy
profile information.

® Acquisition of calorimeter sighais to yield
energy content.

o Capture of temporal waveforms, both from
transient digitizers (for events < 1 ns in duration)
and from streak cameras (for picosecond events).

o Final analysis of data and presentation of
results within the laser interpulse time of 3 min.

CAMAC Dataway

“—{R7912 transienit digitizer|

R7912/0P0 ——ee
' cantroller -—|1377912 transiernt dlgmz_eﬂ
’ . |t Digits! processing oscilloscope)

Calorimeter —-| Calorimeter l

| :Beam profite vidicon |y Vic “Vides'
[1S1T streak camera ' digitizer
v | ooy

N cursor

:~module, - ‘Calorimeter

controller. |

faser damage laboratory.

CacAT + Hardeopy
» terminl - . L[ S
Fig. 2-196. Sch ic diagram of vidicon/comp based laser digital data acquisition and analysis system for the nonlinear optics
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Fig. 2-197.  Computer, recording and display devices. and controls for the digital data-acquisition system.

® Archival storage of iaser puise data.

The impetus for developing the vidicon-based
system was the crucial need to reduce the time-
consuming activities associated with the use of
photographic film#* for laser pulse analysis while
retaining accuracy of the film technique. The laser
beam profile camera captures the pulse spatial
energy profile in a silicon-diode vidicon with a 9.6-
by-12.8-mm active area. The tube is a research
product obtained from RCA (model C23250-NTD).
The ISIT camera captures the weak light output
from a streak tube. Both cameras have been
modified to enable synchronization of laser pulse
arrival with the electron-beam reading process in-
side the tubes. Further modifications blanked the
e-beams for the video frames during which the laser
pulse is captured, to eliminate possible time-
dependent readoff effects.
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The video data frames, one from each camera,
are captured in a video disk recorder in analog form
0.03 s following the laser firing. Once recorded,
each video frame is continually replayed for A-to-D
conversion by a computer-controlle i video di-
gitizer. All communication between the computer
(a DEC PDP 11/05) and other components is via
CAMAC Dataway equipment for ease of device
interface and maximization of processing speed.
Other data-input components are a multichannel
A-to-D calorimeter module for pulse energy con-
tent data, and Tektronix R7912 transient digitizers
and digital processing oscilloscope for pulse
waveform recording.

Quantitative display of video data is accom-
plished by a graphics television display system.
This device employs a color TV monitor to display
three-dimensional information. A user-defined



color transformation table converts, for example,
laser pulse intensity into a color-coded isointensity
formal on the monitor screen. The design is such
that much less than one minute is required for trans-
formation and display of « full video frame, com-
pared to more than one hour for a conventionally
programmed isointensity plot to be drawn on the
CRT terminal.

Data outpit components are a video hardcopy
unit and a floppy disk unit. The floppy disk provides
storage of individual frames and can be trans-
formed to a nine-track magnetic tape for archival
storage or for input to larger computers. A joystick
cursor was added to enable the user to specify @
particular video line or area for display or process-
ing. This sensoris used, for example, to select areas
for video baseline identification and to specify
single-pixel or single-line output.

Figure 2-197 is a photograph of the computer,
video disk recorder and digitizer, display terminals
and output devices, and controller for the digital
data acquisition system.
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2.6 Oscillator

2.6.1. Pulse Generation and Shaping Overview

The need for a very stable and reliable short-
pulse oscillator for the large laser systems such as
Argus and Shiva was recognized several years ago.
The most reliable replacement for the saturable
absorber mode-locked system would be an actively
mode-iocked laser system. As described in the 1976
annual report'¥, we took a two-path approach 1o
develop a reliable oscillator. Both methods. the
actively mode-locked and Q-switched (AMQ) oscil-

2-205



lator and the regenerative amplifier, proved suc-
cessful. Because of its inherent simplicity and more
advanced state of engineering, the AMQ oscillator
was chosen for installation on Argus and Shiva.

We described the principle of operation and
the actual oscillator for Argus in the 1976 annual
report. This oscillator was installed on Argus in
January 1977 and operated successfully during the
year. Details of the operation are given in § 2.6.4 of
this report. During the year, the pulse stacker de-
scribed previously in the 1976 annual report was
installed on Argus, and shaped pulses were suc-
cessfully propagated through both arms on Argus
and used for target irradiation.

In January 1977, we also started construction
of the oscillator for Shiva. Although, in principle, it
is exactly the same as the Argus oscillator, we
undertook considerable redesign to make this oscil-
lator more stable. The electronic controls were
more complicated because of the interface with the
computer-type controls on Shiva. We installed this
oscillator in June 1977 and it has operated suc-
cessfully through the **bringing up®’ Shiva phases
and the first system shots. Further details are given
elsewhere in this report.

Although the most visible successes of the os-
cillator program were the installation of the Argus
oscillator and pulse stacker, and the Shiva oscil-
lator, we made considerable progress in our re-
search efforts for future short-pulse applications
such as ultrashort synchronized pulses for plasma
diagnostics. As described in the 1976 annual report,
the regenerative amplifier with a saturable absorber
can be used very effectively to compress pulses.
Further computer analysis this year indicated a
mode of operation that is considerably more stable.
After setting up the regenerative amplifier in this
mode, we obtained stable pulses under 30 ps that
were synchronized with the injected pu!se to better
than + 5 ps. Details of this work are given below.

We directed further work on the actively
mode-locked and Q-switched (AMQ) oscillator
toward obtaining shorter pulses, synchronizing two
or more oscillators, and operating the oscillator at
different wav-lengths to match the new phosphate
and fluorophosphate glasses. For this last applica-
tion, we successfully lased a new crystal, Nd: YLF,
in the AMQ oscillator at 1.053 um.

Further work on pulse shaping was limited to
improving the type of passive pulse stacker already
in operation on Argus. We temporarily discontin-
ued active pulse shaping because it solved none of
the present problems.

The capabilities and limitations of the various
pulse-generating and pulse-shaping techniques are

2-206

now becoming very clear, and we can anticipate the
various systems that can be assembled to generate
the desired pulse shapes and diagnostic pulses for
various applications. For certain plasma diagnos-
tics, such as interferometry, it is very desirable that
the wavelength of thc plasma heating pulse and
plasma diagnostics pulse be different. This is be-
cause the heated plasma produces radiation at the
harmonics of the heating pulse wavelength, includ-
ing the 3/2, 5/2, 7/2, etc. harmonics. In present
experiments, the probe wavelength is the fourth
harmonic of the generated probe pulse, and ideally
the probe wavelength should be sufficiently shifted
from the heating wavelength to remove inter-
ference of these harmonics with appropriate filters.

We can now consider various systems to gen-
erate the target-heating and diagnostic pulses:

® The first system consists of a single AMQ
oscillator and a regenerative amplifier. The oscil-
lator operates in the 100-ps regime and the re-
generative amplifier compresses this pulse to less
than 30 ps. For longer plasma heating pulses, a
pulse stacker can be used to generate pulsesup to 1
ns. The relative simplicity and very good syn-
chronization of this system are very attractive, and
late in 1977 we decided to build the hardware for
this system and implement it on Argus or Janus.
The disadvantages of this system are the limited
range of operation of the plasma heating oscillator,
the inefficiency of the pulse stacker, and the fact
that the oscillator and the regenerative amplifier
have to operate at the same wavelength.

® A second system, to overcome some of
these difficulties, consists of an AMQ oscillator and
two regenerative amplifiers, one to compress the
pulse and one to stretch the pulse with an etalon in
the regenerative amplifier. Both regenerative am-
plifiers still operate at the same wavelength.

® Another system, to overcome the disad-
vantages of having the same wavelength for the
probe and heating pulse, consists of two syn-
chronized AMC oscillators: one for plasma heat-
ing, operating in the range from 100 ps to 1 ns: and
one for driving the regenerative amplifier. This al-
lows the plasma-heating oscillator to operate at an
appropriate wavelength to match the amplifier glas-
ses. The wavelength of the diagnostic regenerative
amplifier is limited to suitable dyes and lines in
various crystals but can be different from the heat-
ing pulse. This system is somewhat speculative,
since synchronization in the 10-ps range of two
AMQ oscillators has not been demonstrated, al-
though < 50 ps stability has been measured.

® A more advanced system consists simply
of two AMQ osciilators. With present technology,



one can operate at ~ 100 ps, the other as long as 1
ns. Ifa short pulse in the 20-30 ps regime is desired,
a high-frequency modulator at about 1 GHz must be
used. The I-GHz system is more speculative, be-
cause short-pulse generation in the AMQ oscillator
in this regime has not been demonstrated. If this
can be done, and it appears reasonable—as de-
scribed below—the two oscillators can have com-
plete freedom of operating wavelengths, and it may
be possible to use lines such as at 1.32 um in
Nd:YAG for plasma diagnostics.

Various systems are also possible to generate
more complicated pulse shapes:

® A single AMQ oscillator with multiple
pulse stackers. This system is being construciled for
Shiva.

& Multiple synchronized AMQ oscillators
with or without pulse stackers to shape various
sections of the target heating pulse. Synchroniza-
tion of the various oscillator is not as stringent as
that for diagnostic pulses.

Considerable progr:ss has been made in im-
plementing and understanding new systems for
generating short, shaped and synchronized pulses.
The next year should see further progress with the
regenerative amplifier, the AMQ oscillator, and the
demonstration and implementation of some of the
above systems.
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2.6.2 Actively Mode-Locked and Q-Switched
Oscillator

During the year, we have continued a research
program to further develop the capabilities of the
actively mode-locked and Q-switched (AMQ) oscil-
lator. The properties of the oscillator we want to
investigate further are the following:

@& Shorter pulses. For plasma diagnostics, we
want pulses shorter than 30 ps.

® Synchronized oscillators. For complicated
pulse shaping and plasma diagnostics, we want to
synchronize two AMQ oscillators. For plasma

diagnostics, it is desirable that the diagnostic pulse
wavelength not be equal to the heating pulse
wavelength, so that subsequent harmonic genera-
tion of the diagnostic pulse is not contaminated by
scattered harmonic light from the driving pulse.

e New materials. To match the new phos-
phate and fluorophosphate glasses, we need oscil-
lators in the 1.052-um range.

Shorter Pulses. The pulse width from the
AMQ oscillator is given by'*

1772 14 12
™= 2In 27 £ L . 44
T 62\ f-Af

where

f, = external modulation frequency

Af = line width

8, = depth of modulation for AM modulator
g = round-trip amplitude gain during

prelase.

Foratypical Nd:YAG oscillator with a 305 T output
coupler, we have for optimum coupling conditions'*
g =0.64, Af = 180 GHz, f,, = 66 MHz (Shiva). This
gives

7, = 97381 ps. 45)

For a maximum depth of modulation of 6, = 1, we
get the shortest pulses of about 97 ps. This is what
we typically observe on Shiva.

We see from Eq. (44) that the only parameters
available for shorter pulses are the modulation fre-
quency and the line width. If we initially confine
ourselves to Nd:YAG, we can obtain really short
pulses only at very high modulation frequencies.
For the 30-ps range, we will require a modulator of
about 1 GHz. For the same parameters as above,
but a 1-GHz modulation frequency, we obtain

T = 25/87 ps. (46)

Thus, we see that if a high-frequency modulator
could be incorporated in the oscillator, we can have
very short pulses. In practice, such an oscillator
would require two modulators—one at a high fre-
quency to generate the short pulse and one at a
lower, subharmonic frequency to allow only one
pulse in the cavity, as shown in Fig. 2-198. Careful
phase and amplitude adjustments are required for
both signals.

The design of such a high-frequency modulator
quickly becomes a material problem. We consid-
ered the following modulators:
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Fig. 2-198.  Schematic of AMQ oscillator with high-frequency modulator.

® Acousiooptic: These modulators, which
currently operate very well in the AMQ oscillator at
~ 60 MHz, are only practical to about 200 MHz.
Above that frequency, the transducers become
very thin and inefficient. Also, the quartz sub-
strates currently used exhibit high loss at these
higher frequencies. Materials like sapphire and
YAG can be vsed to 1 GHz, but they are consid-
erably less efficient than quartz,

® Electrooptic loss: KDP and KD*P can be
considered, but they have large loss tangents and
are very inefficient in the resonant-type modulator
required here. On the other hand, LiNbO, is not as
lossy and would operate better; but it is still in-
efficient because of the small electrooptic
coefficient used in the amplitude modulator.

® Electrooptic phase: LiNbO, makes a very
efficient phase modulator because of the large ry;
electrooptic coefficient. A 1-GHz LiNbO, phase
modulator has previously been constructed and
operated in a Nd:YAG laser,"® although careful
pulse width measurements were not made.

We have decided to try the LiNbQO; phase
modulator for this application. For a vhase
modulator in the oscillator, the pulse width is given
byl«ﬂ
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For the same parameters as above, with f, = 1
GHz, we obtain

7o = 29748, ps. (48)

Depths of modulation of 8, = 2 are reasonable and,
hence, pulses as short as 25 ps should be obtained in
this oscillator.

We have obtained LiNbO, crystals for this
type of modulator, and are constructing the
modulator and associated electronics for this ex-
periment.

Synchronized Oscillators. Here, we consider
two AMQ oscillators driven by the same rf source,
as shown in Fig. 2-199. The question now is: How
stable are the relative puise positions from these
two oscillators? For an answer, we must consider
what causes the short pulses to shift relative to the
rf drive signal to the modulator. We can show that if
the oscillator is slightly detuned from exacl mode
locking, the position of the pulse shifts relative to
the drive signal to compensate for this detuning.
We want to consider the case where the modulation
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Fig. 2-199. Scl

frequency is constant, but the oscillator is detuned
bacause of a small cavity length change A/. This
can be a real length change or an effective length
change caused by the temperature change of the
oscillator components, such as the Nd: YAG rod. It
can be shown that for an amplitude modulator. the
time shift of the pulse, Ar, for the small length
change A¢ is'*

dr Af

_— (49)
df¢  2cf, Vg,

If we consider typical parameters for the Nd:YAG
oscillator, Af = 180 GHz, f,, = 66 MHz, g = 0.64,
8, = 1, then

:_T = 5.7 psium. (50)

We currently have no accurate measure of the cav-
ity length stability, but it seems reasonable that this
would be better than 1 pm for a well-stabilized
cavity, such as the Shiva oscillator, and that syn-
chronization of ~ 10 ps between two oscillators
should be obt ined.

We are now building two oscillators to meas-
ure the relative synchronization.

New Materials. We are investigating new 0s-
cillator materials with wavelengths that match the
new phosphate and fluorophosphaute glasses. One
new crystal, Nd:YLF (LiYF,), has two strong
lines—at 1.053 pwm and at 1.047 wm. This crystal is
uniaxial and the two transitions are orthogonally
polarized. Because we use Brewster-angle rods.
the orientation of the Brewster-angle ends deter-
mines the wavelength. We have obtained some
rods from Sanders Associates for operation at 1.053
um. Crystals with doping of 0.350%2 and 0.85% are
available.* Table 2-59 compares Nd:YLF with
Nd:YAG. Although the cross section for Nd:YLF
is about three times smaller thun the cross section
Nd:YAG. we had no problem lasing Nd:YLF in the
AMQ oscillator. Losses in the Nd:YLF crystals

*Sunders developed this matenil for us under OLF reserved
funding and an LLLL muterial purchase order. The material is
excellent, and we are indebied to R. Folweiler and his staff for
excellent work.
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Table 2-59. Characteristics of Nd:YAG and Nd:YLF.

Nd:YAG Nd:YLF
Wavelength 1.064 xm 1.053 um
Cross section ~6.0x 10 "cm? ~2.3x10 "em*
Lifetime 240 ps 450 ps
Line width ~6¢em! ~12cem™!
Index of refraction 1.83 1.49

were very low and were comparable to those in
Nd:YAG. By measuring threshold for various out-
put couplers from 09 to 309 T, we can determine
the losses in the cavity without output coupling for
both YAG and YLF. Typical numbers were 2.1 and
3.8% round-trip losses for YLF and 5.0 and 2.7%
for Nd:YAG. We conclude that the Nd:YLF is a
very good laser material.
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2.6.3 Regenerative Pulse Compression

A probe pulse synchronized to the main heat-
ing pulse is a potentially powerful diagnostic for
interrogating laser-driven plasmas.'* To be useful
for exploding pusher targets, the probe pulse width
must be between 10 and 30 ps at 1.06 um, much
shorter than typical heating pulses, which range
from 90 to over 1000 ps. To this end, the work on
pulse compression in a regenerative amplifier (RA)
reported in the 1976 Arnual report'*® has contin-
ued. The purpose is to provide a means of generat-
ing an adequately short probe pulse directly from
the main heating pulse.

Figure 2-200 shows a dual-pulse system with
an RA providing the compressed probe pulse. The
oscillator is the type described in the 1976 annual
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report.'™ Figure 2-201 shows the evolution of the
puise energy in the oscillator and RA and the re-
quired timing signals. Switchout No. 2 selects a
single pulse from the oscillator prelase output for
injection into the RA. Here, the pulse is compres-
sed as it is amplified through the nonlincar trans-
mission range of an intracavity dye. The relative
timing between pulse injection into the RA and
Q-switching of the oscillator is adjusted so that both
waveforms reach their maxima at the same time.
The RA is cavity-dumped simultaneously with the
selection of a single oscillator pulse by switchout
No. | to obtain the two output pulses.

In the last annual report, we reported com-
pression of a 200-ps pulse to 30 ps with a Nd:YAG
RA and Eastman 9860 dye.'™ This demonstrated
the potential of the technique and led to further
efforts to incorpurale it into a dual-pulse system. A
serious problem arose, however, that was caused
by an instability in the buildup time in the RA, the
time between pulse injection and peak amplitude of
the pulse. The buildup-time instabilities were as
much as 2 us for the largest pulse compressions,
making the fixed time delays t; and t, in Fig. 2-201
impossible. Also, adequate ¢ se ompression re-
sulted only from operation at internal intensities
very near damage thkresholds. To control these
problems, the theoretical analysis ouilined in last
year's annual report was extended. This section
describes this extended analysis and the exper-
imental results that support its conclusions.

Analysis. The detailed numerical analysis of
simultaneous pulse amplification and compression
reported in the last annual showed that the injected
pulse shape is not affected over the entire range of
amplifications and compressions of interest. This
allowed the assumption of a Gaussian temporal
pulse throughout,'® which greatly simplified the
equations describing the process. Terms to account
for temporal broadening due to the finite bandwidth
of the amplifier were added to the equations as in
Ref."2, The resulting set of three coupled equations,
which form the basis for the theoretical analysis,
have the following form:

dP d G

—=PIG - ¢ - om0 -2 — 51
dk [ 1+P Tz] ©b
a_J6__ 4 P T
dk T? 2in2 (1+P) (2+P)

dG
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with the following definitions:
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Fig. 2-200. Dual-pulse system for providing synchronized heating and probe pulscs.

pulse

Variables:
P =

I

T
G
I

T =

I/l, = normalized pulse intensity.
TAw, / V8 In 2 = normalized
pulse width.

In (single-pass amplifier gain).
peak intensity of the Gaussian
pulse (watts/cm®).

FWHM duration of the pulse (s).

RA parameters:

¢ =

§ =

single-pass cavity loss excluding
saturable loss of the dye, defined
such that cavity transmission =
exp (=£).

saturable loss of the dye, defined
such that small-signal transmission
of the dye = exp (—d).

p V27 Is R/Aw, I

= effective ratio of the saturation

R =

Constants:
I, =

intensity in the dye to that in the
amplifier.

ratio of the bear: area in the dye to
that in the amplifier.

saturation intensity in the dye
(watts/cm?).

Aw, = FWHM bandwidth of the amiplifie

(radiansj.

J. = hw/o = saturation fluence of the
amplifier (joules/cm?).

p = parameter dependent on level
degeneracies in the amplifier = 1.

w = laser frequency (radians).

o = transition cross section of the

amplifier (cm?).
For a Nd:YAG amplifier, Aw,=27"120 GHz.'**
o = 4.6 x 107" cm® (see Ref. 154) and p = 0.58
giving:
7/ 3.1 ps
0.70 Vem?
I R/210 Gw/cm® .

Jup
s

We numerically integrated these equations to ob-
tain the evolution of P, T, and G with pass number
k. Figure 2-202 shows P and T for a case that gives
good compression and was typical of the exper-
imental solutions observed and reported la-t year.
The initial pulse-width increase stems from the
bandwidth of the amplifier, as P is amplified vp to
the nonlinear range of the dye. It then decreases
rapidly as the pulse is amplified through the dye.
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The P-vs-k curve illustrates an essential feature of
good pulse shortening—gain saturation in the am-
plifier, slowing the rate of growth through the range
of the dye to give the dye a chance to shorten the
pulse. It can be shown analytically from the above
equations that compressions of more than about
two are very difficult to achieve without this gain
saturation in the range of the dye. In practice, the
pulse is usually extracted from the RA at maximum
pulse power; the output pulse width, therefore,
corresponds to the pass number giving the
maximum P.

The difficulty with this type of solution is its
sensitivity to initial gain fluctuations AG. This can
be seen by plotting the output pulse parameters vs
initial gain, as shown in Fig. 2-203. The left portion
of Fig. 2-203 repeats P-vs-k, as in Fig. 2-202, but for
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two additional values of initie! gain G,. The dashed
lines show how the P-vs-k curves are used to con-
struct a Ppax-vs-G; curve, where P, is defined as
the maximum intensity reached by the pulse for a
given value of G,. The other two curves on the right
show the variation with G, of the pulse width T, at
Ponax and the number of passes N from injection to
reach Pp,,. This family of three curves, showing
output properties vs initial gain, is the best
presentation for comparison with experimental re-
sults, because G, is the easiest of the variables to
change experimentally and most of the instability
problems are caused by AG. From these three
curves, it is evident that the operating point that
gives the smallest T, is also the most unstable to
AG. In particulur, the required number of passes N
becomes increasingly more sensitive to AG, as this
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operating point is approached from either direc-
tion. The resulting fluctuation in N is :.e buildup
time jitter that was observed experimentally.

We can avoid the instability to AG evident in
the solutions of Fig. 2-203 by using a smaller value
of the dye concentration d. As noted in the last
annual, there is a critical value of d, defined d,,
above which the solutions have the form shown in
Fig. 2-203. Below d,, the solutions are markedly
different. Fig. 2-204 repeats the three curves of Fig.
2-203 for d>d.. and also shows those for a value of d
< d.. Instead of the threshold and sharp cusps, the
d < d, solutions are smoothly varying with G;. Asd
is increased, the steepness of the solutions in-
creases until d, is reached. At d,, the Py, curve
develops a step-function-like jump, and cusps form
on the T, and N curves. Further increases in d
increase the size of the jump in Py, and the sharp-
ness of the cusps. This behavior results from the
opposing effects on net gain of loss saturation in the
dye and gain saturation in the amplifier. Above d.,
we find a range of intensities for which the increase
in net gain from dye saturation is greater than the
decrease in net gain from amplifier saturation.
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Therefore, once the pulse intensity enters this
range, it will be amplified entirely through the range
independently of amplifier gain. This gives rise to
the jump in the P.,.-vs-G, curve and the cusps in
the N and T, curves for d < d.. Below d,, the
amplifier gain saturation per pass is always larger
than the loss saturation in the dye, and the curves
vary smoothly with G,. Aa characteristic of the d <
d. solutions is that the pulse is amplified only par-
tially through the dye for minimum T,,.

The improvement in stability against AG for
the d < d, solutions is obvious from Fig. 2-204.
Close to the operating point where Ty, is minimum,
AN/AG = 0, which relieves the buildup-time jitter
problem. Also Py, is less because the pulse is not
amplified entirely through the dye, which helps to
relieve the damage problem. The disadvantage of
the d < d, solutions is that less compression is
available. To achieve the required compressions
for d < d., the remaining RA parameters, cavity
loss ¢, and tke ratio of saturation intensities s, had
to be optimized.

The principal difficulty in optimizing the nu-
merical solutions was that a change in any of the RA



parameters gave changes in all output charac-
teristics, with some improving while others de-
graded. The key to the optimization was identifica-
tion of the critical value of dye concentration d,.
Holding the ratio of d/d.. constant determined both
Prax and its stability to gain fluctuations AP, inde-
pendently of the other cavity parameters. This al-
lowed varying ¢ and s to find minimum T, and AN
without changing Pp.. and AP.

From the numerical solutions, d. was seen to
depend on both ¢ and s, as well as on the initial
pulse parameters. We obtained its dependence on ¢
and s analytically by noting the change in the buil-
dup of the pulse, as d made the transition from
below to atove d_ Delow d., d*P/dk? was always
negative and d(PT)/dk was always positive, as the
puise was amplified through the dye. (Note that PT
is proportional to the pulse energy.) Above d,., both
changed sign twice. (The sign changes in d*P/dk*
are evident in Fig. 2-202.) Therefore, wec assumed
that for d = d, both derivatives were zero at some
pass number during the pulse amplification. These
two conditions also follow from the physical ur-
guments given above for the difference in behavior
above and below d... Applying these two conditions
to Egs. (51)-(53), and ignoring the finite bandwidth
terms and using the threshold condition dP/dk = 0,
gave the following approximate relationship for d,:

de = 57sTp [l + VT + ¢25Tq] .

where Ty, is the pulse width on the pass that d*P/dk*
= d(PT)/dk = 0. The value of T,, is dependent o
initial pulsewidth T; and the initial pulse intensity
P, but it remains relatively constant with changes
in ¢ and s, if T; and P, are constant. Figure 2-205
shows the variation of d,. with ¢ for several values
of s, as predicted by Eq. (54) and assuming T, = 16.
In testing Eq. (54), we solved Egs. (51)~(53) for a
givend, /,and s, and several values of G,, to obtain
curves similar to those of Fig. 2-204. Repeating this
sertes of calculations for several values of d, and
noting the transition between the two types of be-
havior in Fig 2-204, gave the value of d... The dots in
Fig. 2-205 are values determined in this manner for
P, = 10 *and T\ = 31 (r, = 100 ps), and they show
that Eqg. (54) gives a very good approximation to d.
for the ranges of interest of ¢ and s.

Holding d/d. = 0.85, Figs. 2-206 and 2-207
show numerical calculations for the variation in
pulse parameters at minimum T, as ¢ and s are
varied. The total buildup time is not plotted be-
cause only its stability AN is relevant. Also, the
fluctuation of the pulse width is not plotted because
it is very small at minimum T, for d < d,. The
fluctuations in buildup time AN and pulse intensity
AP/P correspond to an amplifier gain stability of +

(54)

Fig. 2-205. Comparison of Eq. (s4j with
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Fig. 2-206. Calculated variation in pulse parameters with
2 for d/d; = 0.85, s = 0.0015, T; = 40, and P; = 10-5,

0.2% . The figures show that both min T, and AN
decrease (improve) with increasing s and that min
T, decreases with decreasing ¢. They also show
that both P and AP are (more or less) independent of
¢ and s for constant d/d... Figure 2-208 shows how
the same parameters vary with d/d., holding ¢ and s
constant. It shows min T, improving but AP/P de-
grading rapidly as d approaches d.. Therefore,
there is a tradeoff between minimum pulse width
and stability. Also, P increases slowly with d/d,,
and AN is essentially constant.

In practice, cavity loss ¢ can be minimized
with good AR coatings and by using a cavity dump
rather than transmissive optics to extract the pulse
from the RA. However, it is difficult to reduce ¢
much below about 0.05, and the advantage of a
further small reduction is marginal. On the other
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hand, a large increase in the parameter s over typi-
cal values is possible. Since s is proportional to R,
the ratio of mode sizes in the dye and amplifier, it
can be varied with resonator geometry. The value
of R for the experiments reported last year was
0.23, givingan s of 6 x 1073, This value could easily
be increased with resonator geometry by as much
as 50 to give an R of 11.5 and s = 0.003. From Fig.
2-207, this would give a T, = 6 or 7 = 20 ps. r'hus,
the numerical calculations indicate that good com-
pression can be achieved for d < d. with large
enough values of R. The value of s, however, also
determines the peak intensity in the RA; hence, its
maximum value is limited by damage consid-
erations. Figures 2-206 to 2-208 show that the nor-
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malized pulse intensity at the dye cell is about 2.0,
which gives a spatially averaged intensity at the
amplifier of 21,.R and a peak intensity on axis for a
TEMg, mode of 4I,R. For Eastman 9860 dye, I, = 56
MW/cm? (see Ref. 155), and therefore the Rof 11.5
mentioned above would give a peak intensity of 2.5
GW/cm? at the amplifier.

Because the maximum value of s is limited by
damage, there would be no advantage to a dye with
a larger saturation flux than that of Eastman

9860—a large enough R value can be achieved with
a simple cavity geometry to approach the damage
limit with this dye. However, there would be an
advantage to an amplifier with a smaller saturation
fluence J, than has Nd:YAG. This would allow a
correspondingly larger value of s for the same
maximum intensity. Conversely, a Nd:glass am-
plifier would be proportionally worse because of its
S-times larger J..'**

These results for optimizing the performance
of a regenerative amplifier pulse compressor can be
summarized as follows:

® Select the resonator components for
minimum cavity loss ¢ .

® Sclect the resonator geometry to give the
maximum ratio of mode sizes in the dye and am-
plifier consistent with damage thresholds.

¢ Starting well below the critical dye coneen-
tration d.. increase the dye concentration until
AP/P degrades to the maximum tolerable level for
the application.

This will give the maximum pulse compression
achievable for the given stability and damage con-
straints.

Experiment. We built a prototype RA for
pulse compression to test the conclusions of our
numerical analysis. We used the gain-stabilized
RA. described in the last annual report, with a
cavity geometry that gave R = 4. The RA parame-
ters were / = (.15, s = 0.001I, and d was increased
from below to above d,.. We observed all features of
the two types of solutions shown in Fig. 2-204,
including the enormous increase in buildup-time
stability for the d < d, solutions. Table 2-60 gives
predicted and experimentally measured output
characteristics for d/d. = 0.85. and shows reason-
able agreement between the two. The measured
stability was that of the pulse energy from shot to
shot. It was measured using a fixed time delay be-
tween injection and cavity dumping and, therefore.
includes the effects of AP, AT, and AN.

Table 2.60. Comparison of predicted and measured
performance for regenerative pulse compression with
d/d. = 0.85, / = 0.15,R = 4,

Predicted Measured
Tio/ Tour (PS) 120/28 145/28
AP/P +8% +20%
ATT *3%
AN *3
Inax (MW/em?) I 400
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mode-locked oscillator. Figure 2-210 shows a si-
multaneous streak-camera display of both input
and output pulses. The multiple images of the com-
pressed pulse were created for calibration. Many
streak photographs of this kind indicated that the
synchronization between the two pulses was stable
to at least = § ps, the reading accuracy of the sireak
camera.

These experimental results provide the final
proof that the RA pulse compressor can be used to
provide a synchronized probe pulse sufficiently
short and stable for diagnosing fusion plasmas. A
dual-pulse system, to provide both heating and
probe pulses, is currently being assembled for the
Argus laser. The major components and timing
scheme of Figs. 2-200 and 2-201 will be used. The
RA will use updated components from both the RA
and oscillator development programs, and its de-
sign will be based on the results of the numerical
analysis.
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2.6.4 Argus Oscillator and Pulse Stacker

Oscillator. The Argus oscillator was de-
scribed in detail in the 1976 annual report.'>? It was
installed on Argus in January 1977, and it has
proven to be reliable and predictable. Maintenance
of the oscillator was easy, and only one integrated
circuit (IC) and two lamp-driver transistor: failed
during the year. No optical damage to any of the

components was experienced, and the original
flashlamps were still in good condition after a whole
year of operation and about 5 x 107 shots.

As described in the last annual report, the out-
put power from the oscillator decreased rapidly for
strong modulator drive. When we investigated
further, we found that the rf power amplifier pro-
duced considerable distortion at these high rf
levels, and the third harmonic of this distortion
entered the modulator and caused some additional
loss. A simple low-pass filter corrected this. Figure
2-211 shows the output from the oscillator with this
correction. Note that this figure shows the energy
in a single pulse after the pulse switchout, and that
the transmission for the selected pulse in the
switchout is about 50%.

With the rf distortion removed, the modulator
could be driven harder and we obtained pulses as
short as 95 ps. The complete range of puises avail-
able with the 2.5-mm and 11-mm uncoated etalons
is shown in Fig. 212. The longest pulses available
are in the l-ns range. We tried using an 11-mm
etalon with 30% reflecting coatings for longer
pulses, but mode locking became unstable and
longer pulses were unobtainable.

During daily operation of the oscillator, the
pulse width was routinely adjusted over the range
shown in Fig. 2-212, and the same reliability and
stability were experienced over this entire range.
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Passive Pulse Shaping on Argus. The actively
mode-locked laser described above provided
sufficient laser pulse frequency and amplitude sta-
bility to enable the successful implementation of
passive pulse shaping on the Argus laser system.

The pulse shaper consisted of the prototype wedge
dual-mirror pulse stacker described in the 1976 an-
nual report'® with additional optics to produce a
two-step pulse shape. Streak-camera photographs
of the input and output laser pulses from a typical
shot on Argus are shown in Fig. 2-213. In this
configuration, the amplitude ratio between the
*foot’" and **peak™ pulses could be continuously
varied and the length of the foot could be varied in
steps up to ten times the peak pulse width.!*® De-
tails of a typical target shot are shown in Fig. 2-214.

Tests of stability indicated that the puise
stacker was at least as stable as the commercial
Fabry-Perot interferometer on which it was based
(i.e., no adjustment was required for several
hours). Accordingly, we derived designs for the
more complex Shiva pulse stacker from the best
available Fabry-Perot technology: they should
prove to be significantly more stable than the Argus
prototype.
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2.7 Theory and Design Analysis Overview

During 1977, the efforts of the Theory and
Design Analysis Group concentrated primarily on
the analysis of large systems, both regenerative and

multiply passed. We assembled a task force that
included personnel from the TDA group and from
other parts of the program as well to identify the
problems attendant on the construction of a large
aperture, multiply passed system, and, where pos-
sible, find solutions to them. During this investiga-
tion, we developed a number of technological inno-
vations that will be of general use in laser systems.
The primary considerations concerning the choice
of architecture for large aperture systems are sum-
marized in this section of the report.

In previous years, we have devoted a iarge
effort to the modeling of optical propagation in laser
systems. In the 1976 annual report, we gave a de-
tailed description of our major propagation codes.
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In this report, we do not emphasize code develop-
ment; the improvements made in the codes during
1977 are incremental. Nevertheless, we made ex-
tensive use of all of our propagation and modeling
codes in both the Nova design and the multipass
study.

Finally, we addressed several aspe~ts of laser
physics as individual problems. The question of
potential problems arising from stimulated Raman
scattering (SRS) in long air paths has been contin-
uously reviewed, especially as we have moved on
to longer pulse durations. In the presently
envisioned operating regime, SRS is not a problem,
but at increased pulse duration, it could become
important.

As we detail below, characterization of the
relaxation of the lower laser level and of saturation
effects in laser glass is an important part of the
analysis of multipass systems. Our experimeutal
measurements of saturation and relaxation effects
are still underway. The analysis of these exper-
iments is not simple, and it requires care because of
the multiplicity of competing relaxation processes
in the lasing ion.

Below, we discuss two mathematical tech-
niques of general utility: one deals with the applica-
tion of the method of statistical linearization to
nonlinear light propagation in the presence of
stochastic perturbations, and the other is a novel
technique for the analysis of the density-of-states
function for arbitrary crystal symmetries. Both
techniques are of interest for a broad range of prob-
lems, not restricted to considerations of laser
physics.
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2.7.1 Multiply Passed Amplifiers

Introduction. Passing the same laser beam
through a laser amplifier more than once has a
number of attractions. If gain recovers after each
pass (for example, because of lower level drain)
then more of the stored energy is extracted than is
possible in a single-pass system. Alternatively, the
same energy may be extracted at a lower fluence
level, thus avoiding damage. Less drive power is
required, and this reduces system cost while in-
creasing reliability. The physical space required for
the laser may be reduced, which also reduces cost.
Thus, multiple passing is a concept worthy of care-
ful study.
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There are also, of course, problems with mul-
tiple passing. The optical components needed for
muitiple passes are costly. Some configurations
operate in vacuum, which also raises costs and
makes amplifier design more difficult. Other de-
signs require a fast, low-leakage, large-aperture op-
tical switch (see § 2.4.3), which is a formidable
technical challenge. The laser beam in a multiple-
pass lavout usually travels longer distances than in
single-pass designs and passes through the same
components several times, so alignment and optical
finishing costs may increase.

To evaluate the benefits and drawbacks of mul-
tiple passing, we have undertaken a broad-ranging
study of these issues. This study is not complete;
what we present here represents work in progress
rather than final conclusions. We are addressing
three principal questions:

® What are the peiformance levels of op-
timized systems as a function of the physics and
engineering constraints?

& What a.e the costs associated with these
systems?

® What technological developments will
yield the greatest improvements in the
performance/cost ratio?

As a consequence of this study, a number of
technical innovations have been identified that will
both improve the performance of laser systems in
general and offer specific advantages for multiply
passed systems.

Multiple Passing. There are two fundamental
ways of passing a beam more than once through an
amplifier. The first involves spatial separation of
the beams (Fig. 2-215) (multipassing). The second
method passes the beam back and forth along the
same path (Fig. 2-216) with injection and removal
accomplished by an optical switch (regenerative
operation). Multipassing avoids the problem of the
switch at the cost of added components for each
added pass. Regeneration allows an unlimited
number of passes for the same initial cost, but
needs a switch that is difficult to produce.

Both multipassing and regeneration extract
more from an amplifier than once-through opera-
tion. In Fig. 2-217, we see the efficiency of extrac-
tion (removed/stored) as a function of the number
of passes for an amplifier with an initial small-signal
gain of 5 and a passive transmission (including mul-
tipass optics) of 0.9. For each value of the number
of passes, the input to the system has been adjusted
to maximize the output minus the input (i.e., the
added energy). Thus, the best possible job of ex-
traction has been done at each point. In the calcula-
tion, we assumed that no gain recovery took place
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Fig. 2-21S. Multipassing by spatial sep-
aration of the beams through an amplifier.
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hplifier

during the pulse, but that the round-trip time was
long enough that complete recovery took place be-
tween passes. We took the effective degeneracy
ratio tc be 1:1. These conditions are the best possi-
ble for multipassing. If gain recovery is very slow,
then recovery will not take place between passes
and extraction will suffer. Conversely, if recovery
is rapid, then it will take place during the pulse and
the single-pass extraction will improve. This is il-
lustrated by the ducted curves in Fig. 2-217. Be-
cause the gain recovery time is an imporiant pa-
rameter in any system design, and because reliable
values are unavailable in the literature, we are now
measuring this quantity for several glasses. (The
article in § 2.4.2 of this report presents a
preliminary recovery value for ED-2 glass of 1-2
ns.)

Even if gain recovery is rapid and multiple
passing extraction is no better than single-pass ex-

traction, the multiple-pass scheme extracts the
stored energy at lower fluence than does a single-
pass scheme. ‘his is illustrated in Fig. 2-218. Since
fusion lasers are limited by fluence-caused damage
in the pulse-width regime of interest for high-
compression experiments, a multiple-passed lay-
out may pz, foritself by extracting more efficiently
at the fluence limit, even if its intrinsic extraction
limit with no fluence limitations is no higher than a
single-passed amplifier. Of course, efficient extrac-
tion may alsc accur at the fluence limit by the use of
glasses with higher cross sections (lower saturation
fluence), but such glasses typically have lower
energy storage and higher nonlinear refractive indi-
ces. A fair comparison requires that optimized
sy« ems with accurate glass parameters be de-
si 1ed and analyzed: this process is demonstraicd
ir. § 2.7.2). In the few-pass system, the addition of
turning mirrors and vacuum beam pipes must be
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traded off against the elimination of a succession of
cascaded amplifiers, which increase the cost and
complexity of the system.

In Fig. 2-219, we see that the drive needed for
extraction-optimized multiple-pass stages drops
dramatically as the number of passes incieases.
Since a small driver costs less, the multiple-passed
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Fig. 2-219. Drive energy for extraction-optimized multiple-
pass stages. The energy and cost slso decrease sharply as
_more passes are added. Reliability is increased because fewer
amplifiers are required. :

layout has an economic advantage. Cost savings
are realized by the elimination of intermediate
stages of amplification.

Summary. Multiple passage of laser beams
through the same amplitier has a number of
significant advantages, and several corresponding
drawbacks. The decision 1o use such a scheme in
Nova awaits more information on the physics
(gain-recovery time and propagation issues). eco-
nomics, and engineering details. Because of the
press of time and the uncertainty associated with
the development of new technologies, we do not
expect the Nova design to be modified to a mul-
tipass configuration: but the potential for cost sav-
ings and imp:oved performance on subsequent sys-
fems motivates our continuing stedy.

The following article contains a detailed analy-
sis and optimization of multiply passed systems
that answers many of the engineering questions.
Physics experiments and detailed costing are now
in progress.

Author

J. B. Trenholme

2. /.2 Muitipass Laser Systems—Analysis and
Optimization

Introduction. Lasers for fusion research are
quite large and costly, which leads to substantial
benefits for laser designs with high performance-
to-cost ratios.



Conventional linear chain designs have a low
extraction efficiency of the stored energy at short
pulse durations. This limitation is due to filling of
the lower laser level and leads to fluence-limited
saturation. By contrast, multipass systems use the
same amplifier several times and, hence. extract a
large fraction of the stored energy at low fluence
levels, because the guin can recover between
passes and the energy can be extracted in smaller
fractions over several passes. However. itis impor-
tant to keep the losses of multipass systems as low
as possible, otherwise an increasing fraction of the
stored energy will be transferred from the amplifier
medium to the loss medium in the system. This puts
additional constraints on the design of multipass
laser systems.

Physical Constraints and Potential Sofu-
tions. An effective fusion laser design must
satisfy « aumber of constraints and requirements:
this leads to the solutions shown in Fig. 2-220:

® limitations in energy extraction from
lower level fill-up can be avoided with muitipass
systems.

® Flux limitations caused by nonlinear ef-
fects or damage to components prevent efficient
energy extraction. Multipass systems can extract
the stored energy efficiently, even at low fluence
levels.

® Fluence limitations require large heum
apertures, which leads to large amplifiers.

® Fluorescence losses in large aperture am-
plifiers can be reduced by segmentation,

® The growth of small-scale ripples due to
nonlinear effects can be rediced with spatial filters.

® The growth of large-scale ripples and dif-
fraction effects can be controlled with beam-
reimaging techniques.

Goal: Maximum power on target per unit cost
Basic limitations can be solved by:

Energy extracticn = Multipass

Flux limits —> Large beam apertures

Amplified fluorescence —> Segmentation

Small-scale ripples —> Spatial filters

Large-scale ripples —>  Beam reimaging

Pump limitations —> Efficient pump
geometries

Fig. 2-220. Solutions for fusion laser design.

® Pump limitations of the fRashlamps require
efficient pump geometries.

® Transmission losses and nonlineur effects
can be reduced by replacing transmitting optics
with reflective optics.

These requirements can all be fulfilled with an
efficient, segmented amplifier design placed in an
off-axis multipass system. Here, we discuss this
configuration in more detail, while other ap-
proaches receive only more general treatment.
Noie that the pumping and segmentation im-
provements discussed here may also be applied to
single-passed designs.

Comparison of Different Design Options. A
lurge number of geometrical configurations have
been examined. Some of these options have heen
implemented at various research facilities. The
comparisen of differeni systems (see Fig, 2-221)
depends on the luser pulse duration, because dif-
ferent limitations must be considercd for short or
long luser pulses. The comparison outlined is for
nominal I-ns pulses where both short- and long-
pulse limitations are important. Such a coniparison
depends on many details, Our intent here is to
provide some general guidelines.

All system options are compared to & con-
veational linear chain design. which consists in the
simplest form of lurge amplifier A. a spatial filter F,
and preamplifiers PA. This linear chain design is the
most powerful option, because the output of the
amplifier is not limited by damage to coatings, and it
has low loss and low nonlinear effects. However, it
is aiso the most costly option because it requires
many driver stages and the stored ¢nergy cannot be
extracted efficiently at short pulse durations.

The next option is a double-pass »ystem that
uses a pelarization-sensitive device, such as a
Faraday rotator. to separate the input beam from
the output beam. Such a system replaces one
preamplifier of a linear chain with a large low-loss
switch $ and a mirror M, as shown in Fig. 2-221. A
cost incentive usually motivates this choice: how-
ever, a performance penalty also exists because of
transmission losses, additional nonlinear effects.
and fiuence limitations on coated components of
the switch. The performance-te-cost ratio may be
improved by 30%. bui the uncertainty is as large,
and it depends on the details of design and applica-
tion.

The next svstem is a regenerative amplifier,
which would not only save one preamplifier but
potentially all driver stages of a linear chain design.
The cost incentive of this approach is much higher
than that for a double-pass system. However, a
regenerative system needs not only an optical
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Fig. 2-221.

Comparison of laser system designs.

switch to separate the input beam from the output
beam, but also 2 fast, large, and low loss switch
(FS) to introduce and remove the laser pulse from
the regenerative cavity. This fast optical switch
determines the performance-to-cos! ratic of the re-
generative amplifier to a large degree. A separate
article dealing with fast optical switches (§ 2.4.3)
addresses potential solutions in detail. Because of
the many passes in a regenerative amplifier, the
transmission losses and nonlinear effects in the fast
optical switch can seriously degrade system per-
formance. In addition, closure of the pinhole may
limit the maximum extractable energy from a re-
generative amplifier.

Another approach, which was impiemented at
LLL,*° was the long-path laser. This configuration
uses a number of mirrors to reroute the laser beam
through the same amplifier several times at small
angles relative to the optical axis of the amplifier.
This approach requires a large separation of the
mirrors from the amplifier to reduce vignetting of
the laser beam. This large spacing results in a long
propagation distance, which makes it difficuli to
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maintain a high fill factor. In addition, tight spatial
fillering was not incorporated in this design, even
though the highesi spatial frequencies were re-
duced by the long propagation distance. Because of
diffraction losses, the long-path laser was more a
radiance amplifier tha:: a power amplifier. Despite
the lower cost, the performance-to-cost ratio is ¢n
the average only about 20% higher than for a linear
chain design.

The performance reductions caused by long
propagation distances can be overcome by reimag-
ing the laser beam. Laser beams can be separated
spatially in multipass systems either in the far field
or in the near field.

Spatial beam separation in the far field is the
most cost-effective option. Such a configuration
consists of one or two amplifiers, one spatial filter,
and two mirrors, as shown in Fig. 2-222. Tilting the
mirrors at a small angle relative to each other re-
sults in spatially separated fccal points for the dif-
ferent beam path, while the laser beams coincide at
the mirrors, because of reimaging. The amplifiers
are located close to these mirrors to avoid vignett-
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ing of the beam. A spatial separation at the focal
points of about 1 cm can be easily obtained and
should be sufficient to introduce the laser beam and
to mount separate spatial filter pinholes without
significant spillage of laser radiation through neigh-
boring pinholes. The only drawback of this ap-
proach is that the target would need to be posi-
tioned at the fecal point of the last path through the
system, which limits access to the target. Several of
these systems could be arranged to provide near-
uniform illumination of the target. The power capa-
bility of such a system would be close to that of a
linear chain design, while the cost could be signifi-
cantly reduced, offering about a factor of two im-
prover..ent in the performance-to-cost ratio.
Spatial beam separation in the near field avoids
the limitation of target access at the expense of
adding more mirrors to the system. Such a two-pass
near-field option is shown in Fig. 2-223. The beam
enters the amplifier A at a small angle and is focused

by mirror M1 on a pinhok F. Mirror M2 recolli-
males the laser beam and directs it through the
amplifier again. This process can be repeated sev-
eral times by adding mirrors, as illustrated in Fig.
2-224. Detailed analysis of multipass systems show
that most of the stored energy can be extracted ina
few passes. Two-to-four-pass options are very

Reimaging mirrors \

Input —/ 74 \_ Output
First pass Second pass
Fig. 2-223. Off-axis, two-pass cavity that images the
amplifier on itself. The length of the amplifier and the length

of the cavity determine the useful, clear aperture of the
system.

/—Amplifier

)
Pinhole

Fig. 2-224, Off-axis, six-pass system.

Mirrors
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cost-effective. Adding more passes and mirrors in-
creases the cost more rapidly than can be compen-
sated for by cost savings from reduced drive power
requirements. Off-axis systems require a large sep-
aration between the mirrors and the amplifier to
reduce vignetting of the beam, which must be
traded oft against the cost of long vacuum pipes. A
large evacuated space is required to avoid plasma
formation at the pinholes. These additional re-
guirements dilute the potential cost savings to some
extent, which reduces the performance-to-cost
ratio to about 1.6, in comparison with a ratio of 2.2
for the far-ficld option. However, these multipass
options lend themselves well to the design of very
large output apertures, which improves their
performance-to-cost ratio by at least a factor of two
over that of a smaller diumeter linear chain design.

Off-Axis Multipass Systems. Multipass sys-
tems with near-field separation of the beam fulfill all
the requirements outlined previously. The round-
trip time of the laser pulse is long enough to allow
full gain recovery. The system has low transmis-
sion losses and low nonlinear contributions. It is
adaptable for very large beam apertures and
provides spatial filtering as well as reimaging of the
amplifier on itself. This reimaging feature is essen-
tial to maintain a high fill factor and 10 avoid large-
scale ripples from diffraction effects. The large
f-number of such a system allows the use of spheri-
cal mirrors and avoids plasma closure of the
pinholes. Multiple pinholes are provided, which
permit selection of different pinhole sizes and elim-
inate the potential problem of pinhole closure,
which ecxists in a regenerative amplifier.

The length of such an off-axis system is primar-
ily determined by the cost balance of an extended
vacuum system against the loss in output power
from vignetting of the beam. For some geometries,
this vignetting can be avoided by beam expansion
or by using a slightly diverging beam that just fills
the clear aperture of the amplifier on its final pass.
The length of such a system should, however, be
iong enough to drain a large fraction of the lower
level population during the round-trip time of the
laser pulse, which is one of the key advantages of
multipass systems.

Since the focused beam in such an arrange-
ment must be in vacuum to avoid plasma formation,
we assume the entire system is placed within a large
vacuum pipe. Vacuum windows have been con-
sidered, but the additional transmission losses, B
accumulation, cost, potential hazard because of
breakage of such a window, increased vignetting,
and lower beam quality from imperfections and
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stress-induced birefringence all make a completely
evacuated system more attractive.

To reduce the diameter and, hence. the cost of
such a vacuum system, it is desirable to mount the
mirrors as close as possible to one another. For the
detailed analysis, we made the following assump-
tions about the physicat layout of such a system:

® A separation between mirrors of 10 cm was
assumed to be sufficient for support structure.

& Scgmented amplifiers with rectangular
apertures were primarily considered. because
significant improvements in pump efficiency are
expected.

® The positions of the rectangular mirrors
within a circular vacuum pipe were optimized., as
shown in Fig. 2-225 for various numbers of passes.

® The diameter of the vacuum pipe was as-
sumed to be 0.2 m larger than the minimum diame-
ter encircling the mirrors.

With these assumptions, we found the most
cost-cffective three-pass configuration used a
single vacuum pipe for two systems. For the two-
and three-pass system shown in Fig, 2-225, vignett-
ing is significantly reduced, because it is effective
only in one planc.

Segmented Amplifier Design. For lari ¢ laser
systems, it is desirable to use large apertu-e am-
plifiers to reduce the fixed costs for alignment,
diagnostics, beam splitting, beam delay, support
structures, etc. The clear aperture of a single disk
is, however, limited by fluorescence amplification
and parasitics to 30 = IS ¢m (depending on the
emission cross section and thickness) for the sake
of maintaining the transverse gain within the disk
below 1000. This limitation can be overcome by
segmenting a large disk or by placing a number of
smaller disks or segments side-by-side within the
same pump cavity. The segmentation of a large
elliptical disk can. however, become quite com-
plex, requiring a large number of differently shaped
segments, as illustrated in Fig. 2-226. The array of
identical rectangular segments shown in Fig. 2-226
provides significant improvement. Such an ar-
rangement can result in a significant increase in
pump efficiency, because the flashlamps are lo-
cated where they are most effective for pumping. In
addition, the flashlamp light is completely inter-
cepted by the rectangular segments, reducing self-
absorption of pump light in the lamps. Very effec-
tive reflectors (illustrated in Figure 2-227) can be
designed between lamps, which largely eliminate
self ab~arption of the emitted pump light. The use
of transverse lamps should improve the pumping
efficiency over longitudinal lamps, because there
are no nonpumping areas of the lamps at the sides of
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the segments. End effects are reduced, because a
number of segments can be mounted in series
within the same axial length required by a seg-
mented single disk. All these improvements are
expected to yield about a factor of two in pump
efficiency over a circular disk amplifier design.

Another major advantage of such a segmented
amplifier is the reduction in the overall length of
such an amplifier by a factor equal to the number oi
tcansverse segments, which, for optimal systems,
is in the range of 5 to 10. This reduction in amplifier
length reduces vignetting of the beam by the same
ratio and, hence, allows a large reduction in the
overall length and cost of such a multipass system.
Because of these advantages, we used the seg-
mented amplifier shown in Fig. 2-227 for the follow-
ing performance and cost evaluations of multipass
systems.

Performance Evaluation. A large number of
options and variables must be traded off to deter-
mine the most cost-effective off-axis multipass sys-

e

tem design. A computer code called MULTI was
developed to evaluate the performance and cost of
multipass systems by varying the size (x.y) and
number of segments (Ny, Ny, N;), the number of
passes through the system, and to balance vignett-
ing and the overall length of the system for
maximum performance per unit cost. In addition,
this code determines the optimum saturation flux
for the laser material for a given maximum output
flux.

The input data for this code require the
specification of the obtainable pump inversion fora
preselected disk thickness and pump energy. Be-
cause of the uncertainties in pump efficiency of a
segmented amplifier, we examined several values
in pump inversion to determine the impact on the
system. To account for amplified fluorescence
losses as well as parasitic limitations, we specified a
transverse gain limit p = &L, which depends
primarily on the quality of the edge coating.

The small signal gain per disk can be expressed
in the form
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G = exp [ae,s e, Lip)] | (55)

where o is the emission cross section, ¢, the pump
inversion, ¢ the gain length in the segment, and L.
the maximum dimension of the segment or disk. By
selecting the number of segments in series (N,), the
small signal gain of the amplifier (G,) and single
pass transmission (T) of the multipass system are
determined, assuming a mirror loss of 1% per mir-
ror and 0.3 m ! bulk absorption in the laser glass.
For fixed values of G, and T, and by selecting the
number of passes N, the saturated gain (G,) of such
a multipass system can be determined by sequential
application of the Franz Nodvik equations in the
form of

iner = T oy = T In [Gule"¥~ D+1], (56)

for N from O to N, where i and o are the ratios of
the input and output flux to the saturation flux. The
recovered gain for the next pass after full recovery
of the lower laser level is given by
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Gooy = Gy Ve[ 1+Gue™=D] ) a8

for short laser pulses where the saturation Aux is
approximated b, & = ho/2ar (i.e.. a 111 degeneracy
ratio is used). The input flux ratio i,) is then varied
until the desired output flux F = doy,, is obtained.
yielding the saturated gain G, = 04/, of the mul-
tipass system for the specified output flux.

The performance of multipass systems can be
optimized by evaluating the extracted flux

AF = F(l - 1/G.). (58)

Materials of different emission cross sections but
identical pump characteristics can then be com-
pared on a fixed-cost basis by evaluating the satu-
rated gain for various values of the saturation flux.
An example of this performance optimizaiton is
shown in Fig. 2-228 for various output flux levels.
Since the geometry and pumping are fixed during
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this performance evaluation, the cost remains con-
stant. This means the performance optimizaiton
can be separated from the cost-minimization dis-
cussed later. Examination of Fig. 2-228 shows that
an optimum saturation flux as well as an optimum
output flux exists for every system. Increasing the
output flux beyond the optimum output flux results
only in a greater transfer of energy from the gain
medium to the losses within the multipass system
and, hence, reduces the energy extraction. After
determination of the optimum saturation and out-

put flux, which may be less than the allowable
maximum output flux, the code proceeds to
minimize the cost by varying the size and number of
segments as well as the overall length of the system.
while the values of e, #, I., N,, T.N,,. @, and F
remain fixed. This procedure yields the most cost-
effective N,-pass system for fixed values of L. and
N,. The code then repeats this process for various
values of L and N, to find the optimum N,-pass
system for the given input parameters. as shown in
Table 2-61.
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Table 2-61.

MULTI code performance evaluation of multipass systems with varying indices of refraction.®

{a) Index of refraction = 1.556; nonlinear index of refraction = 1.41 x 10 '* esv.

#P #Z L F F, G, G, B #X #Y X, Y. Y Dp Lp V (o E z
cm  Jiem*  Jem? cm cm cm m m % WM k] kJ/SM
1 11 30 8.1 121 $8%S. 55 29 10 8 200 283 11 30 61 $8% 219 1774 634
2 8 3 1.9 1.46 19.88 8.1 iS5 79 18 146 12 1.7 330 9% 121 1147 8.06
3 8 45 8.0 1.81 1089 17.2 38 3 7 10 137 15 4.7 146 9% 7.6 609 747
4 7 40 171.78 1.92 772 194 36 4 6 120 105 13 37 160 87 7.0 50.6 6.77
5 7 45 157 2.16 6.14 37.1 3.5 3 5 100 97 15 3AS 200 83 6.2 37.7 5.84
6 8 6 795 2,75 503 893 4.2 33 W 68 19 36 23 83 1.7 425 542
(b) Index of refractions = 1.53; nonlinear index of refraction = 1.1 x 10 “ esu.
#P #7 L F F., G, G, B #X #Y X, Y. Y Dp Lp v C E zZ
em  Jlem*  Jlem® cm em c¢m m m % M kI KI/SM
1 11 45 1.9 2.30 15.25 35 28 8 § 20 239 17 36 72 $$ 321 2845 5.80
2 8 45 8.060 2.30 7.25 52 28 §5 7 160 143 16 L7 310 9% 109 1096 770
3 8 50 800 2.30 703 1.5 31 3 8 120 158 15 54 140 91 10.2 8.5 741
4 8 55 800 2.30 678 234 33 3 S 10 118 20 38 180 86 8.9 637 6.78
3 8 5 8.00 2.30 703 1147 33 2 4 80 77 15 29 180 84 4.4 26.1 S5.84
6 8 5¢ 799 2.30 703 5646 34 4 3 140 65 18 3.6 230 83 7.4 40.3 543
(c) Index of refraction = 1.43; nonlinear index of refraction = 0.5 x 10" esu,
#P #Z L F F, G, G, B #X#Y X, Y. Y Dp Lp v C E zZ
cm  Jiem*  Jlem® cm am c¢cm m m % $M k]  kJSM
1 13 0 8.00 3.50 9.08 3.1 1.9 6 9 240 2589 24 3.7 75 §8 400 3312 504
2 10 60 8.00 350 546 5.2 1.8 4 7 18 181 22 20 360 9% 18.2 1643 692
3 9 60 800 3.50 4.61 8.2 1.8 2 7 100 155 18 49 130 92 9.0 726 6.88
4 9 65 8.0 3.50 4.56 17.1 1.9 2 4 10 10s 23 34 180 87 7.2 498 641
5 9 65 8.00 3.50 4.56 416 20 2 4 100 105 23 3.7 240 82 8.1 47.1 5.63
6 8 60 7.5 3.50 3.89 371 .7 3 3 140 71 2 37 220 =3 7.8 423 526

“For all cases, disk thickness = 40 mm; pump inversion = 0.25 J/em”; fluorescence limit = 7; maximum output flux = 8J/cm?; laser

pulse duration = 1 ns; fill factor = 0.8.

Cost Estimates. Despite the large differences
in the design of a multipass system when compared
with conventional amplifier chains, the cost for the
subcomponents can be estimated reasonably well.
Since the segments are of sizes similar to the
present disks, we assumed the cost of laser glass to
be the same at $3.1/cm®. The cost of finishing was
assumed to be LA times greater for rectangular
segments than for round pieces of equal surface
area A, but only L/V/A times greater than for ellip-
tical disks. In other words, the finishing cost per
unit area of square pieces is assumed to be twice as
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high as for round pieces, but only V/2 times as high
as for elliptical disks. The cost of finishing elliptical
disks and round spherical mirrors is estimated at
$3.2/cm?. counting only one surface per compo-
nent.

The cost for mirror blanks is estimated at
$0.15/cm® and the cost of coatings at $2/cm?, inde-
pendent of shape. The mirror gimbals with drives
have been estimated at $2k + $3k/m?A. The align-
ment sensor, pinhole assembly and controls are
costed at $30k per pass or $15k per mirror. For the
focusing optics, an additional three mirrors were
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assumed to be required, plus one for the input
beam. The total number of mirrors is then Ny = 2
N,+2.

The mechanical engineering (ME) cost for the
amplifier can be best broken down into cost for
mounting of the segments (Ny), cost for support of
the flashlamps and reflectors, and cost scaled with
the volume of the amplifier in the form:

Cue = 1.ONg+ 03N, + 170 V%5 [$k],
where N, is the number of lamps and V, is the
active volume of the amplifier in cubic metres,
which is approximated by the beam cross-sectional
area and active length of the amplifier.

The EE cost is assessed at $2.5k per circuit
plus $0.12/J for energy storage.

The cost for the vacuum pipe and pumps is
estimated at $0.5k/m* D% L,, where D, and L,
are the diameter and length of the vacuum pipe,
respectively.

A fixed cost of $100k per beam was added for
target alignment, diagnostic and controls.

These cost estimates are similar to, or some-
what higher than, those applied for the con-
ventional chain design to accommodate som: ~ un-
certainties, especially in the ME costs.

Results. 'l'able 2-61 shows an example of the
results from the code MULTI for the multipass
configurations discussed previously. The table
gives the optimum combination of variables that
provide the highest cost-effectiveness correspond-

ing to the particular input data, increasing the
number of passes from #P=1 through 6. The head-
ing #Z is the number of segments in series, L is the
major dimension of the segments, F and F, are the
optimum output and saturation flux respectively,
G, the small signal amplifier gain, G, the saturated
system gain, and B the B accumulation in the last
pass. The headings #X and #Y are the transverse
numbers of segmerts, X, and Y, the overall trans-
verse dimensions of the amplifier aperture, and Y
the clear aperture of the segment in the plane of
polarization. Also, D, and L, are the diameter and
length of the vacuum pipe, respectively: V is the
vignette factor, which is the usable fraction of the
clear aperture in percent. Finally, C and E are the
total cost and output energy of the multipass sys-
tem.

The cost effectiveness for the multipass sys-
tem is defined here by

Z = E(1-k/Gy/C (59)

where k is the relative cost-effectiveness of the
output stage with respect to the driver stages. The
most cost-effective driver would be an identical
multipass system, driving several output multipass
systems. To provide some safety margin, we as-
sume the driver stages to operate at about 20%
lower flux levels than the output stage; hence, we
optimized all systems for k=1.2.

The results in general show optimum perfor-
mance for two- and three-pass systems with Z
values in the range of 7 kJ/$M. Systems with more
passes provide higher saturated gains and, hence,

would require fewer driver stages. The reduced
complexity of such high-gain systems shov ' be
considered in the selection of a multipass sys...n.

The high cost-effectiveness of these systems,
in comparison to the conventional chain designs,
stems from the following factors:

® Improved pumping efficiency of the
rectangular amplifier.

® Reduction of superfluorescence and
parasitic losses due to segmentation.

® High-energy ext-action, because materials
with high emission cross sections can be used.

® fain recovery in the multipass configura-
tions.

Even the single-pass option shows a relative
high cost-effectiveness, because we placed no con-
straints on the selection of the saturation flux.
However, the optimum saturation flux of 1.21 J/cm?
for the single-pass option corresponds to an emis-
sion cross section of about 7.8 10-2* cm~2, which is
unrealistically high for current laser glasses. The
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Table 2-62. MULTI code performance evaluation of multipass systems with maximum amplifier dimension

of 1 m or less.”

(a) Maximum output flux = 6 Jiem?.

#P #7 L F F. G, G, B #X #Y X, Y, Y Ip Lp v C E Z
cm  Jiem?  Jlem? cm am em m m % $M k] kJSM
1 11 % 600 35 660 30 12 3 4 10 95 20 L6 32 $$ 58 378 3.97
2 8 5 600 35 395 4.6 11 3 4 100 95 20 1.2 250 97 48 36.5 5.63
3 7 4 600 3.50 3.35 6.9 1.0 3 6 100 b 12 4.1 100 91 4.5 29.9 5.53
4 6 SO 600 350 2.80 69 10 3 4 100 95 20 32 130 88 4.9 333 5.60
5 6 5 600 350 2.80 108 10 3 4 100 95 20 35 170 84 55 31.6 5.06
6 6 55 6.00 3.5 2.79 15.7 1.0 3 2 100 52 4 29 150 85 37 190 4.75
(b) Maximum output Rux = 8 J/cm?.
#P #Z L F F, G, G, B #X #Y X, Y, Y Dp Lp v C E z
cn Jiem?  Jiem?® cm €cm cm m m % M k}  kISM
1 13 5 800 35 931 3.1 1.8 3 4 100 95 20 L6 32 8 67 504 4.68
2 9 5 8.00 350 4.68 42 1.7 3 4 100 95 20 1.2 280 % 53 48.6 6.58
3 8 40 19 3.5 399 58 1.7 3 6 100 94 12 4.1 110 91 4.9 39.6 6.38
4 8 50 800 35 395 9.1 1.8 3 4 100 95 20 32 170 87 6.0 40 634
5 8 5 78 35 395 162 18 3 4 100 95 20 35 220 82 6.8 40.5 5.55
6 8 55 758 3150 392 36.7 1.8 3 2 100 52 4 29 200 84 45 238 5.1
(c) Maximum output flux = 10 J/em?.
#P #Z L F F, G. G, B #X#Y X, Y, Y Dp Lp v C E z
an  Jiem®  Jem? cm cm cecnm m m % M k]  kISM
1 15 5 1000 350 1312 a1 27 3 4 100 95 20 1.6 32 5 15 63.1 5.16
2 12 5 1000 350 1.84 57 28 3 4 100 95 20 1.2 . 9% 6.7 60.7 7.20
3 n 4 1000 3.5 670 10.1 29 3 6 100 94 12 4.1 150 9% 63 49.2 6.89
4 11 5 1000 3.5 660 191 31 3 4 100 95 20 3.2 220 8 7.6 542 664
5 11 S0 977 35 660 622 31 3 4 100 95 20 3§ 300 81 8.6 50.1 5.70
6 11 55 962 3150 654 2524 30 3 2 100 52 24 I 270 83 56 299 528

aFor all cases, disk thickness = 40 mm; pump inversion = 0.25 J/cm?; fluorescence limit = 7; index of refraction = 1.43; nonlinear
index of refraction = 0.5 X 10-" esu; laser pulse duration = 1 ns; fill factor = 0.8.

saturation flux, was, therefore, limited to values of
2.3 and 3.5 J/cm? for typical phosphate and
fluorophosphate glasses, respectively, with the re-
sults shown in Table 2-61 (b and c). This limitation
reduces the cost-effectiveness of the optimum
two-pass system by 4 and 14% for the phosphate
and fluorophosphate glass, respectively, assuming
that the pump efficiency and cost are identical for
these materials.
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The optimum systems from this analysis are
quite large, especially for the one- and two-pass
options. Because of uncertainties in scaling to such
large systems, we limited the maximum dimension
of the amplifier to 1 m or less, reducing the cost
effectiveness of the optimal two-pass systein by an
additional 5%, as shown in Table 2-62 for maximum
output fluxes of 6, 8, and 10 J/cm®. Figure 2-229
shows a plot of cost effectiveness for various re-
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strictions in the dimensions of the amplifier. From
this plot we observe, for example, that a limitation
to 0.5-m amplifiers results in a signficant reduction
in cost effectiveness. In other words, large seg-
mented amplifiers can significantly reduce the cost
as well as the complexity of a large laser system for
fusion research.

This discussion of multipass systems is only an
exampl= to indicate potential improvements in sys-
tem de..gn. More analysis and experiments are re-
quired to determine the overall most cost-effective
option and assess the risks involved in the im-
plementation of such a system. Even these
preliminary results are sufficient to indicate tha the
concepts developed here can significantly improve
the performance-to-cost ratio of fusion lasei ..
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2.7.3 Stimulated Raman Scattering (SRS) in Air-
Filled Beam Pipes

If the beam pipes of a high-intensity laser con-
tain a medium with sharply defined Raman tran-
sitions, such as air, SRS may occur. The Stokes
pulse generated in this way may be either undetect-
abie or measurable, but small; in this case it is
tolerable. However, it may be large; in this case the

laser beam has changed color and is probably not
focusable. Of particular importance is the impact of
inhomogeneities on the Stokes gain, both in the
pump wave and in the medium.

The strongest Raman lines in nitrogen belong
to the Q-branch, which has recently been resolved
at 1 atm, where it is inhomogeneously
broadened.'"! The line width of each transition is
approximately'™ 5 x 10~*cm~', corresponding toa
transverse relaxation time of approximately 2 ns.
The steady-state gain coefficient' at 1.06 um is

vy=(1.4%04) 10" cm W', (60)

where the uncertainty is the experimental error in
the spontaneous Raman cross section. Con-
sequently, the gain exponent for a pump of 10
GW/cm? traversing 6 m of air is large,

G = yI¥ = 84 = 20, (61)

and exceeds that required for pump depletion, typi-
cally 30 — 35. The gain is transient, however, for
pulse lengths of 5 ns or less, for which the tran-
siency parameter

p = (GT)" Z 0.17, (62)

where t is the pulse length. Consequently, SRS is
transient in present and planned systems.

In the transient regime, the molecu’s inte
grates the pump longitudinally and does not re-
spond to temporal fluctuations. On the other hand,
spatial inhomogeneities that are constant in time
produce a transverse variation in the gain in both
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the steady state and transient regimes. The tran-
sient gain is

G, tx) = [kedia]t?, (63)

where x is the transverse coordinate, Jix) is the
pump fluence:

Jix) =f Iex,de ~ Jy, o 164)
where 1), is a damage fluence, and

k= 8yl"--4.210 *cm/), (63)
The inequality (64) gives

G, = (/102 (66)

where 7, - - S em. Thus the length of air required to
produce a significant Stokes wave 7 ,GG* - 40 m.
The uncertainty in this value involves only the un-
certainty in the spontancous Raman cross section,
and is independent of the error in the line width.
In conclusion, SRS is suppressed by tran-
siency because of the long relaxation time associ-
ated with inhomogeneously broadened lines. The
steady-state regime requires pulse lengths > 40 ns,
which are much longer than pellet implosion times.
The weaker gain length dependence in the transient
regime a'lows air path lengths of the order of 40 m.

Author
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2.7.4 Numerical Modeling of Gain Recovery

To model multiple-pass laser configurations
accurately, we have added a number of features to
the *‘lumped element’’ lasgr simulation program. '™
Multiple transits throu@t; the same components
have been added by appropriate control cards, with
entry and exit at arbitrary points inside a repeated
group. The most difficult task was an accurate, yet
fast, calculation of amplification, pulse distortion,
and B-integral contribution in the presence of gain
recovery.
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We modeled gain recovery as drain of excita-
tions in the lower laser fevel 1o the ground state (or
any equivalent sink). Atany pointin the laser mate-
rial, we took the rate equations to be

)
P by ¥l (67)
dz
| Py v (68)
dt D (1+K)

and

dy | PKB v R4 (69)
dt b (1+K) T

where Pis the power perunitarcain the laser beam,
y is the gain coeflicient due to upperlevel ions, y is
the loss coefficient due to lower level tons, 9 is the
short-pulse saturation fluence, K is the degeneracy
ratio of lower to upper level Boltzmann-weighted
cross sections, und 1 is the lower level decay time.
This set of coupled partial differential equations
must be solved across a two-dimensional region of
space (the length of the amplifier) and time (the
duration of the pulse).

The problem may be simplified considerably if
we note that integration over the spatial dimension
is possible, leaving onlv a set of coupled ordinary
differential equations in time. We introduce the
quantitics

1.
U =L Bz, 1) dz (70)
and
L
L) =J; ¥z, 1) dz, a1

where we measure t in a moving cooruinate system
that travels at the pulse velocity through the mate-
rial. Integrating the power growth equation along
the amplifier length then yields

9§=f(ﬁ~y)dz=U—L. (72)

so that

Py = Pip €%, (73)



When we integrate the equation for 8 along 7, we
find

du 1 J‘
—_— — — § P y)dz (742)
dt Pl K) Ay
P’", rc‘ By dz (74b)
Pl + Ky
')
—————L-j e dg (T4¢)
DORIK)
> NS
li!—‘—-j!—)-. (74d)
Il +K)

where g - U L Note that the power gain is Gt
eapig), because P, - P explg). We similarly inte-
prate the y equation, yielding

dl. Py Kiet D)

di. L 175)
dt (] +K) T

We may now start with known initial conditions for
Uto), Lto) and P (1), and integrate Eqs. (74) and
(75) forward in time 1o find Ut). L), and P, (1.
We thus know the final state of the amplifier after
the pulse and the shape of its output pulse. If the
pulse passes through the amplifier again, we as-
sume that U remains unchanged (no pumping be-
tween passes) but that L. is reduced to exp(—t/7)
times its final vialue, where t is the round-trip time
hetween passes. Before the first pass, U = InG and
L =0.

The B-integral is difficult to calculate when
gain recovery is taking place: accordingly, am-
plifiers are sliced into pieces with relatively small
gain in which the B-integral may be found from the
average intensity 1,2 (P,,,, + P;;). Although the gain
properties do not depend on the distribution of
excitation along the length of the amplifier. the
B-integral is affected by this distribution. Tests
have shown that the effect is small, and so it is
ignored in normal operation of the program.

Because the pulse is specified on a fixed time
grid with equal steps, we used an integration
method appropriate to this constraint. We found
that a second-order approximation was quite
adequate. Starting with the basic equations

-1

v _Be -b (76)

dt d(1+K)

di.  PKi¢'' b

—_— ———— -I— . (77
dt P+ K) T

the zero-order Taylor series approximation is simply

Suppose the time steps are of length h. To order h.
we find the first-order result from U - U, + h
dUdt. Evaluation of dU dt from the differential
equation yields

l.. ‘..
v, Rtel Sk (78)
CUANE N
and similarly
! 1
T
1. = L, ¢ KP, (¢ : Iih LL'E_ ) (79
Bl Ky 7

However, these equations get in trouble i 7 <.« h,
which is possible if gain recovery is rapid. As
1 — 0, the h/7 term should be

h

h E (80)

— 1l ~-e
T

Furthermore, as 7 — 0, the equilibrium value of L
is easily seen to be

_KP(e 1)

81
d(1+K) (&

so we see that we should use

vl _ b
L=1,+%P G L(] (1 —e f)(sz)

d(1+K)

to get the correct result for any value of r. The
equation for U is unchanged.

We find the second-order result by the Taylor’s
series result

4y 83)

fand similarly for L), where the second derivative is
foui.d by differentiating the differential equation
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once with respect to time. Considerable manipula-
tion, and the requirement that the results be correct
as 7 — 0, yield

(P, + Py (G, - Dh

U, = U
B A 2¢(|+K)
P, G, h P, (Gar-1)h
20(1+K)  B(1+K)
h
+M~I.A1—c T (84
d(1+K)
L, = L, + K P+ Py(Gy-lr
2 d(1+K)
ok
- L,\ | -¢ T
_ KP,G,h P, (GAo-Dh
29(1+K) B(1+K)
h

+ K Py (Go— )7

~L, I-e 7, (85
B(1+K) a d-e )

and values with subscript A are at the present time
step, while those with subscript B are at the follow-
ing time step. Because Py is available as input data,
the equations are explicit rather than implicil. They
are used to advance the pulse through each am-
plifier slice in the presence of gain re~overy times
having any arbitrary relation to the pulse duration.
We are currently using the improved program to
analyze the effects of multiple passing in the
presence of gain recovery.
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2.7.5 Paraxial Equation Selitons in a Fluctuating
Environment

The study of light propagation in laser media in
the presence of random Ructuations is of utmost
importance 1o high-energy laser programs. This is
because, at extremely high laser intensities, any
imperfection in optical finishing or inhomogeneities
on optical surfaces may lead to large-scale phase
and amplitude fluctuations resulting from the non-
linear interrelation of intensity to medium index of
refraction. This can precipitate beam breakup,
self-focusing, and a variety of other instabilities.
166

In the LL.L laser program, the basic equation
used for studying the propagating properties of a
light beam after it has passed through a focusing
lens is the nonlinear paraxial equation' 1%

2k W, + W o2 2
ny

W2k = 0. (86)

Here k = m,e/c is the free space wavenumber and
the nonlinearity of the refractive index is repre-
sented by writing

n=n,+ (E") . (87)

where n, and n, are respectively, the linear and
nonlinear refractive indices of the medium; V* is
the transverse Laplacian operating on ¥ in a plane
perpendicular to the z axis of propagation.

In this article, we discuss the effect of stochas-
tic noise on the stability of a soliton. Solitons are
spat*ally coherent collective modes present in the
nonlinear wave fields of both classical and quantum
systems. They arise from a peculiar balance be-
tween nonlinearity and dispersion and to date have
only been identified for systems in two dimensions
(one-time, one-space or two-space).'?’

A soliton corresponding to Eq. (86), in
whichV? ¥ is replaced by i, takes the form!®

¥(s,7) = A, sech(s)-ev. (88)
Physically, this soliton has arbitrary amplitude »

and propagates along the z axis; 7and s are rescaled
position variabies and A, is a rescaled amplitude,

2n® z/k
29x (89)

Ay = ZT.” \/no/nz.

P
I



In Fourier space Eq. (88) can be seen to imply
that !

¢ The eigenmode amplitudes A(/. z) in the
direction of propagation are restricted (o & narrow
spectral interval around some wavenumber ¢ ,,.
say,
and

¢ The dominant modal interactions are reso-
nances: thus, energy is transferred from mode to
mode, but conserved.

In fact, nonresonant terms do contribute i
rapidly oscillating component to the soliton. This
part of the dynamics is modeled here by superpos-
ing a fluctuating driving force f(s,7) onto our 2-D
version of Eq. (86), which transforms it into

W+ b+ 2A,7 TP = M. (90)

Equation (90) represents a nonlinear wave field
with two scales; the short-scale waves are confined
to a narrow spectral interval whose superposition
give rise to the function ¥s,7). The long-scale
waves, characterized by f(s.7), arise from nonlinear
superpo« "+ ‘on of waves (here assumed to have ran-
dcm phases and amplitudes). In the following, we
an.’yze the effects of the fluctuating field fts.7) on
the soliton from an extension of the method of
statistical linearization (MSL.)."™ " As we vee, the
fluctuations perturb the envelope function away
from the soliton form. The perturbation then
evolves, driven by both the fluctuations and the
soliton itself. This driving of the perturbation is also
a nonlinear process.

Statistical linearization is a method specifically
designed to produce accurate second-order statis-
tics for a large variety of nonlinear stochastic dif-
ferential and integral equations. It is based on the
replacement of all nonlinear functions by linear
functions so that, by requiring 2 nunimal mean
squared error from substitution, we obtain an exact
reproduction of the mean and an approximate ex-
pression for the dispersion. Procedurally, it is akin
to the Krylov-Bogoliubov asymptotiz analysis of
nonlinear deterministic di{fferential equations'™ in
that both assume solutions a posteriori and then
determine the conditions under which they actually
exist. Statistical linearization entertains an added
dimension, since it also lies at the roots of nonlinear
optimization theory.

We begin by assuming a solution to Eq. (90} in
the form

U= 4+ &Y.

ff we substitute Eq. (901in Eqg. (891, the scaled 2-D
version of Eq. (86) produces a nonlinear evolution
equation in the fluctuating ficld S,

L2 W = &g + fis.7h, 91
where [.7 is the lincar operator

L2=id + 4. (92a)

[N

and & & nonlinear term coupling W to 8,

BB = —I- Ws.7) s T)

Ad

I aT) sy L (92h)

Because 1.7 s a lincar operator, Eq. (91) is
linearized by replacing the noalinear function dddi
with V&, where V is a complex variational param-
eter Vis) = Vy(s) + iVis), In accordance with
MSL., this involves choosing an optimal transfor-
mation that minimizes the mean squared error €*

N B L b
¢ = Jim o) w magdas (08w

AG—=

- Vag|? drds. (93)

This requires that

. -
LG (94)
aVy oV,

resulting in
V= <SP, TVIOIBY) > or/ < | BdLs, TV 2> p. (95)
The subscripts S and T on the brackets indicate

spatial and time averag s. Using this presciption.
Eq. (91) reduces to the linear expression

] o*
i — &P(s,7) = — —8d(s,7)
g 2T = T gt
— V& (s, + f(s,n), (96)

which is the linear Schriédinger equation driven by
an additive fluctuating force [f(s.7}]. Thus, V is
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a least-squares fitting parameter that enables
Eq. (96) to optimally mimic the second-order sta-
tistics of Eq. (91), while identically preserving the
mearni.'™ ' This replacement, in contrast with
low-order perturbation theories, yields a renor-
malized theory.'™

We assume that the fluctuations on the right
side of Eq. (96) satisfy the conditions

“fisg) - =0 (974)
S T (S0 T0) - = DBIT - 7808, —82) (970D
“fHs7)- =0, (97¢)

with higher moments of f(s.7) vanishing. The brac-
kets in Eq. (97) indicate that the space and time
averages in Eq. (95) have been replaced by
ensemble averages. The statistics of fs,7) are then
those of white noise in both space and tfime.

Employing Eqs. (97) in Eq. (95) yiclds to sec-
ond order in &

Vi= = | ¥ |* = 2sech®s

(98)
V, = 0.

The physical interpretation of Vi, and V, can
best be given in terms of its Fourier modal repre-
sentation.'® In mode space. the analogous
coefficients to Vand Vimay be identified by hy and
hy. The former derives from cubic mode-coupling
terms and corresponds to an attenuation of high-
frequency mode amplitudes from energy transfer to
low-frequency waves. The latter derives from
quadratic mode-coupling terms and represents a
frequency shift due to the nonlinear interaction be-
tween wave scales. For the averages performed
here, this shift is zero: the average amplitude of the
long-scale waves is zero. For a nonzero average,
this is just the Doppler effect.

A scattering solution to Eq. (96) can be found
that may be expressed as

S(s,7) = Sihy(s,7)

f“f’ ) Rt et ot
+ b Jo K(s—s', 7—7)f(s',7')ds’ d7’,  (99)

where &y, is the solution to its homogeneous eigen-
value equation, and K is the associated Green's
function. Their functional forms can be derived in a
manner analogous 10 that in Ref. 169. Both bound

2.240

state and scattering states are possible for the per-
wrbation, as determined by the boundary condi-
tions.

Because, from (97) and (99)

(&) = 8, , {100a)

and

(|8W|2) = |8ih,|*

4 T
+ DJ;, J;, |K(s>-s'. r=1)|*ds'dr’ ., (100b)

tae soliton apparently radiates plane waves as a
result of interactions with the ambient noise and
has a mean-squared energy loss from radiation pro-
portional to Eq. 100b). The bound-state solutions
for the perturbation would result in a distortion of
the soliton, but not necessarily result in an energy
loss.
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2.7.6 A Symmetry-Independent Computational
Algorithm for Density of States Spectra

One general characteristic of an Avogadro's
number-of-particles-system, such as a crystal or
glass, is that its macroscopic properties (i.e., heat



capacity, internal energy. dielectric suscep-
tibilities, and conductivities. to mention a few) are
averages over some weighting function of the al-
lowed states of the many-body system. These
states, typically normal vibrational modes or elec-
tron energy states, are extremely close to one an-
other. For all practical purposes, we may consider
them part of a continuum of states of finite width.
This is commonly known as the band picture of
phonons or electrons. When surfuce effects play a
minor role, one mathematical artifice producing
such a picture is the imposition of periodic bound-
ary conditions ona unit gcometrical structure in the
sohikl. With this model. it is known that the distribu-
tion of states lies in a three-dimensional torus or
Brillouin zone. with density given as a differential
volume.'™

In general, the density-of-states function Dix).
where x denotes energy E or frequency . can be
wrilten in one of two generic forms

Dix) = f dq &ldet Mtq)) 101y

The boundaries of both integrals are dictated by the
space-group translational symnietry of the crystal
structure, as expressed in terms of the reciprocal
lattice wave-vector g of the Brillouin zone. In Eq.
(101b), S is a surface of constant x in the Brillouin
zone: M(q) is a dynamucal frequency or connectiv-
ity energy matrix embodying the symmetry and
force law interactions representative of whatever
model we choose to characterize the crystal. The
order of the matrix denotes the number of atoms or
molecular units per unit cell. Setting its determi-
nant equal to zero produces a dispersion relation
that geometrically defines how the phonon or elec-
tron states are distributed throughout the Brillouin
zone.

In most practical instances. the analytic evalu-
ation of Eq. (101) is virtually impossible because
the domain of integration may be extremely com-
plicated. Coupled to this difficulty, we al~o
encounter a fairly rich singular structure at posi-
tions in the Brillouin zone where the group velocity
V 4 det M(q) = 0: this introduces complications in
nuiiterical schemes.

We describe an accurate and simple-to-apply
algorithm for computing D(x) that is totally inde-
pendent of crystal symmetry. The algorithm does
not require any root searching or gradient computa-
tions and may be preset to any desired energy or
frequency range. It can be used irrespective of the
nature-of-force model employed.

(101b)

v, [det Miq)=0j|

Related to & geometrical approach developed
by Budgor and Poston.'**'"* this technique has the
attractive feature of being able to visually examine
the constant frequency or energy contours in the
Brillouin zone from which the spectra are derived.
Thus. the occurrence and location of spectral singu-
larities can be predicted and verified by simulta-
neous comparison of contours with spectra.

Methodologically, all we require are the cle-
ments of a dynamical frequency or connectivity
energy matrix Mi{g). We thea subdivide the Bril-
fonin zone into a specified number of planes each
containing their respe  ive constant ener gy or fre-
quency contours pred ed by the dispersion rela-
tion. The differential «rca method partitions o
given preset x span (x denoting energy or fre
quency), Xgun = X 7 Xy NGO Fintervals and per-
forms the operation

Pix, x, ) = det) Mig |, -det | Mig) |, |,
S DU PR [}

for cach erdpoint x = x, valu on cach plane. The
spectrum value IX(x, | )is then »proximately equal
to the number of points for whi h P is negative (the
distance between the two zeros in Eg. (102)) and
Dixyis the histogram of all Dix,). This procedure is
numerically equivalent to Eq. (101a). since atr —
¢ +1. Equation (101a) may be rewritten as

d
X, .|

Yo
Dix,. )= qu J; ﬁ(del(M(q]i]dx . 103y
4

IXx, . ). therefore, is the integrated Brillouin zone
volume of sequential zero crossings of det | M(q)!
between the adjacent x values x, and x, , : geomet-
rically, it is proportional to the movement of those
curves. The total numbet of these zero crossings is
sensed with P(x, . x, , ). Figure 2-230illustrates how
Dix,) is computed. As this procedure is carried out
for each plane, the composite D(x) is the cumula-
tive sum of all planar D(x) spectra normalized to the
Brillouin zone volume. This normalization is ob-
tained upon multiplying cach D(x,) by the factor
-~ x,M 1, where n, and n; are, respectiveiy the
number of grid points into which q, and q, are
subdivided, and where m is the number of planes
into which the Briflouin zone is subdivided. When
M(q) is made up of a number of branches, this
resultant D(x) is the combined or joint contribution
from all branches.

As an example of this method, consider a set of
classical coupled oscillators with face-centered
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Fig. 2-230.  Hiustration of how D(xg) is computed. Each g3
plane of the Brillovin zone s partitioned into a numher of
qp-y3 — meshsize-dependent boxes. Schematically, if curves
A and B represent the factors of the product curve P (com-
prised of n grid points) for some ¢ = 1, then D(x) is related to
the distance hetween the sequential zero crowingsof Aand B
within each g;-4 box. In this figure, this occurs where P is
negative and approximately cquals the number of points.
s = n say. at which it is negative. This approximation
hecomes more exact upon refinement of the g -q, mesh size.

cubic symmetry having ncarest and next-nearest
neighhor interactions with respectivé force con-
stants « and y. The dynamical matrix correspond-
ing to this system is 33 and has the form

M(q) = (a;lg) - 1*6;) 3x3, (104)
where the elements a;(q) are given by the relations

a; = 4a + 4y sin? q, - 2« cos q; (€os q; + €OS qy)
i#i#k

a; = 2« sin g, sin q,. i#j
(105)

Note that sirce the frequencies occur along the
diagonal setting, det M(q) = 0 permits a total of 3
branches to contribute to D(»*). The D-lined
spectrum in Fig. 2-231 was produced by the dif-
ferential area method. It is compared with the
solid-lined spectrum constructed by analytically
obtaining the individual branch spectra from the
dispersion relations and summing their contri-
butions.'™ ' Although both curves have exactly
the same shape, the values of D(») found by the
differential area method are slightly lower than
those found by the root-surface method. This
seems to result from the fact that the differential
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Fig. 2-231. Comparison of D(nu) between the root-surface
and differential area (D-line) methods for u face-centered
cuhie lattice with nearest and next-nearest neighbor force
constants alpha and gamma set at alph=/ zamma = 0. D{nu) is
generated with 40 v~ values, 40 q3 values, and a 50 X S0
qi-q2 array. CPU times are 0.5 min for the root-surface
method and 1.3 min for the differential area method.

area method suffers from degeneracy error
whenever points or lines from the same constant
v-valued branches are coincident. As is apparent,
however, with a fine enough v and Brillouin zone q
mesh size, this error is not very great.

As a second example illustrating the utility of
the differential area method 10 computing density
of states for systems with nonlinear force laws,
consider the following electron network bonding
model of molecules and crystals in which the elec-
trons are restricted to be only along the bonds of the
material. If we further simplify this characteriza-
tion and make these “‘bonds’’ one-dimensional,
then the electronic properties of our network model
of “‘lines’” and ‘‘*point atoms™" are topological in
origin and are solely determined by the degrez of
“*bonding."" "*!*! We simulate bonding by choosing
for our one electron atomic potential the bound
**soliton’™”

ﬁZ;y'Z
V(x) = ~ s(s+1) sech? yx , {106)
2m

which in its limiting forms embodies both the ex-
tremely localized Heitler-London and delocalized
Bloch models. Thus, as the well-depth parameter y
— 0 V(x) reduces to the Sommerfeld free electron
model and as y — = V(x) approaches a tight binding
potential, y is, therefore, related to an effective



mass and its variation permits description leading
from covalency to ionicity. Energy line and band
spectra are derivable in a manner analogous to
LCAO and tight binding computations. (We do not
include any of the formulas here, but refer the in-
terested reader to Refs. 180, 182.) Applying this
model to a face-centered diatomic crystal of unit
ceil length 2¢ (i.e.: NaCl), we obtain a dispersion
relation of the form

3F(E,y,.y:) = cos q; cos q,

+ €os q; €Os q; + COS g, Cos gy,  (107)

0.8 1 | 1 LI 1 1
0.6 [~ -—
)
2 04 - -
I ]
02H J
0 1 ] |y 1 111
0

5 10 15 20 25 30 35
Dimensionless energy, mE/hz'yf = ‘/akzl'yf

Fig. 2-232, D(E) for a diatomic face-centered cubic lattice
with dispersion relation given by Eq. (107), The well-depth
p S B and are,respectively, gamma) =
1 and gamma; = 0.5 gammay; the bond length is 1, D(E) was
generated with 15 E values in the first band, 100 E values in
the second band, 40 g3 values, and a 70 X 70 qi1-q2 array. The
CPU time was 4.8 min. Note the occurrence of band gups
between encrgies 1.1 <E < 8.3 and 18.3 < E <20.

in which F is a fairly complicated nonlinear func-
tion of E, and vy, and v, are the well-depth parame-
ters centered about each respective atom (the more
electronegative ion has the higher y value). In the
limits that y, and v, — o, F reduces to the familiar
free electron result of cos 2E'?¢ . Figure 2.232 de-
picts the resulting D(E) corresponding to Eq. (107).
We conclude with the observation that the
differential-area method is an all-purpose program
capable of producing a joint spectrum or individual
branch spectra from linear eigenvalue problems. It
is most efficient for large matrices with many
modes and can produce spectra from experimental
data. It is the only simple numerical method avail-
able for generating D(x) for nonlinear problems.
All coding used 1o produce the accompanying
figures was written in the Mathsy array langrage'™*
and computations were made on the CDC 7600.
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SECTION 3
FUSION EXPERIMENTS PROGRAM

The Fusion Experiments Program (Fig. 3-1) plans.
executes, and analyzes laser target experiments — the
major product of the Laser Fusion Program.* These
experiments increase our understanding of the complex
physics issues involved in demonstrating the scientific
feasibility of inertial confinement fusion as u commer-
cial energy source. These experiments also increase
our understanding of physies relevant to nuclear
weapons and are Used to simulate the vutput of nuclear
weapons for vulnerability studies.

Other responsibilities of the fusion experiments
program mclude operating the fucilitics and diggnosing
laser and wrget performance. Operating the laser
facilities is a major responsibility and challenge be-
cause the facilities are state-of-the-art systems. and the
“normal’” requirement is to operate them beyond
well-defined limits. Diagnostics are also a major chal-
lenge because we must provide new instrumentation
that can generate the kinds of data needed to validate
target performance. These data will then be used as a
basis for comparison with our LASNEX code calcula-
tions.

During 1977, the fusion experiments program has
performed Junus and Argus experiments and designed
and implememed laser and target diagnostic instru-

*Another luser program. the Targets Program. also plans and
analyzes experiaients, so the section ot experaental resebts ad
analysis (% 63 has been jomtly prepared

ments for Shiva, Beginning in May . a significant frac-
tion of our trained manpower was shified from Junus
and Argus to assist in the assembly of the Shiva laser
system. I December, we assumed responsibility for
the final activation and operation of Shiva as a target
irradiation tacility. At the sume time. we consolidated
our digital control and diagpostic efforts into an iden-
tified subgroup that would be responsible for all our
target irradiat.on facilities.

The Janus system has been used 10 study a number
of critical questions about the interaction of the high-
intensity laser pulses with our fuston targets. Inoaddi-
tion, it has been used for preliminary equation-of-state
experiments for the weapons program., in cooperation
with H-Division. This joint undertaking has been ex-
tremely beneticial to both parties: H-Division provides
needed manpower to heep the system operational, and
time availuble for experiments is shared equally by the
tWo prograns.

In addition w0 carrying out Argus turget experi-
ments, we also demonstrated new capabilities in the
laser puarameter space for target experiments. For
example. ablative-driven (as contrasted to explosive)
pusher targets typically requice pulses that are ap-
proximately | ns long (contrasted to 30 to 100 ps):
shapes other than Gaussian may also be reguired. Using
Argus, we have propogated both Gaussian and shaped
pulses with overall time scales of approximately 1 ns
and characteristic fimes of 200 ps (see § 3.1).
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Fip. 3-2.

Shiva target chamber.

Both the Faser Plasma Interaction Group of PIGH
and thie Dagnosties Dexvelopment Group (DDGy hane
designed and implemented Shiva laser and target diag-
aosties. Basically . we hase taken the incident and re-
Hected beam diagnastic concepts - which were de-
veloped an Januse Cyelops, and Argus and have
placed 20 pachages of each type of diagnostic on the
space frame in the Shiva target room. The pachages
diagnose the 200 beams from the Liser and the energy
back-reflected fram the target. We also took most of
the target diagnostic concepts from Argus and adapted
them to the Shiva target chamber. An artist's drawing
of this insallation is shown in Fig, 3-2. Of the 190
diagnostic access ports on the chamber, 90 had calib-
rated instruments when the first target experiment was
performed in March 1978, The Shiva diagnosties are
discussed in § 3.2, The remainder of Section 3 is de-
voted o our  diagnostics  development  program.
Long-range diagnoatics rescarch is typically carried out
in the PDG and short-range efforts in the LPIG. As dis-

3-2

cussed m § 330 we hine continued to make significant
progress inour ability o diagnose our target experi-

ments.
Author

H. Ahlstrom

3.1 Argus

311 Introduction.

During the 1977 calendar year. we made the tol-
lowing changes in the optical train of the Argus laser
system to improve its performance and reliability:

t. The three 12-mm YAG rods on the center
preamplifier table (Fig. 3-3) have been replaced with a
single 25-mm aerod. Previously, the beam diameter in



Fig. 3-3. Staging changes made to Argus in 1977 (relay imaging).

Key
. YAG rods repiaced with (¢ rod
. New vacuum spatial filter
. Front-end relay element

1

2

3

4. Galitean telescope heam expander
{21-mm 10 36-mm beam expansion}

5

6

. Aberration compensator
. 40-mm to 81-mm spatial filter beam expander
{changed from §/10 to /20 optics}
7. 81.mm to 200-mm spatial filter beam expander
{changed from /10 to £/20 optics)

this stage wits 5 mm. V'he beam has now been expanded
1o 15 mni. Assuming a beam with a fixed power con-
tent, this increase in beam diameter reduces the peak
infensity by a factor of nine. Since the self-focusing
parameter B is direetly proportional to the intensity. it
is also reduced by a factor of nine. Nonlinear effects are
now insignificant in this preamplifier stage. and the re-
duced intensity has greatly decreased the chance of
damaging any of the optical cemponents.

2. The uncvacuated spatial filter on the center
preamplifier table (Fig. 3-3) has been replaced with an
cvacuated unit. This changeover has climinated the
potential air and pinhole breakdown problem. In addi-
tion, the evacuated unit permits better filtering. Con-
sequentfy. a very smooth beam is now injected into the
initial hard apenture of the system.

3. The amptified stimulated emission has been
reduced by replacing the troublesome dye cells with
clectronically triggered Pockells cells.

4, Two aberration compensators,' capable of
generating variable amounts of astigmatism. coma. and

spherical phase aberration, were designed and built by
the University of Arizona for use in cach of the two
arms of the Argus system. The purpose of these devices
is to precorrect the phase front of the beam for the static
phase distortions it accumulates while traversing the
large-aperture optical components of the chain. These
devices were tested off-line and found to mecet all the
design specifications. However, tests performed with
them in the Argus beam tine at the 4-cmr aperature
showed that precorrection of the wavefront of approxi-
mately one and a half waves produced an unacceptable
amount of ncar-ficld beam modulation in the high-
power disk amplifier stages of the system. This failure
of the precorrection scheme is attributed to the sequen-
tial spatial filtering that is danc an the beam
downstream from the aberration compensator. The
source of the badly modulated near-field beam profile
is the enlarged and distorted focal spot produced at up-
stream spatial filters by the precorrection of the phase
front. The aperturing of this focal spot by the pinhole of
the spatial filter results in a major perturbation of the

33



power spectrum of the transmitted beam. This change
in the power spectrum of the transmitted beam pro-
duces the unacceptably high near-field modulation.
These units have been removed from the optical train of
the system, and the original 85-mm aperture astig-
matism corrections are now in usc.

5. The imaging relay propagation scheme was
fully implemented in both arms of the system. Restag-
ing included:

& Increasing the magnification of the relay cle-
ments that immediately follow the initiating aperture
from 1 1o 1.2, This in turn results in an initial fill factor
of approximately 0.9.

®  Adding a Galilean telescope between the
25-mm and 40-mm rods, which expands the beam from
21 mm 10 36 mm.

o Replacing the /10 bean: expander spatiat fil-
ers located between the 40-mm and 81-mm (B)
amplifiers with 1720 units.

®  Replacing the /10 beam expander spatial fil-
ters located between the 81-mm and 200-mm amplifi-
cation stages with 1720 units.

Figute 3-3 shows where these changes were made in
the chain.

During this changeover to a completely relayed
system, a maltiple pinhole holder was installed in cach
of the vacuum spatial filiers. Thus, the filtering
characteristics of any fifter can be changed ti.c.. a fil-
tering pinhole diameter can be changed) without
breaking the vacuum of the system.

This restaging resuils in a successive reimaging of
the initial beam profile onto cach of the input lenses of
the five vacuum spatial filiers in the system: te., the
initial beam protilc is relayed through the optical train
of the system. This relaying characteristic results in a
zero beam propagation path between adjacent filiers.
minimizing diffraction-induced intensity fluctuations.
Because these same intensity fluctuations are source
terms for self-focusing, climinating them means im-
proving beam quality in the near field. Furthermore.
with diffraction and self-focusing kept in check, beam
profiles with fill factors approaching (.85 can be suc-
cessfully propagated through the laser chain while pre-
serving the focusability of the beam. A more complete
description of the benefits acerued by relaying are dis-
cussed elsewhere in this report and in Refs. 2 und 3.

3.1.2  Performance Summary.*
The most important performance characteristic of
a high-power fusion laser is its focusahility, i.c.. the

A Durimg this set of expernments, we tound that the small size af the
beam o the center table and 18 associated high intensity resulied m
significam beam breakup and an accompanying reduction i focusi
ble power This is what prompted the testaging and the beam expan
sion in this section of the faser (see Ret 1

Laser
beam
Y
Backscatter Bpx
calorimeter calorimeter
Incident
streak camera
Incident
calorimeter

/1 focusing

Fig. 34, Calorimetry and a streak cam-
era arrangement that were used 1o assess
ovur ability to forus the beam, The four
calovimeters are used for energy balance,
and the streak camera is used to take a
temporal history of the pulse.

Transmitted
calorimeter

lenses
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ability to focus the power in its beam onto a micros-
copic fusion target. This focusability must be achieved
with a near field beam profile that does not damage the
components in the optical train of the laser. Thus. to as-
sess the performance of the system. focusability ex-
periments were carried out at pulse lengths of 100 and
300 ps. These two pulse lengths were chosen because at
100 ps the focusable power is limited by nonlincar
seli-focusing effects. whereas at 300 ps the system is
primarily limited by damage to thin-film antireflective
and reflective voatings. At both pulse lengths, the
peak-to-average beam modulation at the exit aperature
of the laser was less than two,

To deterntine the fraction of the laser energy exit-
ing the final chain aperture that can be delivered o a
target, the transmission of pinholes placed in cquivalent
target planes wus measured. The focasing optics (171
aspheric lenses) and diagnostic arrangement for these
propagation/transimission experiments are shown in
Fig. 3-4. The box calorimeter. in conjunction with the
transmitted  and  bachscatter  calorimeters,  allowed
nearly 4 coverage of the scattered light distribution.

For 100-ps operation. 250 pm-diam Au pinhoies
were placed 260 um inside the best focus of the 71
target lens. This pinhole placement was chosen o
simulate the focusing scheme envisioned for high-yield
exploding-pusher targets. Single-beam powers of 2 to
2.5 TW were incident upon the pinholes. The pinholes
transmitted greater than 90% of the incident energy . At
this powner level, the wargets absorbed less than 1% of
the incident beam power. the remaining energy loss
being  prinrily  due o side-scatter into the box
calorimeter.

This high transmission indicates that little of the
incident beam energy was intereepted by the pinhoie
surface. Thus. in a two-beam short-pulse cperation.
Argus is capable of delivering powers approaching §
TW to fusion targets while maintaining a near-field
heam of sufficient quality not 1o damage the optical
components in the optical train.

For the 300-ps experiments. the beam focusability
wias assessed by olaaining  the  transmission  of
150- pi-diam gald pinholes placed at the best focus of
the {71 target lenses. The diagnostics were deployed in
the same manner @ for the 100-ps measurements. For a
sin:de-beam energy of 450 3, 95% of the energy was
tra.smitted by the pinholes. Hence. at this intermediate
puse fength. energies in excess of 900 3 can be deli-
vered 1o fusion targets.

In summary . reconfiguring the Argus isser to ac-
commodate the concept of relay imaging has increased
the focusable power of the sytem. The system is now
capable of delivering S TW to microscopic fusion
targets at short pulses while maintaining a high-quality .
near-field beam profile.
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3.2 Shiva

3.2.1  Target Diagnostics in the Shiva Target
Irradiation Facility

In 1978, the Shiva target irradiation facility will
extend the dita base on fuser-driven inertially confined
plasmas to higher faser powers, Achicving this tash re-
quires the proper functioning of an claborate target
diagnostic sy<tem. Section 2 recounts Shiva's suc-
cessful completion of its line-item goals in mid-
November of 1977, For over a vear prior to this event.
however. the fusion experiments progriam had devoted
a substantial part of s resouiees o preparations for
Shivie turget studies. These advance  preparations
vielded unexpected dividends when. in late Octoher.
fuser alignment ditficultios nude wnecessary 1o install
all 20 incident beam diagnosticos pachages. designed for
the target arca. at the Jaser chain outputs in the laser
hay . By so doing. Shiva's luser goals were inet at the
expense of a delay in the target arew Having estab-
lished that Shiva had met it performance specitica-
tions, these packages were released, and integration of
the laser with the target arca proceeded smoothly

The model in Fig. 3-5 shows that the laser plasnia
studies performed with Shiva wall be two-sided imadia-
tions. Twenty laser pulbses of approsimately 1T TW will
reach the target simultancously from above and below
in nested pentagonal clusters. After leaving the final
amplifier. each 20-cm-diam beam will enter the target
arca and be directed 1o the trget by two rning mir-
rors. A typical roating for a Shava beam is shown in
Fig. 3-6. Approximately 29 of the energy s (ransmit-
ted by the seecond tumming mirror and injected into ane
of the incident heam diagnostic pachages described in §
2.2.8. The balance of the incident energs. approxi-
mately 98% . reflects off the second turning mirror and
is focused by an aspherical 16 lens through a vacuum
window and onto the target. ' sser light. which is either
forwardscattered or bachscauered into the opposing
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Typical Shiva beam routing.

Alternative geometries include 3 spots surrounded by
7. aring of 10, and superimposition of the 10 upper and
the 10 lower beams. In all cases, the clustered beams
resemble an equivalent /1.2 ray cone. lllumination
uniformity on Shiva is, consequently, similar to that of
the f/1.0 Argus target irradiation lens arrangement,
facilitating comparison of target data.? The approxi-
mately 1-mm-diam disk extending from the target
sphere s equator is insurance against misalignment, and
is not intended to improve target performance. In fact,
calculations suggest that it acts as a heat sink, resulting
in an equatorial velocity lower than that at the poles,
which, in turn, should result in a non-spherical implo-
sion. Target yields four to five times less than yields
from the comparable bare microshell can be expected.
so the disk will be removed as soon as we have estab-
lished confidence in the automatic alignment system.
Shiva'’s automated pointing, focusing, and cen-
tering system requires a 5-mm-diam surrogate target. A

special multiple-field 1arget alignment instrument has
been designed to permit the accurate placement of the
laser fusion target at the center of the space previously
occupied by the surrogate. The surrogate and the target
are imaged in turn on fixed reticles.

The decision to operate the Shiva irradiation facil-
ity with radiallv polarized beams introduced special
isolation problems. Unlike other LLL lasers, Shiva, as
presently configured, has neither an output spatial filter
nor an output Faraday rotator isolator. Consequently, if
the target were not in place, the incident pulses would
be recollimated by the opposing lenses, amplified by
the output amplifiers, and would almost certainly cause
serious optical damage in the & isolation stage. To
guard against this eventuality, one of the target viewers
shown in Fig. 3-8 has been provided with a monitoring
system called Sentry. The Sentry system will be inter-
rograted at approximately 100-us intervals, and if the
target moves out of place, oscillator pulse switchout
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Fig. 3.7, Shiva target illumination geametrs,
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will not be enabled. The details of this system are de-
seribed in § 3.2.2. Sentrv. together with a T-mm disk
an the target, gives us contidence that the laser will not
be damaged if the target is missed.

Figure 3-8 shows the evacuated target chamber
within which the experiments will take place. This art-
ist’s conception shows a number of target diagnostic
devices in the 190 ports provided in the chamber. The
first experiments will not require a cryogenic targel
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system: thus, the target positioner (Fig. 3-8) is designed
to manipulate room temperature targets. This device is
described in detail in § 3.2.3.

An accurate determination of energy balance is a
fundamental part of most laser fusion target experi-
ments. To this end. an energy balance module that has
provision for optical. x-ray. and ion energy mcasure-
ments has been designed. These modules. described in
§ 3.3.1. are sized to be compatible with most of the



Fig. 3-8. Evacuated target chamber.

target chamber ports: thus, they may be arrayed around
the target 1o measure angular distributions. The time-
integrated energy measurements made by these devices
are read into CAMAC modules and eventuatly proces-
sed by the Shiva computer system, to provide angular
distributions within minutes of a target shot. A number
of specialized CAMAC modules were designed for the
Shiva target diagnostics. and these are outlined in §
3.2.4. Figure 3-9 is a block diagram of the Shiva target
diagnostics computerized data gathering subsystem.
The software portions of this system are described in §
3.6.

Another important target diagnostic instrument is
the x-ray microscope. This by-now-familiar diagnostic
toul has been redesigned for use with the Shiva tucility
(§ 3.4.7). Significant improvements have been made in
the mechanical design of this device and in the state of
the art of x-ray microscopy .

The largest and perhaps the single most important
target diagnostic system is the Shiva neutron time-of-
flight measurement (§ 3.5.1). The detection system is
located 125 m trom the target and will, therefore. pro-
vide spectral measurements with approximately 10-keV
resolution for targets yielding = 10" neutrons. The NE
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111 fluor/photomultiplier detection system will be read
hy Tektronix R 7912 transient digitizers, and the data
will be reduced by the same computer system men-
tioned above. While this system will provide a good
measurement of the neutron yield. the primary neutron
tluence measurement will be made by Cu activation
detectors located inside the target chamber.

Figure 3-10 is a polar plot of the 190 diagnostic
port locations as seen from above. (On the target
chamber the # = 00 axis points up. and ¢ = 0 is defined
by the target positioner.) The planned locations of the
diagnostic devices are indicated symbolically on this
chart, as are the locations of the five target spuce frame
towers. The clustered, radially polarized beams are

3-10

numbered such that opposing bearn numbers ditfer by
10 and increase in the direction of positive .

In summary. the Shiva target irradiation facility is
nearing completion, with laser driven inertial contine-
ment fusion studies scheduled for calendar year 1978.
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In the other instrument. the reticie plane is reim-
aged by a zoom dens. and this enlarged image is relayed
o the TV detector by a cluster of five lenses. Four lat-
ceral lenses image the periphery of the surrogate target
and the reticle for coincidence. The central objective
images the center of the reticle and the {usion target
when it is centered.

The automated target alignment system® of the
10-kJ output. 20-beam Shiva kaser allows each beam to
he focused on a reflecting sphere approximately 5 mm
in diameter. Located at the nominal center of the target
chamber.” this ““surrogate tirget’s™" center is the zero
reference point for the positioning of the laser fusion
turget and the pointing and focusing reference of cach
individual Shiva beam.

The position of the surrogate target is estahlished
and recorded by alignment for coincidence with at least
two fixed reference reticles. Onee this is done, the
surragate target must be removed and the fusion target
must be placed soas to coincide with this center (using
the reticles as centering referencesy with an aceuracy of
+ 5 pun. This operation is done by remote control and
requires an optoclectronic imaging instrument capable
of imaging on the same size screen two objects of
greatly differing dimensions: namely the large 5-mm

surrogate target and th

e small fusion target whose

characteristic dimensions are 200 to 500 .

When two objects of such different sizes must be
aligned for axial coincidence with respect to a fixed
reference. the accuracy depends upon the characteristic
dimension of the smaller object. This dimension, then,

hecomes the governing
magnification to be used

parameter in determining the
and the resolution that may be

achieved by the optical system. Since the positional ac-
curacies of the two objects are to be identical, the cor-
responding magnifications and resolutions of the two
objects should also agree. Under such circumstances.
we find that the larger object will overflow the availa-
ble image field if the size ratio between the two objects

is about 5:1 or greater.

In the Shiva target

alignment and viewing instru-

ment (TAVI, this problem has been solved in two dif-

ferent ways. cach one fl
guircments. One systen
lating field instrument””

ulilling specific additional re-
1 iy designated “'single trans-
and the other is the “*muliple

field instrument(patent pending). The relative posi-
tion of these instruments on the target chamber is

shown in Fig. 3-2. The
struments is shown in Fi

general appearance of both in-
gs. 3-11 and 3-12.
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Fig. 3-11. Shiva TAVI single-field instrument. This figure shows the main optical and mechanical components. The instrument can
be pointed by tilting it about the hollow spherical joint focated on the mounting flange.
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Characteristics Common (o Both Instru-
ments. Both instruments are integrated illumina-
tion-imaging systems. The targets are front- and back-
illuminated by a HeNe laser beam injected through the
optical axis of the objective/relay optics. After passing
the target. the laser beain is retroreflected by a repli-
cated array of |-mm-aperture triangular corner cubes
placed 400 mm behind the target. The interference or
“speckle”” pattern caused by the coherence of the laser
light is averaged by interposing an opticitl wedge" in the
expanded HeNe laser beam and rotating it at approxi-
mately 3000 rpm.

An objective/relay lens system transports [wilh
magnification (M) = l] the image out of the target
chamber and projects it on the reference reticle (central,
cross, and concentric circles, with the major circle 5
mm in diameter). This reticle is mounted on an x-y
stage for initial alignment, after which it is locked in
place.

Optical Characteristics of the Objective-Relay
Lens System (Fig. 3-13). This M = 1 lens system.
besides being used in our alignment instruments, is the
main optical component of the Sentry system.* The
Sentry system uses (wo Reticon arrays to nonitor the
position of the target up to the time that the laser pulse
arrives. It is interrogated at 200- us intervals, and., if the

target moves, the shot can be aborted. Consequently .
unlike the alignment optics. Sentry cannot be protected
by closing a mechanical shutier before the laser pubse
arrives: theretore. Sentry is exposed 1o the radiation re-
flected and emitted by the fusion target. In addition. the
objective lens and the first relay lens in all the systems
are subject to the vacuum of the target chambers. The
lens system must be located as far away as practical
from the target. be subject to evacuation, and be able
tolerate high optical fluences. The Cooke Triplet design
was chosen for all three lenses because it fulfilled these
busic requirements. plus was a design that permitted
correction of all primary aberrations." The charac-
teristics of each lens are shown in Fig. 2-13: pote that
all of them are standard items. The second and third
lenses are identical. They are mounted tacing each
other in order to minimize aberrations.
Characteristics of the Single-Translating-Field
Instrument (Fig. 3-12).  After the target image is re-
layed (M = 1) out of the target chamber. a zoom lens in
tandem with the TV camera magnifies the target and
reticle image approximately 12 times (M = 12) and fo-
cuses the image directly on the Vidicon face. Under
these conditions, only one edge of the surrogate 1arget
cuan be seen (sec Figs. 3-14 and 3-15). Therefore, to
monitor the centering of the reticle. it is necessary to
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Fig. 3-13. Magnifying optics of the multiple-field instrument: (a)Field of view covered by each one of the cluster’s five lenses on the
object plane. (h)Cluster’s five lenses image field as it is focused on the Vidicon face. Note that the silhouette of the surrogate target shows
on the outside of the central reticle (toward the corners of the TV screen). This provides an unobstruced image field for the central lens,
(c) Longitudinal eross section on a plane at 45° with respect (o the vertical. Two of the four jateral lenses can be seen.
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transiate the zoom lens-TV camera unit and survey the
image plane. The TV camera-zoom lens unit is
mounted on a three-axis. remotely controlled transla-
tion stage. The range of motions for cach axis s + 5
mm. thereby enabling the system ta explore a volume
of 1 ¢em® in the object space when the relay system is
working with M = 1. In addition to these translations,
the Z stage can be displaced a full 50 mm along the op-
tical axis, which changes the available range of mag-
nifications provided by the zoom lens.

The zoom lens is an /1.3 Iens remaotely controlled
in focusing and ooming. with a focal length range
between 15 and 36 .m. This range., combined with the
50-mm translation of the Z stage. provides for a range
of magnifications between M = 2910 M = 2. Since
the power of the object-relay system is My = 1.05, the
magnification range of the cntire optical train at the
image plane defined by the Vidicon face will be My, =
3.05 to My, = 12.6. This range of magnifications al-

3-14

lows viewing of different sizes of surrogates and fusion
targets.

The optical resolution of the system, as deter-
mincd experimentally, is

Ry =5 umto 6 um. h

At raximum power. the resolution is limited by the
optics, while at minimum power the resoluiion is li-
mited by the TV detector. For a 14-in. TV monitor, the
magnification ratio screen/detector is 25.5, so the range
of magnifications on the TV screen is

Myy = 320 to My = 78, 2

Characteristics of the Multiple-Field Instru-
ment (Figs. 3-13 and 3-14). The target image and
the reticle are magnified 7.6 times by a zoom lens after
they are reiayed outside the target chamber. A cluster



Fig. 3-14. Five-lens cluster and feur foldag pr..as. dhe
folding prism on its circular base is mounted directly hehind
the lens cluster onte a common mounting tube.

ol five tenses (our lateral lenses 907 apart on a circle
plus a central lens) views this magnified image and re-
lays it to the surface of the Vidicon. The four lateral
lenses jook at the sithouette of the surrogate target at
four different points. The central objective looks at the
center of the reticle iscc Fig. 3-13(a1 , As citn be seen.
the rays from the tour lateral lenses are folded by four
specially designed prisms so that the image is in focus
and within the available tield provided by the effective
arca of the TV detector. The design is such that the four
images appear o+ the tour comers of the TV screen.
leaving the cearal area free tor viewing the laser fusion
target and reticle centering  crosshair  [see Fig.
3-I3(h)J. By these means, it is possihle to center two
objects of very different sizes (5 mm and 200 pum) with
the desired magnification and accuracy on the same re-
ticle without using any moving parts in the imaging
system. In both systems. the reticle is securely locked
in place after it has been centered. thereby defining a
permanent zero reference for all future surrogate target
and fusion target alignments

The relevant charactertsties of the optical compo-
nents used in the magnifying optics of the multiple-
field instrument are: zoom Iuis /1.5, with a focal
length range between 20 mm and 32 m. The lens is
mounted on a rack-and-pinion focusing mechanism that
permits fine focusing adjustments as well as changes in
power. Tha aerial image projected by the zoom lens on
the object planc of the lens cluster has to he of a definite
size in order for tire lateral lenses to transmit the image
onto the TV detectoi. The variable power of the zoom

Fig. 3-15. Surrogafe target and reticle’s S-mm-diam circle
as seen during the first step of the centering operation, wsing
the single-field instrument.

provides the necessary flexibibits for achieving this
goal, independent of the real object and revicle dimen-
sions. The system can therefore be used with ditferent
surrogate arget diameters o well as difterent reticle
cireles. on the condition that the image size projected
by the zoom lens he of the required dimersions (39 0 2
min).

Axs can be seen in Fig. 3-140 the lens ciuster con-
sists of a central lens (a microscope ohjective of [ - 40
mm working at M = 1.55) and the tour Lateral fenses
(mictoscope objectives of = 368 mm working
M= 1.1,

Experimentally. the optical resolution was found
to be the same as that of the single-field instrument.,
namely Ry = 5 um 10 6 wm. We conclude “hat our
system resolutions are limited by the resolving power
of the optical relay systems.

Practical Results. Figures 3-15 thiough 3-17
are actual Polaroid pictures taken during the test con-
ducted at the experimental sctup Jor the single-tield
translating  instrument.  The  iregufarities i the
sithouette of the surrogate target are specks of dust.

Figures 3-18. 3-19. and 3-20 apply o the mohi-
ple-field system. Figure 3-19 shows the ficlds as they
appear on the television screen when the surrogate
target is centered. An image inversion i introduced by
the lenses in the cluster, and a ghint is returned by the
center of the retlective surrogate target. The image of
the glint appears on the TV sereen when the surrogate
target silhouette is centered on the 5-mm circle within
approximately = 100 gm and converges toward the re-
ticles center as the alignment error goes to zero. thereby
providing an additional aid for alignment. "
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centered. This image is transmitted by the central lens, The
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Fig. 3-20. Laser fusion target (spherical glass sheil} on
center 38§ . Same conditions as Fig. 3-19. byt with the
target retated 90" about the vertical axis.

9. . Campbell and T, Stewart, “The Electronics of the Sentry
Nystein, " teehnical memo in preparation.

10, Warten 3. Smith, Maodern Oprical Enginecring (MceGraw-Hill
Book Co.. New York, 1974).

1. The characieristies and position of the surrogate target glin
were tirst proposed as an alignment aid by T. ). Gilmartin.
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3.2.3 ‘Target Positioner

The target positioner is a remotely controlled
electro-mechanical system mounted on the equator of
the target chamber. Its purpose is to position the fusion
pellet in a predetermined spatial location, with an ac-
curacy of = 5 pum and a repeatability of = 2 um. It
consists of two translation stages and two rotary stages,
all of which are driven by remotely controlled stepping
motors. These stages are mounied on a flange that is
part of the target chamber (see Fig. 3-8). They position
the target on the desired coordinates by imparting ore
rotary and three translational motions to the target
holder. which is the central component of the target
positioner pylon. The pylon consists of three concentric
stainless steel tubes; the central wbe is the target holder
* welf, and carries the mechanism for holding the target.
This central tube can be extracted or inserted into the
target chamber without bieaking vacuum. The motion

along the axis of this tube is defined as the X motion,
and it is radial with respect to the target chamber. This
central tube, or target holder, is longitudinally guided
by a three-wheel trolley, which allows it to slide inside
the intermediate tube, and by a system of Rulon bus-
ings. In turn, the intermediate tube is mounted on a rot-
ary stage (Acrotech 312R), which permits zzimuthal
control of the target’s position (see Fig. 3-6). The rot-
ary stage is mounted on a double-axis translat:on stage
(Acrotech ATS 304M), which provides motion along
the Y and Z axes on a plane perpendicular to the target
chamher equatorial planc. By this arrangement, the Y
and Z motions are imparted to the external tuhe. The
exlernal tube carries the rotary stage that controls the
azimuthal position of the target.

On top of the azimuth control rotary stage is the
mechanism for the X motion. This device is a small
rotary stage (Aerotech 301R), which, through a ball-
nut-screw mechanism, transforms rotary motion into
linear motion in the X direction. These basic compo-
nents are illustrated in Fig. 3-2. As can he seen in this
figure, the main vacuum barrier is a corrugated beilows
that provides the static seal between the translating ex-
tzmal tube and the mounting flange on the target
chamber.

The assembly, made up of the three concentric
tubes, is designated as the target positioner pylon; it
catries a rotary vacuum valve on its free end. Through
this valve, the central target holder is inserte¢ and
extracted without breaking the vacuum in the target
chamber. To do this, the space inside the outer tube is
evacuated through an external line when the rotary
valve is still closed, and the target holder is inserted up
to the retracted position. At that moment, the vacuums
on both sides of the valve are cqualized, so the valve
can then be rotated to the open position and the target
holder extended into the target chamber. Valve rotation
is achicved by connecting bevel gears to an externally
actuated lever with a universal motion shaft. To extract
the target, the holder is retracted into the intermediate
tube, the rotary valve is closed, the internal space
within the pylon is raised to atmospheric pressure with
dry nitrogen, and the target holder is extracted. This
procedure prevents the rotary valve from being actuated
while under vacuum load. To facilitate insertion and
extraction of the target holder (composed of the central
tube and the X rotary stage), a target inserter is attached
to the target chamber. This inserter consists of a car-
riage sliding on two rails. It carries the weight and
maintains the alignment of the target holder with the
rest of the pylon. A system of interlocks and limiting
switches prevents the operator from inserting the target
holder beyond the retracted position until the interior of
the pylon is evacuated and the rotary valve is in the
open position.
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Table 3-1. Target positioner accuracy parameters.
Full range  Drive system RMS systera  Maximum
Range,  accuracy, linearity, Repeatability, . Orthogonality, Runout, linearity, rate,
Parameter mm pm % pm mrad mrad % mm/s
Z transtation + 10 + & 0.02 +2 .25 0.25 0.04 1
Y translation + + 8 0.02 +2 0.25 0.25 0.04 1
X translation* + 15 + 8§ 0.02 +2 .25 0.25 0.05 i
a, rotation v 9 ¢ 1 mrad — + (.5 mrad — 0.25m — 1 deg/s

“The total range of the X translation (For the purpose of inserting and ex*racting the target) is 178 mm; the X range given in the chart

corresponds to the fine adjustnrent runge for final positioning,

A fiexible coupling between the X driving
mechanism and the target holder makes the longitudinal
motion independent of the alignment and concentricity
of the driving mechanism; thus, the X direction is de-
fined solely by the accuracy of the intermediate tube
and busings.

Table 3-1 gives the main parameters of the target
positioner. Once the target is inseried, the central target
holder assembly is locked in place by a system of ex-
centric levers, and the final position is achieved by re-
mote actuation of the stepping motors for each stage
fronit the control room. The desired position is achieved

. when the target is centered on the reticle of the target
alignment and viewing instrument (sce § 3.2.2).
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3.2.4 Shiva Sentry System

The Sentry system ensures that a target will re-
main in place, within certain limits, relative to its in-
tended final alignment position. If the target were to
move. unnoticed, from its intended position and the
twenty Shiva arms were fired, a costly loss of optical
components could occur. Sentry can detect a misplaced
target and abont a potentially damaging shot.

Electronic Design. Sentry is electronically in-
terrogated every 200 us to determine whether the target
has moved more than a preset amount. (Work is con-
tinuing in order to reduce the interrogation period 10 20
ps.) At a convenient time after the target is aligned,
usually several minutes before zero time (laser pulse
incident on target), the Sentry **lock ™ button is pushed.

3.18

When the lock button is depressed, a digital image of
the X-Y cross section of the aligned target is stored in
memory. From that instant on. every 200 us. the stored
image is compared with the real-time target image. If
the two differ by more than a preset amount, the laser
uscillator is prevented from switching out the incident
pulse. A hlock diameter of the Sentry system is shown
in Fig. 3-21.

The X-Y cross section is obtained by using two
Reticon 64-clement arrays, scanned at a 1-MHz clock
rate. The arrays are mounted in the same plane at 90° w0
one another. The video output of cach array is
amplified in the receiver head and sent via coaxial cable
10 the control chassis. A comparator for each channel
with adjustable threshold determines whcther each
video level should be designed a “‘one™ or a ““zero. ™"
When the lock button is depressed. the next scan is
stored in a 64-bit memory array. Each scan thereafter is
compared to these stored data hy latching the contents
of the exclusive OR 'ed output* of the 64-bit memory.
The latched comparison drives an analog summing
amplifier. The output of the summing amplifier drives a
variable threshold comparator. The X and Y outputs are
OR‘ed, and either onc may cause the Sentry to place an
abort signal on the fiber optic transmitter. This signal is
received by a second chassis adjacent to the oscillator
table, where it provides conversion to a TTL (transis-
tor-transistor logic) level that prevents laser oscillator
switchout. A second output provides a monitor function
for the Shiva housekeeping computer.

Mechanical Design. Figure 3-22 shows the
position of the main components of Sentry relative to a
target. The illuminator, directly opposite the imaging
instrument, provides back illumination of the target.
The target image is projected on an electronic detector
at the image plane of the imaging instrument.

*Provided by the exclusive OR circuit if the stored element ditfers
from the real-time element.
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Fig. 3-21, Sentry block diagram.

Figure 3-23(a) shows the main components of the
illumination system. which consists of a light source. a
condensing lens, and a projection lens. The position of
the condensing lens is adjustable over approximately *
38 mm, and the lens holder uccepts one or more lenses
of 42 mm diam. The object of this arrangement is to
form the exit pupil of the illumination optics near the
position of the target and to simultaneously project an

image of the light source on the ohjective lens of the
imaging instrument (with magnificauion = 1. This ar-
rangement assures uniform high-imtensity illumination
and maximum contrast at the image plane.

To avoid overheating the target, the amount of
energy incident on the target is minimized by incorpo-
ration of an electronic shutter. The object of this shatter
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Fig. 3-23. Main components of the il]uminalion system; all units are in mm.

of these components. the debris shietd is made of
material that seflects 1.06-pum light.

The objective/relay optical system s provided
with three stops: a telecentric stop focated at the tocal
plane of the abjective fens. a field stop located at the
plane of the first image relayed by the objective lens.,
and i pupil stop at the pupil plane of the ohjective and
tirst relay lens. This combination of stops reduces the
field of view to approximately 1 em. This field can be
further reduced to ) or 2 mm by properly adjusting the
diameter of these apertures: this minimizes the possi-
bility of stray light reaching the detector, and it may
eliminate any requirement to place a narrow-bandpiss
filter in front of the detector.

Figure 3-24 shows the magnifying optics and the
heam-splitting system. The distances shown are for M
= 3 and focal length = 20 mm: the image distance and
position can be adjusted by sliding the two lateral fold-

ing mirrors tateral adjustmentiz the vertical position of
the image is controlled by tilting the lateral folding
mirrors. These adjustments are done by means of prop-
erly placed screws acting against clastic restraints.

The beam-splitter first folding mirror and the twao
fateral tolding mirrors are mounted on a single base.
This base and the electronic chassis are mounted as a
unit on an externat tuhe boled o the target chamber
through a pointing mechanism. The electronic chassis
is protected by a removable boy that permits servicing
the electronics unit without disassembls from the op-
tics.,
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tolation translormer pachage to the STRIPE estends
this ground to the istrumentation package

Lach STRIPE 1~ unigue in that it can be outfitted
with istrumentation aimed at a particular tpe of data
. there are three STRIPES
on the space Trame tkigs 3 29 through 3230 One is
primarily dedicated to time-integrated experiments, the

recording. As ol this writin

W
4
3

sevond to calorimetry data, and the third w high-speed
transient digitizers. A shift i experimental emphasis
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cap beoresponded o quickhly by cither  changing
CANIAC and or NINIS modules within a STRIPE or by
substitluting o properly outtitted STRIPE. The sensor,

cabling. and STRIPE are cquipped with insul«ting
mounting hardware to prevent additional grounds. The
sensor ground is obtained via the signal or bias cable at

Fig. 3-28.  Dsolation tramsformers.

Fig. 3-29. STRIPE invrumentation: time-integrated
cxpetiments.

Fig. 330, STRIPE instrementation: calorimetry data.

Fig. 3-11.  STRIPE instrumentation: high-speed transient
digitizers.
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the front panel of the module or chassis mounted in the
STRIPE. A cooling system mounted at the bascment
floor level draws the heated air from the STRIPE chim-
ney and exhausts it beneath the basement subfloor,
where it is dissipated into the target room clean air sys-
tem. All other connections to the STRIPES are made
via fiber optic cables; these are discussed under the di-
gital data acquisition system, timing and trigger sys-
tem, and CAMAC sections.

Grounding. In each of the data acquisition sys-
tems designed to date. a single-point ground is used to
minimize low-frequency ground currents in system
cai ling. This means that cach experimental package or
instrumented sensor has to be isolated from any addi-
tional ground path. Electrically isolated vacuum feed-
through connectors have been developed at LLL to ser-
vice sensors within the target chamber vacuum ves-
sel.'® Particular attention has been given to chamber
flange interfaces, where clectrically insulated mating or
mounting surfaces are required. Remote sensors, such
as those mounted on pedestals, are also carefully insu-
lated from their mechanical support stuctures. Tle
single-point earth ground for the STARS is obtained by
running a 4/0 welding cable through a hole drilled in
the target room east wall. This cable is connected to
one of the Shiva building peripheral ground rods. This
provides a single, low-impedance ground path for
STARS. A ground current detector monitors the current
in this single ground cabie. The addition of a ground
from any point connecting the STARS to the building
causes an alarm to sound. This additional ground is
immediately removed to prevent the addition of more
ground paths — paths that become more and more dif-
ficult to uncover.

We have found these precautions to be justified,
particularly in regard to interactions among various ex-
periments. The experimentalists at all of our irradiation
fucilities have been very cooperative with regard to the
importance of maintaining a single-point ground. If a
particular experiment has a ground problem, it is not
connected 1o the instrumentation system until the
problem is corrected.

Timing and Trigger System. The Shiva target
diagnostic system must collect data for each laser target
shot. Proper operation cannot be assured unless the data
acquisition system is accurately synchronized with the
operation of the laser. Two major subsystems control
this timing. The first is called the slow trigger system
and encompasses all preshot times up to 10 us before
zero time. Zero time is defined as the instant the main
laser beams hit the target. The slow trigger system pro-
vides jitter of + 1 us and is synchronized with the
power conditioning processor (L.S1-11) that controls the
laser operation. The second trigger system provides
low-jitter {50-ps) triggers for target room devices dur-

ing the time interval from 200-ns to zero time. This is
the fast trigger system and derives its basic time refer-
ence from the Shiva oscillator table.

Slow Trigger System. The slow trigger system
is synchronized with the LSI-11 via the power condi-
tioning, 50-V Q" bt . (Fig. 3-32). This is acwally a
dual-bus (redundant) system, consisting of bus A and
bus B.

Within the bus interface, two output cards are
“wire ORed"” together to form the output signals to
the initiator transmitter. The initiator tansmitter fre-
quency encodes the timing hit pattern and transmits it to
the system initiator (LEA 77-1305) over a fiber optic
cable. The system initiator decodes the FM optical data
and presents the data to the dual LSI-11 via the
AMAC dataway. The dual LSI-11 then sends pro-
grammed timing commands to the target diagnostics
via the CAMAC serial highway. Note that the system
initiator also provides direct triggers (front panel BNC
connectors) 1o allow direet use of these signals without
using the target diagnostics LSI-11 as a controller.

Initiztor Transmitter (LEA-1332, Rev. A).
The bit pattern presented 1o the initiator transmitter is
negative true logic, with only one bit pulled low at a
time. Only the eight least significant bits are used. The
chassis encodes the bits into the following frequencies:

Time or function

Data bit Frequency (as of May [0, 1977)
7 S MHz ~500 us
6 2.5 MHz =7 ms
5 1.25 MHz Spare channe)
4 625 kHz =2s
3 312kHz Spare channe)
2 156 kHz -120's
] 78 kHz Spare channel
0 39 kHz Link alive (reset)

An internal multiplexer selects either on-line
(power conditioning LSI-11) or locai push-button
input, according to the appropriate front panel
switches. The actual data used by the FM encoder are
displayed in front panel light-emitting diodes. The FM
encoded data are then converted to an optical equiva-
lent by the transmitter half of a serial fiber optic link
(LEA 76-1318). A hard-wired equivalent is also avail-
able for direct connection, using cable with BNC con-
nectors.

Fast Trigger System. The trigger system within
the Shiva target room is designed to provide stable
timing triggers to various devices, including the
STARS and STRIPES systems. Therefore, in addition
to providing fast rise-time triggers, the trigger system
must not violate the single-point ground constraints.
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Normal heam diameter
and position

11-1/4-in. square

-- Fresnel lens = 16-in. focal length,

Fig. 3-33. Trigger box caompanents.

f 50% splitter

Al

Trigger
PIN
photodiode

Pasition-sensing PIN
nhotodiode (PIN-5¢/25)
{not at focus)

o ]

(PIN-we 250 pravides XY position crror information
that enables a closed-loop control system to center the
beam on the Fresnel lens.

Fast Trigger Signal Flow.  The trigger photo
diode (NIRD-S00) signad is simplitude diserinvinated by
an FOGRG T TOS N tast discriminator and then distri
buted 1n one of two formats: o tastrise electrical pulse
ot Last optical pulse. “The electrical pulse is used tor

stieak cimeri iriggers in situations where adjustable

ger line is cumbersome. An
LEE designed module 1LEAT7-12360 provides cight
100N vutput triggers from the T-105 N output.
Another LLL designed madule (LEAT77-13551 pro-
vides cight optical triggers 1o tiber optic cable for dis-

"

tribution to all other target diagnostios. The optical out-

aptical delay o tng

put s generated by Liser diodes ar an 850-nm
wanelengthe which is compatible with Tow Toss over
many types of fiber optic cable. The aptical vable ter
minates in i CANMAC module tLEA77-1354) that con-
verts the optical pulse to an electrical equivalent. which
is then used within cach isolated istrumentation rach.

One of the optical triggers also terminates in the
master CANAC crate and allows the last computer
interrupt to signal the digital data acquisition systenn to
acquire shot data.

Position-Sensing Photodiode — Bullsi, A <
ond photadiode with Tour XY oatpuis s also nounted
in the trrgger hov The towr XY outpais are separateh
integrated by o Lectoy 22490 CANAC oy
erating anatog-to-digital converter This CANIAC

¢omnie

modude is mounted o CANINC crate e an adjacent
rach. complete with o crate conteoller oRS 391 A
ST microcomputer. and an XY sisible displa
(b 334

The LSEIE provides computanon and contol
abilities that allow true beam positon caliulations
After acquiring the digriized data trom the 2249\ the
LSI- 17 caleulates the toffosw g values

U Db
Mo ( —) ‘K

T (l—lR—) k.

where Vo and Hoare vertical aind harizontal beam

4

position errors: U Do b oand R are position detector
R:iand K is o
proportionalits constant thar scales to stepping motor

integrated outputs. 0 U < b - L
rotation.
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Fig. 3-34.

Fast trigger system.

The results of these caleulations are used in two
wity s, First, the numerical values Vi, and Hegpe are
available tor closed-loop control of the stepping motors
of the last trigger heam pointing mirror. Second, the
mugnitude of X, Voo and Hpp,e are compared to vid-
ues nranually preset in a CAMAC manual switch re-
gister. Overflow of the 2249 A/D converter is also
cheched. The result of these comparisons is displayed
on a local panet called Bullsi Display .

Bullsi Display. This display  panel  provides
status information in the event that manual heam posi-
tioning or intensity control is desired. An array of
light-emitting diodes provides visual indication of ap-
proximate beam position on the X-Y photodiode. In-
tensity overrange and underrange conditions are dis-
played to allow rough manual adjustment with neutral
density filters.

330

CAMAC. Foltowing its introduction o the
Tanus target irradiation facility in September 1974,
CAMAC has been used more extensively at each sue-
ceeding fucility. Shiva, therefore. represents our most
extensive use of CAMAC for target diagnostics in-
strumentation. We have developed several CAMAC
modules specifically for the instrumentation of fusion
experiments. Table 3-2 summarizes these modules.

The fiber optic link (LEA 76-1318) contains an
optical transmitter and receiver and is used as an inter-
face between the CAMAC crate and the fiber optics se-
rial highway. It is powered by the CAMAC crate. At
lease one of the crates in every STRIPES package con-
tains this module.

The system initiator (LEA 77-1305) receives the
frequency-encoded timing signals from the initiator
transmitter (see Special Packages) and serves as an



Table 3-2.

CAMAC module summary.

Module name

LEA No.

Fig. No.

Madule
width

Purpose

Fiber optic link

Fiber optic VO
register

Fiber opticy
trigger generator

Programmuble sensitivity

charge integrator

Programmable gain
amplifier

76-1318

77-1308

77-1308

77-1354

77-1260

77-1260

3.38

3.37

A4

Single

Triple

Doubie

Single

Double

Triple

Alloves serizl fiber
oplic communications
hetween erates.
Provides timing signal
10 the data acquisi-
tion system inferfaces.
Flectramechanical
devives 1o the
CANMAC dataway.
Provides fast rise-
time trigger for
R-7912" vte.

Ripolar integrator
with programmauble
itin. amatlog to digital
inchiuded, 4 chiannels.
Gain ot 1. 1, 100, or
0 progranmable, bi-
polar 16 channels.
10-} output.

Fig. 3-35.

Fiber optic link.

Fig. 3-36.

System initiation,
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Fig. 3-37.  Fiber optic 170 register.

Fig. 3-3%.  Programmable sensitisity charge integrator,

Fig. 3-38.

Fiber aptic trigger generator,

Fig. 3-40. Programmable pain amplifier.
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interface between the transmitter and the CAMAC
dataway. This module determines what function the
data acquisition system [under the software control of
the target acquisition, control, and instrumentation
system (TACAI)]”‘ is performing.

The fiber optic /O register (LEA 77-1308) was
designed to serve as an interface for a wide varicty of
electromechanical devices. In the present Shiva sys-
tem, this module is responsible for opening the camera
shutters in the STARS area and can also be connected,
through inexpensive plastic fiber optic cable, to the 15
shutter control boxes mounted on the target chamber
space frame. Each module has four outputs (LEDs) and
four inputs (phototransistors). This module connects
the electrically clean environment of the STARS or
STRIPES to eclectrically noisy control and monitor
areas (sce Special Packages).

The fiber optic trigger generator (LEA 77-1354)
receives trigger signals from the central trigger system,
via fiber optics, and converts them to an electrical pulse
for driving oscilloscopes. transient digitizers., and other
instrumentation modules. This generator module also
defines zero time for the data acquisition software via
the serial system mother crate. The module will also
provide an output trigger signal under software control.
which is useful for dry run and baseline functions.

The programmable sensitivity charge integrator
(LEA 77-1260) contains four bipolar charge integra-
tors. The sensitivity of each of the four integrators is
independently and digitally programmable in eight
steps from + 150 pC to * 5 x 107 pC full scale (150,
500, 1500 . . . 500,900). Resolution is 13 bits (12 bits
plus sign). Data are latched in data registers until a read
command is received. A status register contains sen-
sitivity settings for each channel. The sensitivity setting
of cach channel is displayed by front panel LED’s. In-
dividual bias connectors at the rcar panel permit the
voltage biasing of sensors, using the signal cable
(= 200 V maximum). When used with photomulti-
pliers, each bias connector (BNC) should be terminated
by a short circuit or 50 €.

The programmable gain amplifier (LEA 77-1317)
provides 16 channels of bipolar amplification at digi-
tally programmable gains of 1, 10, 100, or 1000. Each
of the 16 channels can be independently programmed,
and the module contains a status register from which
the gain settings can be verified. The gain setting of
each channel is indicated on front panel LED s as well.
The module has a 3-dB upper cutoff frequency of 0.84
Hz. It is intended to be used as a part of the calorimeter
instrumentation system, consisting of this module, a
calorimeter digitizer, a power fanout box, a gain-of-
1000 preamplifier, and associated cabling. The overall
calorimetry instrumentation system block diagram is
shown in Fig. 3-41. The power fanout box and

gain-of-1000 preamplifier are discussed under Special
Packages.

The digital data acquisition system software
(TACALI) controls the dual or tandem LSI-11 package.
It was written by J. Greenwood, ). Ozawa, and S.
Lacy.

Special Packages. The gain-of-1000 pre-
amplifier power fanout chassis (LEA 77-1358, Fig.
3-42) serves as the interface between the programmable
gain amplifier CAMAC module (LEA 77-1317) and the
gain-of- 1000 preamplifiers (LEA 77-1265). The entire
calorimeter diagnostics system is shown in Fig, 3-41.
This svstem provides a means of centrally collecting
the signals from 16 calorimeter channels. A single
multiconductor cable connects the 16 preamplifier
calorimeter signals to the CAMAC module. The d¢
power to operate each preamplifier and the output sig-
nal of each preamplifier are combined on individual
multiconductor shielded cables. The power fanout box
is mounted at a central location as close as practical to
the 16 preamplifier modules it is servicing. Ferrite
cores in the dc power leads help prevent the occurrence
of interfering ground currents between channels.

The gain-of-1000 preamplifier (LEA 77-1265,
Fig. 3-43) amplifies the raicrovolt output signal level of
the calorimeter module to millivolt levels before it is
sent to the power fanout box. This maintains a high
signal-to-noise ratio at the point where the programma-
ble gain amplifier CAMAC module receives input. The
preamplifier is mounted directly onto the hermetic
target chamber feedthrough connector and is isofated
from it by means of a special busing. Its design was
optimized for low-level (microvolt) input and has a
3-dB upper cutoff frequency of 0.84 Hz. Small ferrite
beads on all power and signal leads protect them from
radio frequency (rf) interference. (The rf interface can
be rectified by the diode junctions in the integrated cir-
cuit chip. Rectification causes dc offsets.) The
preamplifier is cigar shaped so that several can be
mounted side by side. (The box calorimeter requires 26
preamplified channels.)

The shutter control chassis (LEA 77-1370. Fig.
3-44) serves as an interface between those control
functions requring closures, ac, or dc power, and the
instrumentation system. This chassis opens camera
shutters of conventional oscilloscope systems. It re-
ceives system timing signals via inexpensive fiber op-
tics cable connected to one output of the fiber optic 1/O
register (LEA 77-1308). System software provides the
proper control function codes to open the camera shut-
ters at the correct time and for a specific duration.

The initiator transmitter (LEA 77-1332, Fig. 3-45)
receives signals from the system initiator CAMAC
module via fiber optics {LEA 77-1305). It provides
overall timing information by means of a frequency-
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CAMAC crate in STRIPES package

Programmable Transient
gain amplifier digitizer

Calorimeter/heater

Gain-of-1000

|

16 channels
-3 amplified

Calibration heater
current input (16)

AAA preamplifier

Gain-of-1000

16 cha:inels fanout ’
o [
®

Power

M preamplifier

Each cable carries: .
@ p_ream_'plifievd calorimeter output signal,
® preamplifier dc power,

® heater calibration wires.

Fig. 3-d41.  Calorimetry instrumentation system block diigram.

AC input
power

modulated optical pulse. At the Shiva facility, the
transimitier is mounted in the basement in the system
intertock racks, and a fiber optic cable carries the fre-
quency-modulated optical signal to the STARS area,
where it is connected to the system initiator in the
mother crate.

The laser diode trigger transmitter {LEA 77-1355,
Fig. 3-46) is used to change fast NIMS-type electrical
pulse amplitudes into light outputs, which are then
propagated. via fiber optics. for the purpose of trigger-
ing STRIPES packages.
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Summary. The system described above is now
installed and operational. Additional CAMAC modules
are now being fabricated to increase the number of
available data channels. In addition, many Shiva fea-
tures are now being transferred to the Argus facility;
this will greatly enhance the Argus target diagnostics
capability.
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Fig. 3-42.  Gain-of-1000 preamplifier power fanout.

Fip. 3-43.  Gain-of-1000 preamplifier

Fig. 3-44. Shutter control chassis.

Fig, 3-45. Initiator transmitter.
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Fig. 3-46. Laser diode tripger transmitter.
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3.3 Diagnostics Development

To adequately dingnose laser fusion experiments,
our “echniques and instruments must be able to measure
a w.de range of physical phenomena, with spatial and
temporal resolutions on micron and picosecond scales.
The experimental understanding provided by accurute
diagnostics of both the lasers and the targets is essential
for detailed comparison with predictions of 1arget de-
sign code caleulations. Although we have made sig-
nificant progress this year, there is still much work to
be done before we can approach one of our primary
goals: a diagnostics capability of 1-gm and 1-ps reso-
lution. An additional goal is o develop a diagnostics
syviem that can provide complete data sets on cach
shot, rather than relying on sampling data over a
number of experiments. A further goal is to directly
link our instruments with the computer-aided data ac-
quisition and analysis systems at the laser facilities.

The development and application of new diagnos-
tics have continued to be significant aspects of our pro-
gram. Table 3-3 summarizes the advances in our high-
resolution diagnostics capability this year. The under-
lined values identify those areas in which significant
improvement has occurred during the year.'? In the op-

Table 3-3.  Summary of diagnostics capability.

At = 6 ps tinfrared)
= 18 ps (X Fay)
Ax = 1 um {ultraviolet, visible; time-integrated over signal

duration.)
3 um (X ray, time-integrated over signat duration)
= 6 um (X ray, 15-ps time resolution)
50 0 (125 ps, full frame)
= 3 pm i particles)

0 eV ~ ho ~ 100 keV (time-integrated over signal duration)
< bi +* 20 keV (15-ps time resolution)
hv - 1.5 keV (- 200-ps time resolution}
b < 1P em® (15-ps exposure)
B_ - 10T (15-ps exposure)
Athw) = i eVat | ke
AE ~ 25 keV for 14-MeV neutrons, 3.5-MeV « particles
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tical diagnostics area, we have begun to transter our
ultrafast streak camera fabrication o a commercial
vendor. Continuing work on obtaining a more detailed
understanding of streak camera performance. from the
point of view of dynamic range and the influence of the
details of effective aptical gain of the image intensifiers
on overall performance. is discussed in an accom-
panying subsection. Although there are no specific sub-
sections this year describing developments with x-ray
streak cameras and framing cameras, significant work
has been done in both arcas. Our cfforts with x-ray
streak cameras have concentrated on improving photo-
cathode designs and fabrication techniques and on the
use of cameras in the experimental program. Framing
camera progress has been steady in a year of design and
fabrication eftfort on prototype scaled-off visible light
and x-ray sensitive tubes.

Significant progress in the development of active
imaging systems that use charge-coupled devices is re-
ported in a detiiled subsection. Applications for visible
and infrared imaging. as well as for active readout sys-
tems for streak and framing cameras and  high-
bandwidth oscilloscopes. are being pursued. These ap-
plications will allow a direct intertace between the
diagnostics and computer-aided data acquisition and
analysis systems. thereby providing immediate acqui-
sition, analysis, and display of image data on experi-
ments. Our expanded capability for making altraviolet
probing measurements of parameters in laser-produced
plasmas is summarized in a tollowing subsection. The
design and implementation of comprehensive energy
balance diagnostics modules for Shiva target experi-
ments are discussed. These modules combine several
important diagnostic elements in a single. convenient,
calibrated pachage that can be mounted on ut target
chamber port.

New x-ray diagnostics systems are described in
detail. A ciffraction crystal imaging scheme has been
devised with application for mapping the spatial dis-
tribution of selected x-ray line emissions. The low
photon energy range of the x-ray spectrum can now be
diagnosed with new windowless x-ray diodes config-
ured in a system that has abowt 200-ps time resolution.
This system. Dante. provides absolute x-ray data in the
region below 1 keV photon energy. Broadband x-ray
flux measurements have become casier to make with
the implementation of a special fast x-ray diode that has
a flat, broadband spectral response. The diode is essen-
tially a Fast. flat, x-ray calorimeter. High-energy x-ray
diagnostics (tens of kilovolts) have been improved by
the design and development of a multichannel filter
fluorescer diagnostic system; this system is a signifi-
cant improvement over transmission filter spectrometer
systems in terins of defining high-energy x-ray spectral
channels under i broad range of conditions.



Progress is reported in the development of a more
complete. detailed descrip.!on of the design parameters
relating to the performance capabilities of the crossed-
cylinder (Kirkpatrick-Baez) x-ray microscopes. Im-
proved designs for microscopes have resulted from this
effort. Detailed considerations and tolerance calcula-
tions, and their performance trade-offs, are reported
separately for the axisyminetric hyperboloid-ellipsoid
(Wolter) x-ray microscopes. The development and ap-
plication of a new x-ray point source designed to be
used for evaluation, alignment, and calibration of x-ray
microscopes are discussed. Advances in our zone-
plate-coded apertuie tmaging capability via higher
order image reconstruction techniques are included in a
subsection in § 6 of this report.

Neutron diagnostics systems have been designed
and implemented at the Shiva facility. The develop-
ment of automated systems that measure neutron yield
and neutron time-of-flight spectra to determine fuel ion
temperatures is progressing on schedule. Extensive
work has been carried out on the development. testing,
and calibration of radiochemistry diagnostics for
measuring the density-radius product pR of imploded
target pushers. The results will be used to infer the fuel
pR. The systems for collecting the target residue and
for high-efficiency nuclear counting of the activated
material are discussed in detail in an accompanying
subsection.

Finally. the unique dual-microcomputer-based
system for Shiva Target data Acquisition, Control, And
Instrumentation (TACAI) is discussed. The new
TACALI softwase system is described, and the overall
scope. capabiliiies, and operation of the system are de-
scribed.
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3.3.1 Energy Balance Measurements for Shiva

A basic goal of any energy balance measure-
ment scheme is to map the energy components in
space, time, and energy. Shiva has been designed
to start with 27 energy balance modules (EBM)
placed along four longitudes, which have nearly
equal meridional spacing (Fig. 3-47). The basic
configuration of the EBM, shown in Fig. 3-48, con-
sists of a 1.06-um scattered light photodiode,' a
broadband light calorimeter (LC-21), a Faraday

cup to measure the ion spectrum, and a plasma
calorimeter (LC-27). The EBM may also have
either a 7118-A or a 5345-A tuned photodiode to
measure the (3/2)w or 2w scattered light. In addi-
tion, the EBM also allows the inclusion of either a
plasma sputtering-loss calorimeter (L.C-26) or an
x-ray calorimeter (LC-29). The x-ray calorimeter
requires incluzion of a valve and quick-disconnect
flange to allow frequent filter changes. Behind all
the calorimeters are preamplifiers that boost the
signal above the ambient noise to provide unam-
biguous data. In front of the EBMs aluminum base
(Fig. 3-49) is a tantalum x-ray shield to protect the
diagnostics {rom direct and Compton-scattered
X rays. An aluminum cover envelops the EBM for
protection from the high-background EMP (Fig.
3-50).

The amount of light absorbed by a laser fusion
target can be determined either directly by measur-
ing the total energy of the laser-target interaction
products (particles and x rays) or indirectly by cal-
culating a balance between incident and scattered
light. The light energy balance method requires
measuring the incident laser energy. the energy
scattered back into the focusing optics and the
energy scaltered in the balance of 4o st around the
target.

The latter measurement is best accomplished
using an all-enclosing calorimeter such as the one
shown in Fig. 3-51. This is called the Shiva box
calorimeter, and it completely surrounds the target
except for the holes provided for target insertion
and passage of the laser light. 1.06-um radiation is
internally transmitted through a shield of WG 280
glass that stops particles and x rays with energies
below 15 keV (which is most of the x-ray energy).
The light is absorbed in an adjacent aluminum-
backed BG I8 glass slab. The resulting temperature
rise is measured with a series of thermocouples that
have been calibrated by reference to a massive heat
sink. Built-in electrical heaters are used to calibrate
each of the panels. Most of the 47 srscattered light
energy can be calculated by summing the 24 pancl
outputs; or the separate outputs can be used to
determine the spatial dependence of the scattered
light.

Photodiodes. For monitoring the spatial and
spectral distribution of the scattered light, each
EBM has two silicon PIN photodiodes with special
filters and housings (Fig. 3-52). The EBM has a lead
glass window and black Delrin retainer that allows
rapid replacement of the diode p=ckage without
breaking vacuum and also provides elecirical isola-
tion. The Heavy-Met housings block Compton-
scattered x rays up to 300 keV. The initial filter is a
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Fig. 3-47. Shiva startup energy balance diagnostics.

75% lead glass that blocks x rays up to 300 keV.
The next filter is a neutral density filter that keeps
the photodiode output in the linear range. One of
each EBM’s photodiodes is always tuned to the
1.06-um scattered light. The next filter for that
particular photodiode is a 200-A FWHM bandpass
filter, flat to 55 over the 100 A centered at the laser
wavelength. The second of each EBM's photo-
diodes is tuned either to 5345 or 7118 A. The 2w and
(3/2)w light, parametrically generated within the
plasma, is observed to be quite broad and red-
shifted from its nominal frequencies by an average
of 25 A. Thus, the normally 5320- or 7093-A
spectral filters are tuned to 5345 and 7118 A. Along
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with the 5345- or 7118-A filter is a color filter and a
250-A FWHM bandpass filter. The scnsitivity of
the resulting photodiode assemblies to wavelength
is 0.18%/A. Each photodiode is biased at 45 V by a
special charge amplifier so that the charge collec-
tion from the intrinsic region is almost total. The
photodiode’s signals are digitized and transmitted
along the CAMAC scrial highway to the diagnostic
computer system, where they are recorded.
Scattered-Light Calorimeter. The LC-21
scattered-light calorimeter (Fig. 3-53) is a miniature
version of the LLL laser-beam calorimeter. A
wedged lead glass window transmits the 1.06-um
radiation but stops particles and all but the most



) LC-26 calorimeter
A— '
iﬂﬂ’_‘_—:ﬁliﬂlﬂ

LC-21 calorimeter - .
: /— ' s Valve assembly /-—LC-29 calorimeter

Sectfon X:'

7 0 il

LC-21

ey Lo meoaheana s,

Section X—-X

\— §..n. oz \z—m
Baffle, Housing : \ .
MP cover

Section Y-

/—PIN photodiode, TAB-01

Section Z

View V=V

Fig. 3-48. Energy balance module — basic configuration.




Fig. 3-49.

Energy balance module.

Fig. 3-50. Shiva EBM installation.
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scattered 1.06-pm radiation. The compensating ab-
sorber receives only the (sume smatl fraction) scat-
tered laser light. Compensation is performed
electrically.

Euch absorber has a built-in heater for calibru-
tion purposes. Moreover. a sphit-beam CW VAG
laser system and a timed shuiler are used to verify
the fraction of 1.06-um radiation absorbed by euch
receiver: this determines the precise value for the
resistors in the compensating circuit.

The calorimeter output signals are ampliticd by
a preamplifier contained in the EBM, digitized, and
then recorded by the diagnostic computer system.

The 1.C-26 sputtering-loss calorimeter (Fig.
3-55) receives the flux on a similar aluminum disk: a
thin aluminum cylinder in front of the disk inter-
cepts approximately 85% of the reflected and sput-
tered particles to determine the effective absorp-
tion efficiency. The L.C-26 corrects LC-27 results
for sputtering losses and replaces the LC-29 in
selected locations.

Window, wedged

Thermoelectric module
Y v Resistor

i

—/ ' Z.lan:ket

Disk, receiver Base block

Fig. 3-54. LC-27 plasma calorimeter.

X-Ray Calorimeter. The 1.C-29 (Fig. 3-36) 18
a differential x-ray calorimeter. A valve in front of’
the calorimeter and a quick-disconnect flunge allow
rapid replacement of a thin Paralene or Formvarion
shicld. (Plasma energy is rejected by the thin
Paralene filter.) One of the two receivers has a lead
glass window over the receiver: thus, it receives
only a negligible amount of very high energy x rays
but all the scattered light. The second receiver has
no cover and thus measures both light and x rays.
The differential signal is the x-ray signal amplified
by an attached preamplifier and then digitized for
processing by the diagnostic computer. Calibration
is accomplished with built-in heaters.

Thermoelectric
module
Window, wedged /-Reswtor
- 0

Aperture plate \ \‘Base block
Receiver disk

Cylinder

Fig. 3-55. LC-26 plasma calorimcter.
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Fig. 3-56, LC-29 x-ray calorimeter,
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Fig. 3-57. Faraday cup.

Faraday Cup. This charge collector (Fig. 3-57)
uses two unconventional techniques to suppress
secondary electron contribution. In addition to a
67.5-V bias used to reject secondaries, a diamet-
rically polarized ring magnet surrounds the body to
keep the secondaries produced internally within a
specially designed deep cup. The elimination of
secondary electrons keeps the data unambiguous, a
necessity since there is some question as to the
electrons’ contribution. Output is digitized and
recorded by the diagnostic computer facility.
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Author

S. Glares

342

3.3.2 Ultrafast Streak Camera Technology

The S-1 photocathodes used in streak camera
image converter tubes gradually decrease in sen-
sitivity at a wavelength of 1.06 um. This decrease
has continued to be a problem during FY 77.'" We
have made measurements on our inventory of
streak tubes (many of which are in cameras), and
representative data show that a problem does exist
(Fig. 3-58). Note that in Fig. 3-58 sensitivity does
not improve with later manufacturing dates: tubes 6
and 7 were made in late 1977 and tubes C11 and C15
were made in August 1974. Efforts are underway to
attempt to identify and solve this problem.

ITT has produced a developmental, electro-
statically focused image-converter tube for our
camera, using processing and construction tech-
niques that are generally different from those used
by other manufacturers of similar tubes. The tube
has an acceptable dynamic range (in excess of
2500), but evaluation of other parameters is not yet
complete.

We have evaluated the three types of image
intensifiers used on our streak camera in terms of
their effect on the camera’s dynamic range.
Dynamic range is defined at the upper end by the
point at which output pulse width is broadened by
10% and on the lower end by the system noise,
usually film fog. The dynamic range has been
measured as high as 7800 on one camera.?® The
camera in that particular evaluation was equipped
with a Galileo microchannel plate image intensifier,
which consists of a bialkali photocathode and P-11
phosphor. It had an effective film gain 2 to 3.5 times
higher than that of the microchannel plate intensi-
fiers we now use. The higher gain is due to the
differences in the photocathode and phosphor
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Fig. 3-58. S-1 cathode streak tube inventary,

spectral matching characteristics. Figure 3-59%a)
shows a dynamic range curve whose data points
were measured by using an I'TT microchannel plate
image intensifier, which consists of a bialkali
cathode and P-20 phosphor. In the latest ITT inten-
sifiers, the photocathode spectral sensitivity peak
is shifted more toward the blue P-11 phosphor peak
of the streak tube than the one used for the curve of
Fig. 3-59(a), resulting in a calculated '‘effective
gain on film™" increase of 1.7 times, which would
increase the dynamic range nearly proportionately.
With the same camera using an EMI, four-stage.
magnetically focused intensifier (these were avail-
able when microchannel intensifiers were not),
the dynamic range is 940 [Fig 3-59(c)]. Again with
the same camera, using a Varo three-stage electros-
tatically focused intensifier (which is inexpensive
and available but has very severe shading and dis-

tortion problems). the dynamic range is 400 {Fig,
3-5%bil.

The above dynamic ranges are all adequate for
film recording, but when the output sensor is the
much-less-sensitive linear self-scanned Reticon
array system.?' only the microchannel intensifiers
can be used and even some of these are marginal.
However, some selected microchannel intensifiers
can operate for very short (100-zes} times at a gain of’
three to ten times the rated gain without damage.
Operation in this mode has increased the dynamic
range of our newly manufactured prototype Reti-
con readout camera system to that limited by the
Reticon array itself. Figure 3-60 shows that the
dynamic range of such a camera is in excess of
3000. This camera is now in use on the Shiva oscil-
lator and has the prototype Reticon array readout
system. The intensifier is a 25-mm ITT tube that has
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a 40- to 25-mm fiber optic minifier coupling it to the
streak tube. Thus, the streak camera is equipped
with the same 40-mm readout aperture as the other
intensifier systems. Insertion loss for the minifier
was very small: the intensification from the area
reduction is offset by the additional surface inter-
face and fiber losses.
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3.3.3 CCD Active Imaging Systems Development

The success and continuity of laser fusion ex-
periments depend on the prompt processing of in-
formation obtained from crucial diagnostic instru-
ments. Solid-state sensor arrays are natural candi-
dates to replace film in areas where active imaging
and concomitant direct computer processing are
important. Since our last report,*? we have made
significant progress in characterizing the require-
ments of active image sensors in ultrafast streak/
framing camera CRT readout devices and in 1.06-
pm spatial-imaging applications.

Streak/Framing Camera Readout. The ultra-
fast streak camera is still the only comprehensive

diagnostic tool presently available to study the
picosecond temporal profiles (with one dimension
of spatial resolution) of electromagnetic radiation
pulses in laser fusion experiments. Experimental
programs on large laser systems require streak
cameras to monitor and measure the properties of
the laser pulses, and to perform a variety of target
diagnostic measurements. The need for a fast quan-
titative and computer-interfaced streak camera
readout system becomes self-evident.

We have investigated two methods of using
solid state sensors as streak camera readout de-
vices. The most obvious method is the direct re-
placement of the film with a solid-state sensor. The
second, more comprehensive and more ambitious
technique is to replace not only the film, but also
the phosphor and image intensifier, by placing the
sensor array internal to the streak tube. In this way,
the sensor will be detecting electrons rather than
photons, and the gains of the phosphor and image
intensifier will be replaced by the electron multipli-
cation gain of the sensor. The advantages of using
such an internally placed sensor are. first. the
realization of the cost savings in the omission of the
image intensifier and. second. the decrease in the
total component count.

To identify the important sensor parameters
necessary for an internal readout device that can be
used in a streak camera, a list of minimum sensor-
related camera characteristics must be determined
(Table 3-4). These camera characteristics in turn
may dictate many of the required sensor’s electrical
and mechanical properties.

We initially concentrated on studying the
front-illuminated Fairchild 202 charge-coupled de-
vice (CCD) and the back-illuminated RCA 52501
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Table 3-4. Sensor characteristics for streak camera readout.

Minimai desired streak camera characteristics

Minimal desired sensor characteristics

Temporal resolution =10 ps
Dynamic range =100
Transfer function (gamma) 1.0
Spatial resolution =100 um
Resolution elements ~100

Dynamic range =100
Transfer function (gamma) =1.0
Number of cells (streak direction) =200
Sensor cell size <50 um
Seasor length (streak direction) =10 mm
Electron pain <1000
Saturation charge/well =10% e
Operating lifetime (exposures) ~10%

CCD for e-beam evaluation. The 202 was chosen
because of its large photon dynamic range
(~1000)** and because of the availability of the
larger 221 chip that satisfies the physical length
requirement of 10 mm in the streak direction. The
RCA 52501 CCD, although it has a smaller dynamic
range (>100), offers the advantages of large chip
area (9.8 x 14.6 mm) and electron illumination
through the back of the chip: this minimizes the
important problem of electron-induced damage of
the SiO, layer within the CCD structure.

Figure 3-61(a) shows e-beam experimental re-
sults, using the Fairchild 202 CCD in the front-illu-
minated mode. The energy of the electrons in the
experiment was 17 keV. The graph in Fig. 3-61(a) is
aplot of the 202 CCD output in electrons per well as
a function of the number of incident electrons per
pulse. The electron intensity is monitored by a
phosphor/intensifier combination via both a PM
tube and Kodak Royal-X-Pan film (processed to
ASA 2000).** The CCD output charge is measured
at the 202 CCD’s reset drain (RD) terminal by a
model CI-110 Eldorado charge integrator.

The correspording data for the RCA 52501
CCD are given in Fig. 3-61(b). The graph is a plot of
the back-thinned (~10 m thick) and e-beam back-
illuminated (6 keV) RCA 52501 CCD output as a
function of the intensity of the input electron beam,
which is again monitored by the phosphor/intensi-
fier unit. The data were obtained at room tempera-
ture, using the video output of modified RCA CCD
camera electronics.

Because of the relatively large number of dis-
locations (traps) in the silicon crystal lattice at the
surface, a surface channe: CCD, such as the 52501,
requires a bias charge. The function of the bias
charge, called a **fat zero,"" is to fill the traps so that
the signal electrons propagating down the CCD
channel are, on the average, not trapped by the
silicon defects. This fat zero bias was introduced
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with light from the front side, illuminating both the
image and storage areas.

For the Fairchild 202 CCD, the fat zero bias is
not necessary because it is a buried channel device.
The signal electrons are propagated below the sur-
face of the silicon crystal, where the trap density is
many orders of magnitude below the surface trap
density. The Fairchild 202 CCD has superior dy-
namic range because of the combination of the
buried channel technology and the on-chip low-
noise amplifier.

Two important parameters that affect the per-
formance of a streak camera equipped with an in-
ternal CCD sensor are the sensor’s dead voltage
and operating lifetime. A dead layer is a region in
the sensor that dissipates the incident electron's
energy without generating useful signals. The
amount of wasted energy can be measured by plot-
ting the sensor’s gain vs input electron energy. The
input electron energy value that yields a zero out-
put signal is the dead voltage associated with the
sensor’s dead layer.

The effect of the dead voitage on the total
operation of the tube containing an internal sensor
can be understood by expressing the relationship
between the incident electron energy E, the dead
layer energy E;,. and the sensor gain G:

= E e E])
3.66

G 3)

If the dead layer voltage is large, i.e., 30 keV, the in-
cident electron energy required to produce reason-
able sensor gain (~ 10") may make proper operation
of the electron tube impossible. Figure 3-61(c)
shows the plot of the absolute electron gain of the
front-illuminated 202 CCD and the back-illumi-
nated RCA 52501 thinned CCD as a function of the
input electron energy. The input electron charge is
measured in a Faraday cup, and the output CCD
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charge is measured at the reset drain of the respec-
tive CCD, using the Eldorado CI-110 charge in-
tegrator.

One of the associated properties of the dead
layer for e-beam front-iluminated CCDs, such as
the Fairchild 20Z, is the operating lifetime. From
its construction and tiic manner of electron illumi-
nation (i.e., front), we know that the dead layer con-
sists of the Si0, insulator of the CCD. The sensor’s
operating lifetime is impaired because of positive
charge accumulations at the Si-SiQO, interface.
These positive charges are generated through elec-
tron/hole pair production within the SiO, layer by
the incident electrons.

The lifetime of the sensor can be determined
by measuring the sensor’s sensitivity to clectrons

as a function of the total accumulated electron
dosage. We have chosen to measure the input elec-
tron radiation dosage units in terms of the number
of input electrons (at a particular input electron
energy) required to create a full well saturation out-
put of an undamaged sensor. Figure 3-61(d) shows
the electron damage results of a cooled 202 CCD
and of the uncooled thinned RCA 52501 CCD as a
function of the number of full well electron shots at
17 keV for the 202 CCD and at 6 keV for the 52501
CCD. The incident clcctron energies are chosen
to produce an approximate electron gain 01000 in
both the Fairchild and RCA CCDs [see Fig. 3-61(c)].

One of the most important characteristics of
an ultrafast streak camera is a large dynamic
range. A technique for determining th: dynamic
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range is to measure the flux ratio between the satu-
ration level (~10% electron/well) and the signal
level when the latter is equal to the noise (i.e..
when S/N = 1). The expression for the S$/N ratio of
an e-beam illuminated sensor is given by*

(:—'_) — <N <geod> ,(4)
Nt [<Roeg™> 0% + <N> e + il
where

(-§> = $/N ratio for a single cell,
cell

<n,.> = average number of input electrons per
pulse per cell,

<g..q> = average electron multiplication gain
of the sensor,

. = variance of the input electrons,

Feeq = variance of the CCD gain,

o gark = Variance of the CCD dark output (dark
current, fat zero bias, and electronic noise).

Figure 3-62 shows the theoretical relationship
between the sensor gain and the dynamic range for
both the RCA and Fairchild CCD sensors. Four
assumptions are used to obtain the curve:

® Both sensor gain variance o..q and input
electron variance &, obey the Poisson distribution
(i.e., 0% g = <g>q and o = <n>).

® The maximum number of input electrons per
cell is 1000. The 1000 electrons/well per pulse value
translates 1o a photocathode current density of 10
mA/mm? for a 10-ps temporal resolution.

® For simplicity of calculation, the sensor's
full well capacity is rounded off to 10° electrons per
well.

® The CCD output variance oy, uses the
measured equivalent values of 250 electrons/well
for the Fairchild 202 CCD and the 10 electrons/
well for the RCA 52501 CCD.

The dynamic range vs gain curves can be di-
vided into two sections. in the lower gain portion
(1= g.cq = 1000), the dynamic range of a camera is
limited by a combination of the system noise (e.g.,
gain variance plus dark current noise) and the
photocathode saturation. In the other extreme
(1000= g..q = 108), the dynamic range is limited
mostly by the sensor well saturation. For example,
if the sensor gain is 10° and the full well capacity is
108 electrons, then a single photoelectron will pro-
duce 10° electrons per well. An input of 10 elec-
trons per well per pulse will saturate the device. For
tiiis high-gain case, the average number of input
electrons required to yield a signal-to-noise ratio of
one [see Eq. (4] is 1.01 for the RCA sensor. There-
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internal electron gain.

fore, the dynamic range under these conditions is
approximately 10. The salient point to be noted is
that, for any given maximum photocathode current
density, there exists an vptimum sensor gain value
that will maximize the dynamic range of the com-
bined tube/sensor system,

Given the experimental electron beam data on
the Fairchild and RCA CCDs, it is possible to select
an appropriate sensor for use in a streak tube. From
Figs. 3-61(a) and (b), it is clear that the Fairchild 202
CCD has a dynamic range superior to that of the
RCA 52501 CCD when the sensors are illuminated
with relaiively long duration? (1 ms to 1 us) elec-
tron pulses. To deduce the CCD’s clectron re-
sponses that are more closely related to the streak
camera’s time domain (10 ps to 1 ns), the Fairchild
and the RCA CCDs were exposed to 50-ps pulses of
1.06-xm Nd:YAG laser light. Table 3-5 shows the
results of the sensor’s photon transfer functions
(gamma). Note that the Fairchild 202 CCD’s
gamma value has changed from a CW value of 1.0to
a short-duration pulsed value of 1.3. The effect of
this gamma value change can be computer-cor-
rected, but the result is still a net decrease in the
effect:ve dynamic range of the sensor.

The theoretical relationship between the dy-
namic range Ny, the sensor’s transfer function v,
and the analog-to-digital resolution N-bit is given
by

e = 277, )
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Table 3-5. Solid-state sensor characteristics.

Manufacturer Model Na. Type No. of elements Size, mm Linear dynamic range”  Gamma'

Fairehild 202 CCD 160 x 100 Ixg 1060 1.O0LY)

Fairchild 211 cCcbh 190 - 244 4.9 x 6.1 0 1.0¢1.3)

Fairchild 221 CCp 380 x 488 8.8 x 11.4

Generat Electric 10B [0/ ])] 188 x 244 8.7 x 114 30 1.25

General Electric k| CID 132 x 192 8.4 x 102

General Electric n CIp 100 x 100 6.4 x 8.4 300 1.0

General Electric 6l Cib 42 x 342 1.7 x 13.9 300 1.0

RCA 52501 CCDh 320 x 512 73> 98 1 1.0 ¢y
(14.6 x 9.8)

Reticon RA-50 x 50 Diode 50 x 50 5.1 x 8.1

Texas Instruments TI 100 x 50 CCD 100 x 190 2.3 % A7

“For pulse mode vperation, both the storige and sensing areas of the RCA 52501 CCI can be used for imaging.
"The dynamic range values are obtained by measuring the ritio of values trom 907 of sensor saluration 1o signad vatue equid Lo one-

yuarler of the peak-to-peik noise.

“ The gamma values without parentheses are for CW light, The values in parentheses are fos S0-ps. [06-um pulsed radiation.

In the case where N equals 10(i.e., 10 bit A/D) and
the pulsed gamma value equals 1.3, the 202°s effec-
tive dynamic range is reduced from a dc value of
1024 to a pulsed value of 249. (n the practical case
when both the cost and speed of the digitizer are
taken into account, the actual resolution digitized is
eight bits. For that particular case, the Fairchild
202°s dynamic range (using a pulsed gamma value
of 1.3) is only 71, which is less than the RCA 52501
CCD’s pulsed dynamic range of 100.

From Fig. 3-61(d). itis clear that the 202CCD"s
lifetime under e-beam illumination is at least four
orders of magnitude smaller than that of the thinned
RCA CCD. Combining the pulsed dynamic range
data and the lifetime results with the RCA 52501
CCD'’s large area format, we find that the RCA
52501 CCD is best suited for use as an electron
sensor for a streak camera.

Thus far, we have discussed only measuring
the CCD sensor’s properties in an e-beam de-
mountable configuration. This type of measure-
ment bypasses many of the problems associated
with tube processing, such as chemical interaction
and temperature cycling. Figure 3-63 shows some
initial results with a back-thinned RCA 52501 CCD
inside a tipped-off RCA SIT/CCD inverter nonde-
flectable image tube. Figure 2 64(a) shows an out-
line of the SIT/CCD. The demountable e-beam
measurements with the RCA 52501 CCD output vs
input electron intensity [Fig. 3-62(b)] have been
verified by the SIT/CCD tube result?* [Fig. 3-64(b)].
The demountable result of the sea.or’s electron
gain vs input energy [Fig. 3-62(c)] is also in agree-
ment with the new SIT/CCD data [Fig. 3-63(c)].

Thus, portions of our demountabie data have been
verified in an actual tipped-off tube, which indi-
cates that tube processing does not significantly
alter the characteristics of the RCA 52501 CCD
Sensor.

The use of these devices in actual streak cam-
era operation awaits the construction and testing of
an actual tipped-off RCA C73435 streak tube
equipped with a back-thinned RCA 52501 CCD.

CCD/CRT Imaging. Another common way
of recording laser fusion information is with wide
bandwidth oscilloscopes. Typically. the data are
recorded on film that are later digitized and trans-
formed into a computer-compatible format.

To achieve the wide bandwidth required in
laser fusion diagnostics. a CRT must be capable of
high writing speed across the phosphor. One of the
consequences of this increased speed is the pro-
portional decrease in the electron beam intensity.
which in turn translates into an unacceptable de-
crease in visual or photographable beam bright-
ness. To remedy this problem. an image intensifier.
such as a microchannel plate intensifier. must be
incorporated either internally or externally to the
CRT to brighten the trace image.

When placed interaal to a CRT. a back-illu-
minated CCD can both locate 1he electron beam
position and yield large electron amplification,
which will compensute for the low-beam intensity
of a wide-band CRT. It is clear that a two-dimen-
sional CCD can be used in this application in place
of the CRT phosphor. Like that from the streak
camera, the resulting irformation is directly digi-
tized and processed by the computer. During the
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Fig. 3-63.  Experimental results of the RCA SET/CCD electron tube.

evaluation ofthe CCDin the clectron-mode,” some
peliminary CUD CRT expeniments have been per
formed. using a 2.3-GHz EG&G KR23 clectron gun
and a back-thinned RO A 52501 ¢CD.

When a CCD is used in conjunction with o
CRT. the definition of dynamic range is not the
same as in the case of a streak camera readout
system. One is no longer interested in beam inten-
sity but rather in the beam position. The dynamic

range of a CRT is therefore defined as the number of

distinct spot sizes that canbe resolved inadirection

250

perpendiculinr to the time aves. Hthe spatial resolu
lion of the 82501 CCD s pertect and the electron
beany spot size is smadler than one CCD cell sive.
then in theory the 3230 COD can have acdy namic
range of 256 assuming the electron beam time-bise
deflection is swept in the 320 cell direction.
Analysic of the CCD CRT data indicates that
the abose-deseribed system s capable of o dynamic
range exeeeding 00 and contains 320 temporad res-
olution clements. Unlike the Tektronis R7912. this
system will record both the magnitude and position


file://i:/pcrimental

Fig. 3-64. Two-dimensional CCD displays.

of the electron beam. With the mugnitude informa-
tion, the position of the ¢lectron heam can he lo-
cated maore precisely than the number of vertical
resolution elements €256). This translates (o a
higher effective dynamic range for the CR1T:CCD
system.

1.06-um Active Imaging. ‘Time-integrated
LAO6-am spatial imaging is an important diagnostic
tool used to characterize the laser beams. Anactive
imager can be used either in the pulsed mode to
record the time-integrated intensity profiles of the
pulsed laser beams, orin the CW mode to sense the
beam position of 0 CW alignment laser from which
system alignment information can be derived.

Table 3-5 summarizes many of the solid-state
sensors” most important properties. We have cho-
sen the RCA 52501 CCD as our LUO6pm active
imager also because of

e The CCD's unity gamma response under
both the CW and pulsed modes of illumination.

e The large sensor format., which facilitates
the alignment of the laser beam onto the sensor.

e The video signal format, which is compati-
hle with a standard TV,

There are several important advantages in
using i solid-state sensor rather than a vidicon tube.
The most important is the sensor’s small size.
which makes the use of a thermoclectric cooler
feasible. With a cooled sensor, the dynamic range
can be easily extended by a factor of five above the
room temperature value: the scanning rate can be
reduced. which substantially lowers the cost of the
clectronics: and finally, the information on the sen-
sor can be stored for short periods of time without
significant degradation, hence bypassing the neces-
sity of signal processing and transmission during
the period of intense inerference.

Other advamiages of the CCD over a vidicon
are its low coherent interference effects it 106 m,
the totad absence of the vidicon's lag effect. and the
sensor’s relatively low cost. The combined advian-
tages of the solid state sensor make the CCHagood
choice for use as a 1.06-pm sensor.

CCD Instrumentation. A continnous scan-
ning mode his been implemented that enables the
RCA 52501 CCD to capture i transient event with-
out a pre-event timing pulse. The CCD can be trig-
gered at zero time, which simplities operations.

Basically. this new mode entatls the synchron-
ous scanning of both the image and storage CCD
arcas atall times. In this manner, there is no begin-
ning or end 1o the CCD video output signals. When
the fuser beam generates an imige pattern on the
CCD. the next output line is equated to the top of
the frame. Since by mechanical construction there
are 5i2lines, cach containing 320 cells. the digitiza-
tion of 512 % 320 points will compose o complete
picture.

Anadditional side benefit of this maode of oper-
ation is that the “*storage ™ area of the 52501 CCD s
avaifable for use as the image arca. which doubles
the total available sensing area of the CCD 1o 14.6 x
9.7 mm.

The computerized CCD data can be processed
and displayed in various formats. Typically. the
minimum data processing entatls the subtraction of
the CCD dark current and the point-hy-point wor-
malization of the sensor gain. The resulting data
can be displayed as a single-line plot of "¢ laser
beam’s spatial dimension vs the beam intensity. as
a more complex format such as a psecudo-three-di-
mensional-plot of the beam’s spatial dimensions vs
the beam intensity [Fig. 3-64(a}]. or as a two-di-
mensional intensity contour plot whkere each fac-
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tor-of-two change in beam intensity is graphed [ Fig.
3-64(b)].

In summary, we have found that the RCA
52501 CCD can be used in a variety of laser fusion
diagnostic instruments, r.placing film and provid-
ing direct computer accessibility. It has been veri-
fied that the CCD sensor responds linearly to many
forms of input radiations (light, x rays, electrons)
and can also accept an extremely wide range of
input pulse duration (50 ps dc) without losing its
reciprocity. Based on the results of this study, we
are proceeding with the design and implementation
of specific instruments of the types discussed.
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3.3.4 Faraday Rotation Measurements
of Self-Generated Magnetic Fields

In an earlier annual report,? we described ef-
forts to detect self-generated magnetic fields result-
ing from nonparallel gradients of density and tem-
perature in laser-produced plasmas. Such fields are
estimated to be in the megagauss range for laser
fusion targets irradiated at 10'> to 10'*W/cm? (Ref.
26). Fields at that level have a significant impact on
energy transport from the plasma atmosphere to
the dense pusher/ablator. In our latest exper-
iments, Parylene disks and glass microshells were
irradiated at intensities of up to 10"W/cm? As with
our previous efforts,”® Faraday rotation was not
detected. Based on the angular resolution of our
Faraday rotation optics, density profiles measured
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interferometrically in similar target experiments,
and computationally suggested modeling of the
magnetic field structure, we estimate that in some
experiments the fields were no greater than 100 to
200 kG (10-20 T) at half-critical density, and that in
no case were megagauss fields present in the near
but subcritical region during probing.

Figure 3-65 shows a schematic diagram of our
experimental procedures. We use /2.5 optics to
image targets illuminated from behind with a
2660-A probe pulse. A Wollaston polarization split-
ter is used to form two images in orthogonal polari-
zations of the ultraviolet light. In these exper-
iments, the resolution is 1° in polarization angle.
Absorbers as strong as 1000: 1 are used to reduce
the intensity of the more intense reference image. If
the probe polarization is rotated more than 1°
bright regions occur in the cross polarized image.
Not shown is a 30-A FWHM filter centered at 2660
A. The filter is used primarily to eliminate scattered
light at 1.06 um. as well as 2w and 3w harmonic
emission from the plasma.

The experiments were conducted with one arm
of the Janus laser and with the 2660-A probe pulse
described in the section on interferometry (6.2).
Glass microshells and Parylene disks were ir-
radiated at intensities from less than 10"*W/cm? to
10'%W/cm?, with spot sizes from 40 pm" to 206 zem®,
and probe delay times from 0 to 200 ps after the
heating pulse. Laser heating pulses were generally
of 50- to 70-ps duration (FWHM), with energies of 1
to 10 J. Prepulse isolation was approximately
3 x 107" below that of the main pulse. In all, 34
Faraday rotation experiments were conducted. In
no case was Faraday rotation detected.

Typical results are shown in Figs, 3-66 and 3-67
for a hollow glass microsphere and a flat Parylene
disk, respectively. Particulars of the respective ex-
periments are given in the figure captions. Bright
regions due to Faraday rotation are not observed.
Nonetheless, some interesting features of these ex-
periments are worthy of comment. In Fig. 3-66, for
instance, we note that plasma expansion is retarded
in the irradiated region, presumably because of
radiation pressure effects described elsewhere in
this report. In fact, a density depression is evident
in the region of peak intensity. Harmonic emission
at 2660 A appears to emanate from within the
target, at a point just behind the density depression.
The difference in position is caused by plasma ex-
pansion between the time of peak laser intensity
(when harmonic emission occurs), and passage of
the probe pulse 100 ps later. Target expansion in the
100-ps interval, compared with a preshot reference,
indicates typical expansion velocities of 0.25 pm/
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Fig. 3-65. Technique for measuring Faraday rotation of uv probe light as it passes through a magnetized p)
ps everywhere except in the frontal region of high emission at 2660 A. Studies show this emission to
laser intensity, where the velocity is approximately be unpolarized when viewed at 90° with respect to
0.15 pum/ps. The lower intensity disk experiment of the irradiation direction, and insensitive to the
Fig. 3-67 shows weaker, more localized plasma polarization of the heating pulse.
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Fig. 3-66. Reference and cross-polarized uv images of a 1.06-um® microsphere, 100 ps after irradiation by a 50-ps, 1.06-um pulse.
The pulse has an intensity of 1.1 X 10’6 W/cm?2. Note that Faraday rotation is not present at the left of the cross-polarized image.
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Fig. 3-67. Reference and cross-polarized uv images of a 300-um” Parylene disk tilted at 22°. The images were taken 50 ps after
irradiation hy a 50-ps, 1.06-um pulsc at an intensity of 4 X 10" W/cm2, Note that Faraday rotation is not present at the left (irradiated

Reference image
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Faraday rotation angles for experiments such
as these are based on measured or modeled fields
and the incremental rotation angle

2,
do 7 o) edx) (6)
dx A et w

integrated over the path length L, where w, is the
electron cyclotron frequency evaluated for the
magnetic field component parallel to the probe
propagation direction (k « B), w,, is the local plasma
frequency, A is the probe wavelength, w is its asso-
ciated angular frequency, and L is the total propa-
gation length in the magnetized plasma. Density
profiles for use in Eq. (6) have been measured for
experiments similar to these in previous work
(§ 6.2). Disk experiments with a large laser spot
size have been performed to increase the total path
length, and thus to increase the rotation angle be-
yond our 1° resolution. Our best estimate at this
time is that earlier predictions of the Vn x VT
source term were overly large. Differences with
measurements at other laboratories,?” who use a
longer probe wavelength (6329 A), may stem from
the presence of laser prepulse or other source terms
in the subcritical plasma region.
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3.4 X-Ray Diagnostics

3.4.1 Argon Line Imaging
Crystal Spectrograph (ALICS)

Laser fusion targets are being designed to
achieve 100 times liquid hydrogen density, using
the LLL Argus laser. One method proposed for
diagnosing the high density is to seed the DT fuel
with Ar gas and measure the spatial extent of the
region emitting the Ar x rays. A crystal spectro-
graph has been built to image in one dimension the
hydrogen-like (3.32 keV) and helium-like (3.14
keV) Ar x rays. The spectrograph was calibrated,
using a 4-pum source of Ag Lﬁ X rays (My- — L,
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Fig. 3-70. ALICS resolution.

ing a wire mesh. (The magnification occurs because
the film in the spectrograph is tilted at 40° with
respect to the diffracted x-ray beam.) Compensat-
ing for the magnification reduces the width to 10
um. Subtracting out the 4-um pinhole then leaves
the overall resolution at about 9 um. This resolu-
tion allows one to measure source widths of 14 um
with an accuracy of +20%.
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3.4.2 Subkilovolt, Subnanosecond Measurements
of X-Ray Spectra from Laser-Produced Plasmas

A critical-angle x-ray reflection experiment
has been installed on the Argus laser system to
measure subkilovolt x-ray spectra from laser-
produced plasmas. Three spectral cuts were made
in the region of 100 eV 10 1.5 keV, the measure-
ments being made with a time response of 0.5 ns.
We have used fast, windowless x-ray diodes in
conjunction with critical-angle reflecting mirrors
and thin filters for energy definition.

Before this experiment, our active x-ray spec-
tral measurements consisted primarily of a series of
K-edge absorption filters used with various x-ray
detectors (e.g., Si PIN diodes and Nal photomulti-
pliers) to provide appropriate spectral response
functions. This technique gives well-defired, rela-
tively narrow spectral cuts for spectra that are fall-

ing rapidly enough as a function of increasing pho-
ton energy. However, if the x-ray spectrum is rela-
tively flat or even rising with increasing photon
energy. the technique becomes progressively less
useful. This is because the transmission of the filter
begins 10 increase again immediately after the sud-
den drop at the absorption edge. and if an appreci-
able amount of spectral ener«y is present when the
transmission becomes significant, it will contribute
to the signal recorded for the channel. Thus, the
channel data will no longer represent spectral
energy found in a narrow band below the K-edge of
the filter material, which may be the case when one
attempts to measurc x-ray spectia from laser-
produced piasmas in the subkilovolt region. To
overcome this difficulty, we have employed a criti-
cal-angle reflection technique that provides a sharp
and permanent high-energy cutoff.

The channel, which will be described in some
detail, ex.ends from 300 to 600 ¢V. The low-energy
cutoff is provided by a 3/4-um-thick aluminum
filter, the transmission of which is shown in Fig.
3-71. Thicknesses of all of the filters are determined
by x-ray calibration. The high-energy cutoff is
provided by reflection from a nickel mirror at 4.4°,
as shown in the sume figure. The measurement was
made by using a bremsstrahlung continuous spec-
trum from a Henke source recorded by a Kevex
windowless, solid-state detector. The mirrors used
were 4 X 4 x 50 mm and were polished to 100-A
flatness. Briefly. the response displayed here de-
pends on the fact that the index of refraction in the
mirror is less than one for this photon energy range.
This implies that, for any photon energy, there will
be a critical angle of incidence for which the sine of
the angle of refraction will be greater than one, thus
producing total reflection. Conversely. for a fixed
grazing angle, reflection will be total below the
corresponding x-ray photon energy and will then
fall rapidly to zero above that energy. The final
element in the system is a windowless x-ray diode
with a carbon cathode. The detector response is
shown in the same figure, as is the combined re-
sponse of all three experimental elements. These
detectors were calibrated at LLL with the 300-keV
proton uccelerator, built by Jerry Gaines, using
elemental fluorescers as targets. This facility
provides intense, calibrated monoenergetic x-ray
lines from 100eV to | keV. Figure 3-72 shows a plot
of response functions for all three channels used;
the channels provide three broad cuts over the
energy range of interest. The poorer high-energy
cutoff shown for the nominally 100-300eV channel
is attributed to the reflection technique not being
used there. Instead, this channel consists simply of
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and a K-edge filiered PIN diode system (7-shooter)
are also displayed as well as the prediction from a
LASNEX calculation. The experimental results
are seen to be in good agreement. Results froma flat
Au disk target are also shown.

The present experiment was designed to
provide us with an initial look at the usefulness of
this technique for laser-produced plasma diagnos-
tics and to poi*'t out possible difficulties in its im-
plementation. As a next step, we intend to expand
the number of energy defining channels to six to
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eight and to obtain a time resolution of 150 to 200 ps
by upgrading the recording system.
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3.4.3 Second-Generation Experiment for
Measurements of Subkilovolt, Subnanosecond
X-Ray Spectra

A three-channel. filtered, windowless x-ray
diode system has been previously used to measure
subkilovolt x-ray spectra at the Argus laser facil-
ity.* Based on those results, we have designed and
installed a second-generation system. The new ex-
perimental arrangement consists of five filtered,
miniaturized, windowless photoelectric x-ray di-
odes that view the snurce from a distance of ap-
proximately I m. The detectors are electrically iso-
lated on a 21-cm-diam plate at the end of an evacu-
ated section attached to the Argus target chamber.
As shown in Fig. 3-74, each of the thin filters lo-
cated in front of the detcctors is protected from
source debris by a 0. 1-iem Parylene blast shield. A
1.5-kG ring magnet is used to sweep electrons emit-
ted fror: the source away from the detectors. De-
tector cathodes {(elemental metals) and associated
K- or L-edge filters were chosen to provide energy
resolution between 10G eV and 1.5 keV. For
simplicity, the new experiment. unlike its
predecessor, does not use critical-angle reflecting
mirrors for high-energy cutoff.

The small x-ray diode developed by EG&G at
Las Vegus for this experiment has better tinie re-
sponse (FWHM <2250 ps)* than the detectors used

previously. The new detector features an inter-
changeable metal cathode in a tapered section
matched to a 50- signal cable. Relatively high
linear current is obtaned by means of 5-kV bias
voltage across a 5-mm cathade-to-unode spacing.

Signals are fed to an oscilloscope recording
system by means of a 50-() air-dielectric couxial
cable. Oscilloscopes that are primarily being used
for this system include Tektronix R7903. Tektronix
R7912. and Thompson TSN-66(. Direct-uccess
7903s with fixed sensitivities of 4 Vidiv are used
whenever possible. Amplified 79035 are used to
record lower amplitude signals. A TSN 660 with o
superior writing rate and time response (90-ps rise
time) is available for one or two channels. The
system FWHM response times are 450, 700, and
<250 ps for these three types of oscilloscopes.
respectively.

Characteristics of the five channels are fisted in
Table 3-6. The filters and detectors were individ-
ually calibrated, using the L1 low-energy proton
facility discussed previously.® Calibration results
for an x-ray diode with an Al cathode. as well as the
five combined filter-detector responses. arc shown
in Fig. 3-75 as a function of incident x-ray energy.
The cutoff is generally good immediately above the
filter absorption edges. Each channel has a signi-
ficant contribution above the filter absorption edge.

Al
X-ray

diode \

Blast shield

\Q‘ﬁ/

Fig. 3-74.  Experimemal asrangement for the five-channel, subkilovolt. filtered. windowless x-ray diode system.
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Table 3-6. Characteristics of subkilovolt, filtered
x-ray diode channels,

Filter

Absorption Thickness,

edge, keV Material o Cathode
0.28 Cuarbon-K 0.7 Alor Ai

(Formyar)

0.582 Vanacium-I, 0.58 Al
0.71 ron-L [IX3 \'
103 Zinc-1. | ] Fe
1.55 Aluminum-K 9 Cu

Because the spectra tend to rise above the

carbon K-edge, the firs! channel could definitely
benefit from a critical-angle reflecting mirror with a
300-eV high-energy cutoff. Fig. 3-76 shows a typi-
cal spectrum measured for a 425-J, 900-ps, 3 x 10"
W/cm? laser beam normally incident ona 15-pm Au
disk. The points were determined using the tetal
charge measured for each channel, the response
functions shown in Fig. 3-75, and an iterative un-
folding code.?!
Except in the case of the first channel, this has not
becn a serious disadvantage. The spectra measured
have tended to decrease significantly before reach-
ing the rising portion of the tail response.

References
28. Three-channel system described in this report.
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3.4.4 Flat-Response, Subkilovolt X-Ray
Detector with a Subnanosecond Time Response

Valuable information about laser-plasma in-
teractions Is obtained from measurements of the
energy emitted in low-energy x rays. We have
mide a number of measurements of this type. using
suchtechniques as x-ray spectrographs, x-ray calo-
rimeters, filtered silicon suiface-barrier detectors.,
uand filtered x-ray diodes. Filtered x-ray diodes
provide subkilovolt. subnanosecond measure-
ments of x-ray spectra. Recently, we combined a
complex filter with a windowless a-ray diode to
make a detector with a flat (£201%) response to
x rays in the region of 100 ¢V to 1.5 keV. The
detector signal is then proportiosal to the x-ray
cnergy «eardless of the spectral shape below [LS
keV. Buc.ise raost of the x-ray energy is emitted in
the 100-e V to 1.5-ke V region, the toial x-ray energy
emitted as o function of time can be measured.
using a single detector.

The windowless x-ray diode we used was an
XRD-30, built for us by EG&G. This detector is an
80% transmitting anode grid made of nickel wires
and a gold cathode. The wires are 33 um in diameter
and are 5.0 mm from the surface of the cathode. A
5-kV biasing voltage is applied 10 the anode grid.
The cathode is conical 1o maintain a characteristic
impedance of 50 €1 at the feedthrough-to-cathode
transition: it is also interchangeable. allowing the
use of different cathode materials.

We designed the response function of the de-
tector, using a gold cathode (the measured sensitiv-
ity of which is shown in Fig. 3-77). ‘The curve be-
tween ) and [00 eV was obtained from a report by
Cairns and Samson.* This respease is fairly flat
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’ Hg, 3 7I. Gold cathode filtered with 0..8 um of Parylenc.

between 100 and 600 ¢V aa falls by about a fuctor
of § ut 1.5 keV. Because we cannot increase the
sensitivity of the gold cathode in the 600-¢V to
1.5-keV region, we must decrease the response of
the detector in the 100- to 600-¢V region relative to
that between 600 ¢V and 1.5 keV. This is accom-
plished by filtering different arcas of the cathode
with different materials :nd then setting the ratio of
the areas in such a way that the sensitivities for the
energy regions are cqualized. Figs. 3-78 and 3-79
show the calculated sensitivity of the gold cathode
when it has been filtered with 0.08 m of Parylenc
and 2.95 pum of aluminum. Twenty percent of the
area of the cathode is filtered with Parylene: 80%% iy
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Fig. 3-80. Flat-response detector.

filtered with aluminum. By summing the responses
from the cuthode. we reach the final calculated
respoanse (Fig. 3-80). The calculated curve is flat to
better than 209% from 30 eV to 1.5 keV.

The flat-response detector was built and then
calibrated on the ion accelerator subkilovolt x-ray
facility at LLL.* This facility. a 3-mA, 300-kV
Cockroft-Walton accelerator, uses proton-induced
inner-shell atomic fluorescence to provide intense.
nearly monoenergetic x-ray beams with energies
between 180 and 930 eV. Another x-ray machine at
LLL was used for higher energy calibrations. Re-
sults of the calibration agree well with the calcula-
tion (Fig. 3-80).

The flat-response detector has been used at the
Argus laser facility at LLL. We have compared
results of the flat-response detector with results of a
five-channel K- and L-edgq filtered x-ray diode sys-
tem used to measure the x-ray spectra from 100 eV
to 1.5 ke V. The integrals of the spectra should agree
with the flat-response detector measurements.

Table 3-7. Comparisons of six shots on gold disks.

Spectrum Flat-response
integral, detector,
Laser parameters J/sr Jisr
488 J, 10'* W/cm? 2.9 3.3
424 J, 10'* Wicm? 2.9 2.7
474 J, 3.2 x 10" W/cm? 4.6 5.0
432 J, 2.9 x 10" Wicm? 4.6 44
47 J, 2.9 x 10" W/em? 0.76 0.68
48 J, 2.4 x 10** Wiem? 0.57 0.68
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Comparisons of six shots on gold disks are shown in
Table 3-7. Deviations from the average of the two
sets of results are within = 10%.

References

32. R.B. Cairnsand J. A. R. Samson.J. Op. Soc. Am. 56, 1568
11966).

33, R. W. Kuckuck, J. 1. Giines, and R. D. Emst. A High-
Intensity, Subkilovolt X-ray Calibrations Facility, Law-
rence Livermore Laboratory, Rept. UCRL-78186 (1976).

Authors

H. N. Kornblum
V. W. Slivinsky

3.4.5 Multichannel Filter-Fluorescer Experiment
for X-Ray Spectral Measurements ahove 2 keV

A high-resolution filter-fluorescer experiment
has been designed and is being constructed to
measure x-ray spectra in the 2- 10 90-keV range at
the Shiva laser facility. The system was designed to
measure x rays over a wide fluence range and to be
insensitive to the intense 14-McV neutron back-
ground from high-yield fusion microexplosions.

The filter-fluorescer ( FF) geometry has several
advantages over that of the filtered detec or ar-
rangements that we have previously used av LLL
laser facilities. Because of its reduced sensitivity,
the FF geometry is more suitable for measuring the
higher levels of x-ray fluence that are expected at
Shiva. The FF response is well defined by the
K-edges of the filter and fiuorescer, and thus will
enable us to more accurately measure x-ray
spectral shapes. Perhaps the major advantage of
the FF geometry, however, is that it is much less
sensitive to x rays above the filter K-edge than are
comparable filtered detector arrangements.

The disadvantage of the FF geometry is its
engineering complexity, due in part io the necessity
for thoroughly shielding the detectors and the re-
gion around each of the fluorescers.

Figure 3-81 shows the geometry of a typical
channel and its response to an x-ray spectrum from
a Hyperion target. The spectrum is preferentially
transmitted immediately below and absorbed im-
mediately above the K-edge of the filter. The x rays
transmitted through the filter are collimated to the
fluorescer. Most of the incident x rays immediately
above the K-edge energy interact via the photoelec-
tric effect to produce K x rays. After the sudden
drop at the K-absorption edge, the probability for
transmission through the fluorescer increases with
increasing x-ray energy: therefore, most of the
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higher energy x rays in the collimated beam are
transmitted and leave the channel without interact-
ing. The K x-ray fluorescence emitted from the
front surface into a well-defined solid angle at 90°
relative to the incident x-ray beam is detected by a
scintillator coupled to a photomultiplier tube. A
postfilter designed to transmit approximately 90%
of the K x rays is used to clean up the fluorescence
beam, while magnets remove secondary electrons
from both beams.

Figure 3-82 shows the Shiva experimental ar-
rangement, which consists of ten weli-shielded FF
channels and from five to ten filtered detectors.
Some of the x rays emitted from the source at the
cghter of the Shiva target chamber enter the
eyacuated section and are collimated into well-
deéfined beams before reaching the fluorescers. A
7-m flight distance permits good time discrimina-
tion against 14-MeV neutrons. With suitable ad-
ditional filtration, the beams transmitted through

the fluorescers will be used to measure the
spectrum above 100 keV. The design of the filtered
detector array has been discussed previously.*!

The sensitivity of each channel can be adjusted
over a wide range by changing the prefilter thick-
ness. by adjusting the detector area. by replacing
the collimator near the postfilter with a suit ble
pinhole. and by varying the photomultiplier high
voltage.

Each detcctor assembly is electrically isolated
and is separated from the vacuum by means of a Be
window. Thin NE 111 plastic scintillators are used
for the low-energy channels and either CsF or
Nal(T!) for energies above 20 ke V. Both plastic and
CsF have decay times <5 ns and, thus, can be used
to time-discriminate against 14-MeV neutron
pulses. Amperex XP-2020 photomultiplier tubes
with optimized dynode strings were selected be-
cause of their speed (FWHM ~< 3 ns) and current
linearity (= 1/2 A).
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The detectors are calibrated, using filtered
secondary K x-ray fluorescence excited by a Picker
x-ray generator.® For laser measurements. the
charge output from cach of the detectors is re-
corded with gated charge integrators or 500-MHz
ascilloscopes or both.

Table 3-8 lists the filters, fluorescers. and de-
tectors selected for measuring x-ray spectra from
Shiva Hyperion targets. These channels were op-
timized with the aid of the fluorescer code® devel-
oped at LLI. specifically for designing and analyz-
ing x-ruy experiments. The code input consists of
details of the geometry, detector responses, and
x-ray cross sections, including fluorescence. in-
coherent scattering, and coherent scattering. The
code calculates the channel response as a function
of incident x-ray energy for either the transmitted
or fluorescence (reflected) geometry.

Figure 3-83 shows calculated responses of
three typical channels 1o the Shiva Hyperion x-ray
spectrum (see Fig, 3-81). The scatiering contribu-
tion to the detector signal is less than 1/10th that of
the fluorescence for each of the three channels.
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The lowest energy channel covers o spectral
region that rapidly decreases with increasing
energy. The amplitude of the x-ray fluence is rela-
tively high in this spectral region: therefore,
adequate sigral amplitude and good signal-to-
background ratios can be obtained with a nearly
ideal nurrow channel. The second channel is at the
bend in the spectrum. This is perhaps the most
difficult energy region to measure. The width of the
channel has been adjusted by appropriate choice of
elements to ensure that the response between
K-edges is of adequute amplitude in relation to the
responsc in both of the wings. The highest energy
channel is on a relatively flat region of the
spectrum. Because the contribution below the
K-edges is not significant, the main consideration
for optimizing this channel is the ratio of the contri-
bution between K-edges 10 the contribution above
the filter K-edge.

To obtain the x-ray spectrum for a shot, we use
an unfolding routine called UNSPEC.% The code
input is the measured charge from each of the de-
lectors, the 15 10 20 channel response functions.



Table 3-8. Shiva filter-fluorescer channels.

Energy range,*

keV Filter Fluorescer Detector
5.0-5.4 v Ti 2.5 mm NE11}
7.1-7.7 Co Fe 2.5 mm NE111
9.0-9.7 Zn Cu 2.5 mm NEI11
9.7-12.7 Se Zn 2.5 mm NE11)
17.0-20.0 Mo Y 2.5 mm NEI11
25.5-29.2 Sn Ap 3 mm NakT1 or CsF
46.8-53.8 Dy Sm 3 mm Nal(Th or UsF
61.3-69.5 (67.4) W (Ta) Yh 3 mm Nal(l1'1y or CoF
80.7-88.0 (115.6) Ph (U) Au Y mm Nal(T1) or CsF
<5t §i0, Al 10 m NEN
90-300" Pb (0.4 p/cm?) None 112 mm Csloor 3 mm CsF
100-400 Pb (1 g/em?) None 12 mm O8] or 3 mm CsF
150504 Pb (2 glem”) Noite L2 mm Cs) or 3mm OsF
200-600' Pb (4 g/em*) None 12 mm Oy or 3 mn OsF
-400' Pb (12 g/em’) None 12 mm Culor 3 CsF
“Encrgy range from ihe fluorescer K-edge to the tiller K-edge.
"Chunnels below § keV are under development.
* These filtered detectors have inherently poor energy resalution.
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and a trial spectrum. Using this information for all
chunnels simultancously. the code modifies the
input spectrum iteratively and converges to the
best-fit spectrum.
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3.4.6  Axisymmetric X-Ray Microscopy—Surface
Perturbation Analysis

Axisymmetric, grazing-incidence. reflecting
surfaces are known to he theoretically capable of
submicron x-ray imaging over extended fields of
view.™ At LLIL during the past two years, an on-
gaing effort to fabricate. polish. and characterize
x-ray microscopes utilizing these imaging concepts
has been pursued. ™ As part of this program. de-
tailed ray-tracing calculations were performed
under outside contract 1o examine the tradeoffs
between surface figure perturbations and the result-
ing image quality of the nonideal x-ray optices." The
results of this analysis are discussed befow.

Caleulations were done. using it geometrical
ray-tracing code. RAYTRAC, modified to more
conveniently handle grazing incidence and the
algebraic format of perturbed surfaces required for
tolerance evaluation. The x-ray optic design exam-
ined was a confocal, coaxial hyperboloid/ellipsoid
mirror pair. " The microscope design specified an
object distance of 300 mm. a magnification of 9. an
x-ray grazing incidence angle of 1°, and a subtended
solid angle 0f 4.2 x 10 *sr. From cach object point,
bundles consisting of 352 rays distributed over 32
azimuthal and 11 radial positions throughout the
entrance aperturc were traced after two surface
reflections to the image plane. Blur circles charac-
terized by rms radii computed from individual ray/
image plane intersection points were used as areso-
lution monitor. The off-axis resolution of the 9x
design with ideal reflecting surfaces is reproduced
in Fig. 3-84. Computationally. the on-axis object
point. which geometrically is perfectly imaged.
generated an image point less than 10°® gm in
radius. This result is a strong indicator that the

3-68

€

3 T T T T T 1 L
g 04 dy= ?00[] mm /
P a = A

2 03fu- d2.10% e
& M= 9«

_%: 0.2 ]
= o} .
2

<) 0 1 1 1 1 i 1 1
© 0 20 40 60 80 100 120 140

Off-axis coordinate, um

Fig. 3-84. Hyperboloid ellipsoid x-ray microscope resolu-
tion.

computational procedures used in RAY 'RAC ure
valid and correct.

Nonideal hyperboloidrellip . id surface figures
necessarily degrade the potential resolution capa-
bility indicated in Fig. 3-84. [dentification of
specific surface perturbations that were sub-
sequently analyzed was motivated by earlier
studies associated with grazing incidence tele-
scopes used in x-ray astronomy. For purposes of
discussion. these tolerances may be divided into
optical component tolerances. pertaining 1o the
hy perboloid and ellipsoid surtaces. and optical sys-
tem tolerances . which address the alignment or
interfacing of the two reflecting surfaces. Table 3-9
lists the descriptions of the tolerances evaluated.
For those fabrication techniques (diamond turning,
for example) wherein the hyperboloid and ellipsoid
surfaces are formed on a single substrate. the com-
ponent alignment tolerances (axial tilt and lateral
translation) are obviGesly not pertinent. The com-
ponent and system toleriances may further be sub-
divided into those whose images can and cannot be
improved by axially refocusing the x-ray optic.

The results of the ray-tracing calcgiations for
the tolerances listed in Table 3-9 ure summarized
below. Plots for each tolerance are presented that
give the magnitude of the important image dimen-
sions (taking into account the magnification of the
optics) vs the magnitude of the surface deviations.
These image dimensions include both the rms
radius of the distribution of ray intersections and
the minimum radius whose circle encloses all the
intersection puints. In Figs. 3-85 and 3-86. the solid
lines represent the all-enclosing radii: the dashed
lines, the rms radii. The results pertain to the image
degradation of the on-axis object point, and the
particular surface perturbation is applied to only
one reflecting surface.
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Table 3-9. Tolerance description.

Roundness (R, - R )

%% (Maximum slope error about circumference)

3R (Deviation of the average aft radius minus the
Optical average fore radius from the nominal value)
component

tolerances -~ Rte) (Variation of AR with e: that is,

AR L - MRy

AS(x) (Deviation of the actual surfuce profile from
the ideal profile in planes containing the
optica) axis)

1’2 {Departure of the actual local slope from the

* ideal local slope in planes containing the
optical axis)

Consistency of radii (actual diffevence in the radii
of the hyperboloid and ellipsvid in the nominal
plane of intersection)

Radius of conic interscction (departure of the
actual radius of the conic interaction from the
ideal value)

Axial tilt (tilt of the axis of une component with
respect to the other)

Lateral translation (translation of the axis of.one
component with respect to the axis of the other)

Optical
system
tolerances

Local Slope Variation in Planes Containing ihe
Optical Axis. This tolerance was modeled, using
axial, sinusoidal ripples about the ideal component
contours of the form A, sin A.X, where the
maximum slope error (dS/dX) .« is given by A A..
Computer runs, wherein A, was alternately 0.25,
L0, and 10 cycles/mm, produced consistent re-
sults. The energy distribution in the image plane is
characterized by a central peak surrounded by an
intensified annular zone. This energy distribution
E(r) in the image plane is approximated by

- SV L . ]
[w 4 (ﬁ)m"N d"- M - r ]

where d, is the object distance. M the magnifica-
tion, and r the radial distance from the center of the
image. The scaling of object plane dimension with
increasing local slope deviations is illustrated in
Fig. 3-85(a).

Azimuthal Variation of Average Slope, AR/L
with ©. The effect of nonuniform average slopes
about the circumference of the grazing incident
surfaces was examined by allowing the difference
between fore and aft radii to vary between AR,

E(r)

and AR,,,. over cuch quadrant of the opticy”
entrance aperture. The term (AR, — AR, is
thus representative of the maximum average axial
stope variation experienced about the circumfer-
ence of the optic. Since average slope variations
translute into varving focal lengths. azimuthal de-
viations result in uncorrectable image abberations.
The image that results from this perturbation con-
sists of a thin figure cight and dimensionally scaies
as shown in Fig 3-85(h). Because of the figure-
eight nature of the energy distribution. one might
expect a general loss of contrast rather than 4
blurred extended source.

Slope Error in Planes Normal to the Optical
Axis,dR/dO.  This tolerance is modeled. using 7 to
1) sinusoidal cycles per guadrant. with (dR.d6)),, .
representing the maxtmum value of the slope error
measured along a circumicrence. The associated
image is an irregular, but roughly circular. one with
a central spike in which 1010 157 of the imaged
rays wre contained. The caleulated image qualin
degradation {Fig. 3-85tc)] is significantly less than
that for comparable axial slope variations as a con-
sequenc.: of griazing incidence., Grazing incident
surfaces have the geometrical property that angular
scattering out of the plune ofincidence is a factor of
alpha less than angular scattering in the plane of
incidence for a given surface slope perturbation.
Alpha is the grazing incidence angle in radians.

Roundness in Planes Normal (o the Optical
Axis, R,,... — R,,,,. Theetfectof roundness errors.
the extent of which is measured by the guantity
(Riay = Ryyn ). s to image a point source as tw o thin
loops superimposed upon each other. Since most of
the area within a circle that encloses all the rays
intersecting the image plane is void ¢ ays. the
effect on overall pattern recognition is m. .tlikely a
reduction of contrust, simikar to what might be ex-
pected from the azimuthal variations of average
slope discussed above. Figure 3-85(d) illustrates the
magnitude scaling.

Two of the optical component tolerances in
Table 3-9 are such that the spreading of the point
source furction. cuused by the surface perturba-
tions. may be mir‘mized by refocusing or shifting
the focal plane from its pominal Gaussian position
by an amount Af. These *olerances are more fully
discussed helow.

Surface Profile Deviation from Nominal in
Planes That Contain the Optical Axis. This profile
deviation was modeled by replacing the hyperbo-
loid/ellipsoid surface with a half-cycle sine function
through the reflecting surface’s end points. The
deviation was characterized by a maximum radial
departure from the ideal conic contour of (AS),..
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pro*i': tolerances and associated image plane shifts, and (b) devia-

The energy distribution in the image plane has a
central peak and a surrounding intensified circular
zone. By shifting the nominal image plane, the in-
tensified outer zone disappears, thereby reducing
the rms blur circle radius by approximately a factor
of two. Minimized point source dimensions with
respect to object plane coordinates and their re-
quired focal plane shifts are reproduced in Fig.
3-86(a).

Difference Deviation between the Average Aft
and Average Fore Radii from Nominal. This

tolerance basically changes the average slope of the
reflecting surfaces and hence the optic’s focal
length Effects of perturbations of thi.. sort are also
minimized by shifts of image plane position. Figure
3-86(b) summarizes the tolerance consequences.
Optical System Tolerances. Those fabricaticn
techniques that produce separate hyperboloid and
ellipsoid reflecting surfaces place additional align-
ment and interface burdens upon the x-ray mirror
coupling fixtures. Calculations considering the rel-
ative tilt between the two optical axes of the indi-
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Fig. 3-87. Axisymmetric x-ray microscopy tolerances: (a) consistency of radii, and (b) radius of conic intersection.

Deviation from nominal
conic intersection radius, um

vidual pieces indicate the point source image in the
object plane increases in rms radius by approxi-
mately 0.14 um per 0.1 arc second of tilt misalign-
ment. The resulting thin ring image cannot be re-
duced in size by refocusing. Decentering one com-
ponent with respect to the other results in an image
pattern similar to the one above, which also cannot
be improved by image plane shifting: at the same
time, the point source image increases in rms radius
by 0.44 um of decentering.

Increasing the absolute radial dimensions of
either one component with respect to the other, or
both components as a pair, causes point source
distortions that can be minimized by refocusing.
The consistency of the hyperboloid and ellipsoid
radii in the nominal plane of conic intersection and
the tolerances on the absolute radius of the conic
intersection are presented in Figs. 3-87(a) and (b).
Note that single-point diamond turning fabrication
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techniques minimize, if not eliminate, tolerance
concerns of this nature since both surfaces .:re pro-
duced in a single substrate.

Conclusions. Table 3-10 associates a
tolerance magnitude with each tolerance descrip-
tion that is calculationally consistent with a 1-um
object plane resolution. The object plane diameter
is defined as twice the calculated image plane rms
radius divided by the system magnification. Fur-
thermore, the tolerance magnitude has been taken
to be a factor of two tighter to approximate the
consequences of the perturbation being equally
present on both reflecting surfaces. It shouid be
emphasized that these tolerance magnitudes asso-
ciated with 1-zm resolution are based upon calcula-
tions that ignore all other surface perturbation ef-
fects separately discussed above. The manner in
which all the individual figure perturbation effects
sum is still an unanswered computational and



Table 3-10. Tolerance magnitude.

Individual
Tolerance magnitude
Roundness R~ R 0.6 um
dR
w 0.33 um/cm
Optical 3R 0.8 pm
component .
tolerances 4R(e) 0.013 um
AS(x) 6.007 um
ds
= 0.006 xm/cm
Consistency of radii +=5 um
Op:'cm Radius of conic intersectivn 09;:m
o vances: Al til 0.02 are sec
Lateral translation 0.1 pm

“Tolerance results in 1-um® rms spot.
"Tolerance results in 0.1-um" rms spot.

theoretical question. Even neglecting the cumula-
tive effect of all the above-mentioned surface dis-
tortions for a moment, we are still confronted with
the problem that several of the individual tolerance
magnitudes are on the edge of present state-of-the-
arl fabrication and metrological methods. Cumula-
tive effects will only make the individual tolerances
more stringent, and hence there will be even more
demand for improved fabrication and metrology of
grazing incidence optics.
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3.4.7 Point X-Ray Source

Axisymmetric, hyperboloid-ellipsoid x-ray
microscopes*? are planned for use on the LLL

Argus and Shiva laser fusion systems. These
large-solid-angle (4 x 10 * sr) x-ray nicroscopes
should ultimately give spatial. spectral, and tem-
poral histories of the irradiation of laser fusion
targets. The objectives in developing these micro-
scopes are as follows. The axisymmetric x-ray
microscopes wil, he developed into a general-pur-
pose diagnostic tool, a transfer optic as well as an
imaging device. Important features of the targets
will appear at predictable locations in the image
plane. Any one of many mechanically prealigned
detectors will be mounted in the image plane to
examine the distribution of radiation arriving from
the target. The detectors available will include
x-ray films, x-ray charge-coupled device TV cam-
eras, x-ray streak cameras, x-ray spectrometers,
apertured x-ray diodes, and x-ray diode arrays. To
achieve these objectives., devices and methods had
to be developed for the rapid alignment of the x-ray
microscope mirrors and mcasurement of their
spatial and spectral resolution. Also. the resolution
and afignment in the targel chamber must be peri-
odically verified.

The alignment tolerances for the axisymmetric
X-ray microscopes are stringent. For 1-um resolu-
tion, the depth-of-field tolerance is 7.5 umand the
breadth-of-field tolerance is = 250 um. The center
of the best-focus ellipsoid should be known to a
fraction of these tolerances if possible.

The transverse location of the center of the
field of view can be established, using visible light
10 an accuracy of several micrometers and by tak-
ing advantage of the fact that an annular lens has
somewhat better diffraction-limited resolution than
does a full-aperture lens of the same diameter.*
The tilt of the x-ray mirro~ can also be established,
using visible light, by: 1) comparing the locations of
the single-reflection (ellipsoid only) image and the
double-reflection (hyperboloid-ellipsoid) image
from the x-ray mirror, or 2) autocollimating off an
optical flat mounted normal to the principal axis of
the axisymmetric x-ray mirror. These procedures
leave only the focus adjustment in question,

Mechanical metrology was considered as a
method that could be used for the adjustment of the
focus, but it was extremely difficult 10 use at the
level of accuracy required. It also fails to provide
confidence in the resolving capability of the micro-
scope, because the distance for the best focus is
extremely sensitive to the dimensions of the x-ray
mirror and therefore may vary between mirrors.

Optical adjustment of the focus was also con-
sidered, but a simple calculation shows that the
visibte light diffraction waist length for the x-ray
mirror is of the order of £50 um, considerably
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Parger than the =7 % pmyras depth of ficld of The
mitor ke adiestment of tocts with visible
fight quie dithonde Fourthermaone, an alinment cat
ped ont ety st le ieht vields novalue los the
reselution ol the casvimmetie munor ot voray
aslengeths

Lovsunmarize, the stimgency ol the Tocal ad
tustent the madeguecy of ather possible tocusing
procedures, and the tequireiment 1o m st resolu
tron measurements hoave made the desclopment of

the point v av source o nevessiiy,

Presign Criteria, Tdeallv, the alisnment of an
sty microscope should be carned ont i the same
wanelencthis and under the same target chambay
envioonmental condmons as will be present when
the microscope s ased o target shots rothis wany
problems such as expanaon and contraction of
parts under vacnm cvchng will he avorded,
Alignment ~hordd also be cared out with the hlhia
forts and brast shirclds e phece to avord possihle
maotions apd nrschenment dunmge then mstalliation
What os requinred. thens Tor ahignment s oo small.
hehtserght ooy somce whose v rey emission e
vton hos mcion dimensions The size and shape of
the vy ~omce most e sach that 1 can be
motnted o the ~same tocation as the Laser targetn
the tareet chamber Tthas to operate wath Tow et
age power, because of the poor thermal dissipation
i the treet chamber under vaconm Hhgh e
brightness i~ odso regqired 1o provide esposure
tiites of several nunstes or tosss this will speed
ahgnment ot the v ray microscope.

A simple calcutation show s that, tor the s
flunes and ~pot size teguited, the sonree regron
reaches thermal equilibomme i approsimatels 1 s,
mach Laster than the exposuie e This fast ime
drotates that the v ray somce must operate
stesdy ~tdes andess one is willing to vapaonize the
Sohad Targcl o v ey Caposune

Conmventional nucrofocus v ray sources were
considered aad chimmated becanse of thewr Lirge
sizc and the wssocated meonvenienee of mounting
them in the tnect chamber. Several other varieties
of v-ray sourees were imvestigated: and of those.
the vne that came closest to meeting the require-
ments for v ray mcroscope aignment wis i point
anade v-ray source buit by Rovinsky et al.'™ Yin
1956 through 1960 for puint prajection aHeroscopy .
Asshownintheir papers, this vray source is smaldl,
simple. and hghtweights with submicran spot size.
tow power dissipation. and extremely high
brightness.

Side-on Point X-R... Source.  While the -y
source (Fig, 3-88) that we have develeped is similar
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Fig. 3-88. Side-on point y-rav souree.

ta that af Rovinsky et al ' it has been madhticd
to alfow oomuch creater ficld ot visibihity Lar the
needle anode within the target chamber. The v roan
sonree van then be ocated and ahigned i the target
chambor i the same wan s o Laser tusion target,
Phe v ooy sonree. as shownom Fig 389, con
sists ol an clectioivacally etched needle anode tvp
icaliy mide of tungsten, held ar P 16 RV which
is bombarded by oclections catiacted radially

tontand i from asmall tungsten toap tlament The

Fig. 3-89. Side-on point x-ray source detail: (1) needle
anode, (2) filament, (3) limiting aperture, and (4) shield
electrode.
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Fip. 3-90. Side-on point x-ray source emission region.

filament is two turns of 0.004-in. tungsten wiie
wound on a 0.015-in. mandrel and draws 1.8 A at 2
V. The electrons pass through a 250-u2m to 375-4 0
limiting aperture on the way to the needle tip. A
shield electrode has been added to reduce the elec-
tric field from the needle shank and needle posi-
tioner. The needle anode current is limited to less
than 10 uA and is typically between 1 and 3 wA. The
needle initially has a tip radius of less than 1000 A
and melts buack to a larger radius, depending on
anode material, voltage, and current, as described
fater. Both the side-on and end-on versions of the
point x-ray source are supplied high voltage from a
miniature, variable, solid-state CRT power supply
through a 100-MQ resistor string. The resistor
string limits the current in case of arcing and
prevents damage to the needle tip. The power sup-

Fig. 3-91. End-on point x-ray source.

ply is regulated to one part in 107, which, although
not required by the electron optics, resuits in very
reproducible x-ray spectra. The filaments are
supplied power from a small, floating solid-state
power supply that is operated from storage
batteries. This arrangement allows the current
emitted from the filament to be measured accu-
rately without errcrs from leakage currents in the
power supply.

The side-on point x-ray source operates in the
routine target chamber vacuum of 10~* Torr and
preduces x-ray fluxes of approximately 10'
photons per second that are emitted into 47 sr. An
enlargement of an x-ray micrograph of the emission
region taken through a 9x axisymmetric x-ray mi-
croscope is shown in Fig. 3-90.

Exd-on Version of the Point X-Ray
Source. This version of point x-ray source (Figs.
3-91 and 3-92) is used for spatial and spectral cali-
bration of the axisymmetric x-ray microscopes.

/- Limiting
" aperture

spherical
cavity

R ém

Fig, 3.92, End-nn point x-ny ‘source -detail, The device
consists of & needle anode, 1yplnlly siade of tungsten, held at
15 to 16 kV, with a point radius of approximately 1000 X; a

: hemiopllerictl cavity céntered around the needle tip, which -
slinpes the electric field Hines; an aperlure tl-rough which
electrons are showeil 1o pass towards the needle tip;, and: "
lnngslen loop filament that emits the' elemoni that bombara.-

. the needle lnode. The anode cnmnt is typlnlly Ito 3 uA.
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Fig. 3-93.  End-on point x-ruy source emission region,

The x-ray emission is viewed along the needle axis
through the limiting aperture and the surrounding
filament loop. Figure 3-93 shows what the emission
region looks like when it is imaged through a 9x
axisymmetric x-ray microscope. The spotis 25 um
FWHM. of which 10 to 1S gm is attributed to the
x-ray source, S um to imperfect focusing, and 10
1m 10 the resolution of the x-ray microscope. For a
spot diameter of 10 um, the power density inciaent
at the tip of the needle is 60 kW/cm?, making it
considerably brighter than most macroscopic x-ray
sources.

Tungsten Needle Production. Tungsten nee-
dles of the variety used in the puint x-ray source
have been produced by clectropolishing techniques
for many years,* 3 and needies of many other
materials can be made by the same techniques.'?
The wire blank is inserted a measured distance
vertically into the etching solution, and a current,
ac or dc depending on material and etchant, is
passed through the blank and solution into a collect-
ing electrode in the solution. The time at which
etching is to be terminated must be accurately de-
termined in order to make reproducible needles.

In the past, needles were observed through a
high-magnification microscope, and the current
was controlled manually.*®* More recently, control
devices have been constructed that carry out the
process automatically and yield highly reproduci-
ble results.* - 52 The devices take advantage of

3-76

the fact that, as etching proceeds, the surface area
of the needle is reduced. If the voltage is held con-
stant, the current is proportional to the immersed
surface area. The controller measures the current
drawn and, when it is reduced below a preset
threshold, turns off the etching voltage. The circuit
consists of a variable regulated power supply that
provides positive or negative dc voltage or I-kHz
ac sawtooth waves to the needle being etched, a
circuit to measure the current passing through the
needle, and a threshold circuit to shut off the
current when it falls below the preset value. The
response time of the circuit is approximately | ms,
which allows cxtremely good reproducibility of the
needle tips.

Etching the tungsten needles for the point
x-ray source takes about 20 min and makes use of
a 1-kHz ac sawtooth wave at 3.5 V, generated by
the etching controller, The threshold current is set
it 13.4 mA, and the ctching solution is high-purity
IN NaOH. Photographic developer has also been
recommended as an etching solution for finishing
tungsten needle tips.® The etching solution is con-
tained in an H-shaped cell, with the needle blank
immersed approximately 3/16in. in one arm and the
I-cm x 15-cm nickel collector electrode immersed
in the other. A beeper signals completion of the
etching process. A light micrograph of a finished
needle tip is shown in Fig. 3-94, and electron micro-
graphs of the tip at various magnifications are
shown in Fig. 3-95. Within limits, the cone angle of
the needle is reduced by inserting the blank further
into the solution or by increasing the threshold
current setting.

The best needles are produced with an NaOH
solution that has not been exposed to air for exces-
sive periods of time. Etching with a solution
exposed to air for weeks or months invariably pro-

0.1 mm per division

Fig. 3-94. Optical micrograph of a freshly etched needle
tip.
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Fig. 3-95. Electron micrographs of a freshly etched needle tip.
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duces heavy, flaky, oxide layers around the needle
tip. making it useless.

Thermal Limitations. The amount of power
that can be dissipated at the needle tip can be
readily calculated.™ The power is primarily dissi-
pated by thermal conduction. It can be consistently
shown, with this assumption, that radiation losses
are negligible.

The thermal conduction problem is most easily
solved by expressing it in spherical coordinates,
with the # = 0 axis coincident with the needle axis.
The coordinate system is shown in Fig. 3-96. Only a
conical segment of the sphere is considered. T is
assumed to be only a function of R, i.e., indepen-
dent of 9. T, is the tip temperature at R,. and T, is
the heat sink temperature at the surface of the
sphere. The thermal conduaction equation

VKVT=90

can then be solved between Ryand R,. If we assume
that the needle is tungsten, then

J

K(T) = 1111 (T+222)-0-34 )
cmesec’K

If R,<<R, and @ is a small angle, the power dissi-
pation for a tungsten cone can be shown to be

P = 167 1, tan 0 [(T,+222)%6% — (T,+222)°%],

where P is the power dissipation in watts, r, is the
X-ray spot size in cm, and the temperatures are in
degrees Kelvin.

"Flg 3-96. Geome(ry uscd for calculsation of llurm:l power,w
dnssipnlion at lhe tip ol‘ the lunmen needle :
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A significant temperature drop occurs in the
shank of a point x-ray source needle. The drop is
approximately

5= T T, - PL '

T gt K(TY
4

where L. and d are the shank length and diameter,
respectively, in em. This equation can be used to
climinz*e T, from the power dissipation equation,
which can then be expanded in powers of delta and
solved for the power dissipation in terms of T, and
T.. Keeping only first-order terms in 6,

1671, tan 0
4l.r, tan 0
d'.‘

|)
I+

X T+ 22200060 — (T, + 22208

To use this formula. values must be deter-
mined for T, the needle tip temperature. The quan-
tity T, is limited by the evaporation rite of the
needle tip. Figure 3-97 shows the time it takes | um
of wngsten to evaporate from the needle tip as a
function of temperature. It is required that the nee-
dle evaporate only a fraction ol a micron during
periods of normal use. A temperature of 2400 K for
T, satisfies this requirement. Note also that this
condition will be automatically satisfied because
the needle will evaporate in a backward direction.
increasing its diameter and lowering its tempera-
ture until it reaches a quasi-equilibrium situation.
Thus. if the power dissipated on the needle tip is
increased, the tip will always adjust its size to main-
tain its teraperature between 2400 K and 2800 K.
(An clectron micrograph of a needle used in the
poini X-ray source over a period i several months
is shown in Fig. 3-98.)

The guantity T, can therefore be conserva-
tively assumed to be 2400 K. and a reasonable value
for T, is 600 K. These values can be inserted into
the power dissipation formula to obtain a simple
expression for the power that can be dissipated at
the tungsten needle tip.

The power calculated from this formula should
vary by only =25% over the expected ranges of T,
and T, and may be considered sufficiently accurate
to determine the operational power dissipation of
the needle tip in the point x-ray source. Measured
values of the scaling parameter P/r, tanf have
tended to fall in the neighborhood of 4 to 6 kW/cm.
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Fig. 3-97. Tungsten needle evaporation time (7).

It appears possible from the above formula to
put 50 mW into & i-um-diam spot, as claimed by
Rovinsky et al..** %, and over 100 mW into a 10-
pm-diam spot, using typical parameters for the
point x-ray source. Similar formulas can be derived
for needle materials other than tungsten. and they
can be expected to yield lower power dissipations
because of the less fivorable combinations of melt-
ing points and thermal conductivities.

An additional thermal constraint on the needle
tips is that at high temperature they lose their ten-
sile strength: this can result in distortion of the
needle tip by the high pressures exerted by the high
field strengths near the tip. The electric field at the
tip is E = V/kr, where k = 5.5 Therefore. the
pressure at the tip is

p= B V' 45k qor dynes
8« 2007+ cm?

for 16 kV of applied voltage and a 1-um-radius tip.
The high-temperature tensile strength of tungsten is
3.3 x 10" dynes/cm? at 2400 K.** Thus, one might
expect 1o see signs of deform:ation of the tip into the
characteristic minimum-energy teardrop shape.”
However, in electron microscopic examinations of
the used needle tips, the teardrop distortion is only
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Fig. 3-98. Electron micrographs of a used tungsten needle tip.

observed in needle tips that have been briefly given
a large current pulse. which pushes them many
times over their rated power.

Intensity and Spectrum of the Point X-Ray
Source. A spectrum of the point x-ray source was
taken with a Si(Li) detector. through the 0.001-in.
Be window of the detector and the 0.00025-in.
aluminized Mylar window separating the high and
low vacuum sections of the vacuum system. The
x-ray source was operated at 2 uA and 16 kV for the

spectrum shown in Fig. 3-99. The spectrum has
been corrected for window trunsmissions. but not
for detector cfficiency. However, the detector ef-
ficiency is expected to be near unity over most of
the spectral range shown. The integrated photon
flux from 1 1o 10 keV was 1.32 x 10" photons/s and
was emitted iuto 4ir sr. The value of the integral
extrapolated up to '6 ke Vis estimated to be a flux of
1.4 x 10" phoons/s emitted into 47 sr. These
values can be cxpecied to scule reasonably well
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with the V21 voltage-current dependence found in
the Kulenkampff formula,* although the absolute
magnitude of the flux calculated with that formula is
approximately an order of magnitude higher than
the measured value.

Spectral Calibration of X-Ray Micro-
scopes. The spectral energy transfer function of
an x-ray microscope can be easily found, using the
broad spectrum of the point x-ray source and an
energy dispersive detector. A spectral calibration
of a 9x hyperboloid-ellipsoid, axisymmetric x-ray
microscope is shown in Fig. 3-100 as an example.
The x-ray microscope is aligned and focused on the
x-ray source, and a Si(Li) detector is mounted in
the image plane so that it is exposed to the transmit-
ted beam of the x-ray microscope. A spectrum [Fig.
3-100(a)] is recorded on the pulse height analyzer
for a predetermined live time and with stable vol-
tage and current for the point x-ray source. The
x-ray microscope is then removed and replaced by
apinhole of known size, at known distance from the
x-ray source, and on the same line of sight, such
that the solid angle subtended by the pinhole rela-
tive to the x-ray source is approximately the same
as that subtended by the x-ray microscope. A
spectrum is then recorded on the pulse height
analyzer [Fig. 3-100(b)] for the same live time as the
spectrum taken through the x-ray microscope. The
poiat x-ray source is also kept at the same voltage
and current as for the previous run. Frequently the
point x-ray source will be left running when the
detector and x-ray microscope setup is changed to
be sure of identical conditions.
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The spectrum taken through the x-ray micro-
scope may then be divided by the spectrum taken
through the vacuum reference path (pinhole), with
known solid angle, yielding the effective solid angle
of the x-ray microscope as a function of energy
[Fig.3-100(¢)}. No correction for window transmis-
sions is requir:d because they are the same in both
measurements and cancel out in the computation.
To obtain the ultimate accuracy for the transmis-
sion function, the spectra need to be corrected for
nonlinear effects in the detector such as pulse
pileup, high-count-rate energy shift, and escape
peaks. Since the spectra transmitted through the
Xx-ray microscope are missing almost all the
photons above the energy cutoft, the nonlinear cor-
rection for effects mentioned above will be quite
different from the reference spectrum. Note, how-
ever, that the nonlinear effects are small and that
pulse pileup and high-count-rate energy shift are
count-rate dependent. All nonlinear effects can be
reliably corrected with computations. Pulse pileup
and high-count-rate energy shift can also be cor-
rected by taking spectra at different count rates and
extrapolating them to a zero-count-rate spectrum.
The spectra shown in Fig. 3-100 were taken, with
the count rate reduced, by operating the point x-ray
source at 0.05 uA and 16 kV for 1000 s. As aresult,
pulse pileup and high-count-rate energy shift were
negligible. Because the correction was small, no
attempt was made to correct for the escape peaks.

Spatial Calibration and Alignment of Axisym-
metric X-Ray Microscopes, Using the Point X-Ray
Source. As mentioned earlier, the transverse
alignment of an x-ray microscope can be carried out
in visible light in such a way that the center of the
field of view of the microscope can be readily estab-
lished. The point x-ray source can then be used to
establish the focus. The needle anode is placed in
the target chamber at the point where it is desired
that the x-ray microscope be best focused., The
x-ray mirror is then moved along the line of sight
and x-ray photos are taken until the best focus is
approximated in the image plane. Vernier adjust-
ments are then made by moving the image plane
axially and taking x-ray photos while stepping
through the region of best focus. This procedure
takes advantage of the facts that

® The depth of field in the image plane is the
magnitication squared times the object piane depth
of field.

® The thin-lens formula is approximately
correct near the cardinal points of the axisymmetric
X-ray mirrors.

The final x-ray photos of the needle anode are
examined for best focus, and the image plane is



microscope [ratio of (s) and (b)) K

- 10° T . —
E, i-‘o4 1 fa) |
'3
€
g 10*h y
'=£ :
F] 2 | 4
E 10
x o1l ]
37 10
E
E 10°H .
s
- 10~ . P T
0 2 4 6 8 10
Energy, keV
@ 100 ~T T I T T T T r T
2 100 (b) 5 121 ©
g w0 1 +
E e 10} .
-5 q08F . -
3 <
2 'g o8l -
5 10 [ 1 § '
§ 106 | B E 06 ]
‘x -
} & B
E 10° ) N § 0.4 E
€ .2
& 4] ] L 02}k =
-
3 ol i —, L L J
10 0
0 4 6 10 0 2 4 6 8 10
Energy, keV Energy, keV
Fig. 3-100. Special calid of 29X hyperboloid-ellipsoid axisymmetric x-ray microscope with 1° gnzinfnlckel mirrors: (a) spec-
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replaced at that location. A final reference x-ray
photo is taken, and the film is measured on a scan-
ning densitometer to give the resolution at best
focus. The actual size of the reedle tip is measured
with a scanning electron microscope when the
x-ray source is removed from the target chamber,
and that dimension is deconvolved from the densi-
tometer scan. Figure 3-90 shows a magnified photo
of the x-ray emission region of a needle tip such as
would be used for this type of measurement.
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3.5 Particle Diagnostics

3.5.1 Neutron Diagnostic Systems for Shiva

Design. construction, instrumentation, and
calibration of scveral neutron diagnostic systems
were completed during the year in preparation for
Shiva target implosion experiments. Each system
is designed so that data recording and analysis can
be accomplished automatically after a shot.

Two copper activation systems were built to
serve as the primary neutron yield diagnostics for
targets producing more than approximately 5 x 107
neutrons. They are similar in concept to the one
used at the Argus facility.® The copper disks are
separated from the target chamber vacuum by
3-mm-thick Al windows. One disk is mounted at the
surface of the target chamber, 81.5 cm from the
target. The other disk is placed 26 cm from the
target, by projecting a reentrant tube into the target
chamber. Lead shielding 3.8 c¢m thick is placed
around the Nal(T]) crystal and photomultiplier tube
coincidence detectors to reduce the background
count rate. Single-channel background count rates
are reduced by a factor of about 14 below the un-
shielded rate. The background coincidence rate is
reduced by a factor of about 10. To achieve as wide
a dynamic range as possibie with these systems,
double-delay line amplifiers, timing single-channel
analyzers, and fast coincidence units are used. The
resolving times (27) of the two counting systems are
presently set at 15 ns and 100 ns, respectively. At
the Shiva facility, the data acquisition is done with a
dedicated CAMAC/LSI-11 system. Scalar data are
recorded once a minute for 30 min after a shot, and
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updated yield results, corrected for background,
are immediately printed on the system teletype. A
photograph of the system is shown in Fig. 3-101.

Two three-tube scintillation detectors of the
type described in Ref. 60 have been provided as
secondary neutron yield monitors. These detec-
tors, one 4 m and the other 7.5 m from the target,
provide yield coverage between 10° and 10'* neu-
trons per shot. Data are recorded by transient di-
gitizers and gated charge integrators that are inter-
faced to the TACAI system.®! Automatic data pro-
cessing will eliminate the reading of neutron yield
data from oscilloscope traces, as has been done in
the past.

A neutron time-of-flight ({TOF) system for the
measurement of fuel ion temperature was designed,
constructed, and implemented at the Shiva facility.
It is similar in concept to the Argus TOF system."™
The Shiva TOF spectrometer depicted in Fig. 3-102
has two separate 125-m fine-of-sight air paths that
exit the north side of the Shiva building about 8§ m
above the ground. The large yields expected at this
facility make it unnecessary to have an evacvated
flight path to reduce beam attenuation, as was done
for Argus. Each beam has collimators 10 m and 80
m from the target. Shielding considerations for this
system are similar to those described in Ref. 60 for
the Argus system. However, for the Shiva system,
we have been able to use existing natural shielding,
which is not available for Argus. It consists of the
1.2-m-thick concrete wall that defines the Shiva
target room and the earth cover; the cover occupies
the last 45 m of the flight path of the neutrons. The
detector bunker at the end of the flight path is
located 3.3 m below grade. The mechanical charac-
teristics of the Argus and Shiva TOF spectrometer
are compared in Table 3-11, and the performance
capabilities are summarized in Table 3-12.

Table 3-11. Comparison of Argus and Shiva neu-
tron TOF spectrometer characteristics. Values
assume the use of our standard 17.8-cm-diam, 10-cm-
thick scintillator, which has an efficiency of about
0.5 and a time response of 3.5 ns FWHM.

Spectrometer characteristics Shiva Argus
Flight path (m) 125 .5
X-ray time-of-flight (ns) 417 149

DT neutron time-of-flight (ns) 2340 869
Beam transmission 0.38 0.94
Solid angle/4m 1.26 x 10 7 9.98 x 107
Resolution (keV) 25 65



Fig. 3-101. Shiva copper activation system.

The TOF data are recorded by Tektronix 7912 system. Codes have been prepared to do the data
transient digitizers interfaced over a 125-m fiber unfolding and plotting with the Shiva PDP 11/70
optic CAMAC serial highway link to the TACAI immediately after the shot.

Table 3-12. Target neutron yields required to achieve various TOF spectrometer criteria.
Values assume the use of the detector described in Table 3-11.

Required neutron yield

Performance criteria Shiva Argus
Plasma temperature measurement of 8 = 2 keV (100 detected neutrons) 4.9 x 10" 2.1 x 10*
Spectral ement of 8-keV pi with 100 events/65-keV resalution 3.7 x 10" 1.6 x 10*
element (750 detected neutrons)
Spectral measurement of 8-keV pl. with 100 events/25-keV resoluti 1.1 x 10" a

element (2100 detected neutrons)

Measurement cannot be made with the Argus system.
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Fig. 3-102. Shiva neutron time-of-flight spectrometer.

The three systems described in this section are
ready for use at the Shiva facility and are now
producing data on fusion target shots.
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3.5.2 Neutron Activation Analysis of Fusion
Targets

For targets with glass pushers, a method of
diagnosing high-density implosions is to measure
the number of radioactive isotopes produced by the
interaction of 14.1-MeV DT neutrons with stable
nuclei in the glass enclosing the fuel.®* For present
and near-term targets, the most promising nuclide,
in terms of its fabrication and decay properties, is
28A1, This isotope is created by the fusion neutrons
reacting with the silicon in the glass via the
#88i(n,p)** Al process. The basic physics behind the
activation measurement and the decay charac-
teristics of *®Al are shown in Fig. 3-103. The total
number of Al atoms produced depends on both
the neutron yield and the density times the thickness
(pR) of the glass. From independent measurements
of the yield and Al activity, the microsphere pR
at burn time can be obtained. Assuming mass
conservation, spherical symmetry, and no



Glass
microsphere

* (ZH, 3H) neutrons pass through glass microsphere
wall

® 14.3-MeV neutrons interact with 28Si atoms in
microsphere {24.8% atomic composition) and
produce radioactive isotope 28Al by the reaction

2gi(n.p)28Al
» 28555~ +28g 528 4,
1”2 = 2,24 min
ho(y) = 1,78 MeV
Enax (87) = 2.86 MeV

Fig. 3-103, Physics of neutron activation technique.
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Fig. 3-104, Gamma specirum of plass  microspheres
bombarded by 14-MceV nentrons.,

pusher-fuel mixing, the fuel pR can then be
inferred.

To show that the predominant DT neutron in-
teraction with the glass pusher is the *Si(n.p)y*Al
reaction, the y-ruy spectrum resulting from
14.1-MeV neutron irradiation of target micro-
spheres was measured. The neutrons were pro-
duced at the insulated core transformer (ICT)
deuteron accelerator facility at Livermore. A
deuteron beam accelerated to 400 keV is directed
into a tritium target to produce the 14-MeV neu-
trons. The spectrum. shown in Fig. 3-104, was re-
corded with a high-resolution Gel.i detector and a
4000-channel pulse height analyzer. The LLIL
Code. GAMANAL, was uscd to generate the
spectrum from the raw data. A “fast rabbit’™ sys-
tem was used so that short-lived isotopes could be
observed. This system allowed for time delays of §
s between irradiation and counting. While several
additional radioactive nuclides were observed
(*Ne, ¥*Mg, N). aver 99% of the induced activity
can be attributed to **Al decay.

The proportionality factor between the Al
atoms produced and the yield and pusher pR de-
pends on the fractional number of *Si atoms in the
glass pR and the **Sitn,p)*Al cross section at 14.1
MeV. While the *"Si concentration has previously
been found 1o be 24.8% , quoted values of the cross
section range from 200 mb (Ref. 64) 1o 300 mb (Ref.

65) (10 * ¢cm?®). Because of the need to accurately
know this value for the data reduction, the cross
section was mewsured. The ICT facility was again
used as the neutron source. However, because of
geomelry restrictions with the sample and beam-
target orientation, 14.8-McV neutrons were used.
Theory and experiment show na resonances at this
encrgy range." % o the measured cross section
will differ from that at 14.i MeV by only a few
percent. The samples to be irradiated (silicate
glass) were sandwiched between Al foil so that the
*TAln.a)* 'Na reaction, with an accurately known
cross section of 115 mb, could be used as a neutron
monitor. This technique eliminates the need foran
incident neutron flux measurement. Knowing the
number of source atoms and the amounts of pro-
duced *'Na and *Al from calibrated detectors., the
#Sitn.p)* Al cross section was measured to be 220
mb =5 mb.

Given this value and the fractional concentra-
tion of *8i. we can relate the number of Al atoms
to the target performance parameters of yvield and
pusher pR by the following expression:

Ny, =20 10 :‘f ‘E‘%f p drdt (n
[ T
Nuk,, =2 x 10 * N pR, 8

where N is the total yield. pR is tke density-
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thickness product of the glass at burn time, and r;is
the radius of the glass-fuel interface.

For ablatively driven, high-density targets
(peak fuel densities of 20 g/cm?), current target
performance estimates with available Jasers give
thermonuclear yields of 5 x 10% and pusher pR of
102 g/cem® (Ref. 68). These values imply a maxi-
mum production of 100 %Al atoms. This extremely
low level of activation shows the need for efficient
target debris collection, for rapid removal of the
debris from the target chamber, for insertion into
the counter (**Al half life = 2.3 min.), and for a de-
tector with both icw background and high efficiency.
These problems and the progress made towards
their solutions during the year will now be
discussed.

Collector. The near-threshold **Al activity
levels expected from the high-density targets
necessitate the collection of a large fraction of the
target debris. It is thus desirable to have a collector
that completely encompasses the target. However,
the extremely energetic laser pulse (typically
=1000J in | ns > t >0.4 ns) and subsequent target
explosion dictate that the collector be positioned
far from the target. The size of the collector is
restricted because it must be compatible with the
existing target facility; and, because of the short
half-life of 2#Al, it must lend itself to rapid removal
from the chamber into the detecior.

In light of the above discussion, a basic collec-
tor design has been developed (Fig. 3-105). The
collector consists of an aluminum cylinder, lined
with a titanium foil, in which the target debris is

N — -
e e
| Collector—/ L.J ‘

Experimental procedure:
_ ® Target debris is deposited on Ti liner in
~ cylindrical tube,
® Collector is removed and placed in nuclear
detector, and 28Al decay praduc*s are
" counted. o ) : :

Diagnostic
port

- Fig. 3-105.  Prototype debris collector.
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Table 3-13. *'Na decay properties.

—~#Na— B8~ + BMg* — “Mg + y, + ¥;

ty, = 1502 hr
fhw(y,) = 1.37 MeV
hitys) = 2.75 MeV
EnniB) = 1.392 MeV

deposited. The foil is the actual collector, and the
aluminum cylinder is used for both support and as a
“rabbit™" for transportation to the counter. Follow-
ing the shot, the foil is removed from the cylinder
and placed in the specially designed nuclear detec-
tor. As shown in Fig. 3-10S, the collector has sev-
eral openings to allow the laser light to pass unhin-
dered to the target, for auxiliary diagnostics (i.e..
Argon line imaging spectragraph), and for target
insertion. The metallic foil is thick enough (10 um)
to stop all the debris atoms, yet thin enough that
there is negligible attenuation of the energetic **Al
decay products.

Titanium was chosen for the liner material for
the following reasons:

® Reactor-grade titanium (99.9% purity) is
easily obtainable, and no radivactive nuclides pro-
duced by 14.1-MeV neutron interaction with
titanium will interfere with the detection of **Al,

® The thermal properties of titanium (i.e..
melting temperature and thermal conductivity) en-
able it to survive the hostile environment produced
by the laser/target interaction.

Tracer. Because of the lack of 47 coverage
by the collector, the overall collection efficicncy
must be determined. This efficiency will depend on
both the isotropy of the target blowoff and the
effective atom absorption coefficient of the liner
material. To experimentally measure this quantity,
we have devised a technique that uses a radioactive
tracer, *Na, whose decay properties are shown in
Table 3-13. The nuclide **Na is created in the glass
microspheres by the **Na(n,y)**Na neutron absorp-
tion reaction. In contrast to the **Si(n,p)**Al reac-
tion, which requires large neutron energies, this
capture process requires low-energy neutrons.®
Thus, reactions with high-energy thresholds can be
discriminated against by irradiating the micro-
spheres with a thermal spectrum of neutrons. Ap-
proximately 5% of the glass atoms are **Na, so no
doping of the target is required, The 15.02-hr half-
lire also alleviates the need for rapid removal of the
collector from the target chamber. Sufficiently
large amounts of **Na activity are made by injecting
the microspheres in the LLL light-water, 3-MW
reactor for 8 hr (typically) of irradiation. A gamma
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spectrum of an irradiated microsphere is shown in
Fig. 3-106. Figure 3-107 shows the decay curve
gencrated by following the activity for several
days. This curve was obtained with an integral
gamma detector that responded to photon energy
from 25 keV to 10 MeV. The decay curve, with a
half-life of 15 hr. shows that, during this time inter-
val, the most active isotope in the microspheres is
*'Na. This result is expected because neutron ab-
sorption by the predominant isotopes in the glass,
Q) and **Si, results only in the formation of the
stable nuclei, '"O and *Si.

With irradiation times of approximately 8 hr
and with the microspheres placed in the C-4 facility
of the reactor (neutron flux of 7 x 10™c¢m *s 'ata
Ca ratio of 2.84)." we have produced >10" *'Na
nuclides at sample removal time.” The collector
efficiency can therefore be experimentally meas-
ured by taking the ratio between the *'Na activity
before and after the shot, v.ith the appropriate cor-
rection for the elapsed time between counting. The
large levels of *'Na activity allow for considerable
delay between preactivation, microsphere count-
ing, target shot, and debris counting. The copious
amounts of **Na atoms also allow the collector foil
to be sectioned into small segments, which has the
following advantages:

® Because of the reduced source size, small,
inexpensive, relatively inefficient detectors can be
used. At present we are using a 4.45-cm x 5.1-cm
Nal(th) crystal.

® Geometry effects for relative counting be-
tween the microspheres and foil sections can be

L1yt

L1 de

I
O

 Mirosphere sctvity.
i I ALIL

Time, days
Fig. 3-107. Microsphere decay curve.

minimized while still obtaining a reasonable detec-
tion ‘efficiency. For the aforementioned counter
and a source distance of 2 ¢m, less than a 5%
variation in detector efficiency has been measured
for a microsphere and a I-cm-square source (with
the above detector and source distance. the detec-
tion efficiency is 87%).

® Assuming atom absorption at initial con-
tact with the collection foil. a spatial distribution of
the debris blowoff can be established. Even if
multibounce phenomena are important, the per-
formance of a collector can be better understood
with a kacwledge of the final atom condensation
distribution.

Debris Removal. The total number of *Al
atoms produced and the relatively short half-life
dictate rapid removal of the collector from the
target chamber. In addition, the system must be
reliable (becatse of the high cost of each target).
cost-effective, and compatible with the existing
Argus experimental facility. The system that we
have devised and which is now being fabricated is
shown in Fig. 3-108. The foil-lined collector tube is
attached to a retrieval rod, whi : also positions the
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Argus vacuum chamber

Pneumatic valve

Vent valve

91.4-cm
concrete

Transfer tube

Fif:. 3-108, Collector removal facility (note that the Pb cave is located helaw the concrete floor and not as it is shown here}.
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10.16-cm
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Detector—\

N

collector about the target. Immediately following
the shot, the collector is retracted into i smaller
cyhnder that serves as an air lock and that can be
isolated fream the vacuum vessel by a pneumatic
vidve. After isolation and rapid venting of the air
fuck. the collector is removed and sent down a tube
into the basement of the Argus laser building. The
foil is then removed and placed within the detector.
which is housed within a 10, 16-cm-thick lead cave.
The placement of the detector is dictated by several
considerations:

® The floor of the building is 91.4-¢cm-thick
concrete. which acts as an effective shield against
the nucleonic component of cosmic rays.™

® The detector s sufficiently far removed
from the targer chamber so that activation of the
crystal by 14.1-MeV fusion neutrons will not cause
problems (i.e.. ®*Na, ™).
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® T'he collector can be rapidly transported to
the detector via the rabbit tube.

With this system we expect efficient transfer from
the target chamber to the counter in approxintately
one Al half-life (2.3 min.).

Counter and Detection System.  As shown in
Fig. 3-103, the *Al decay route is by g-cmission to
an excited state of *Si, followed by y emission to
the ground state. Because the *8i isomer is short
lived (10-ps lifetime). coincidence counting of the
-y cemission and the concomitant reduction in
background are used. A large Mal(Tl) crystal is
used to count the y rays and a plastic scintillator
(Nel102) detects the 8°s. Amplified signals from the
individual detectors, after going through appropri-
ate energy gates, are relayed to a coincidence unit
that registers only those counts for which the 8 and
v signals overlap within the response time of the
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electronics (500 ns). A schematic of the detection
system is shown in Fig. 3-109.

Becuuse the efficiency of a coincidence system
is equal to the product of the efficiencies of the
individual detectors. a premium exists for obtaining
detectors of the highest efficiency possible. For this
reason, to detect the y rays. we are using a large
25.4-cm x 25.4-cm Nal(T)) crystal with a 15.24-
cm-deep. 5.08-cm-diam well for a plastic scintil-
lator. Nalt(Tl) was selected because of its high ef-
ficiency, ability to be grown into targe crystals, and
good resolution. With a narrow energy window
(300 keV) centered on the **Al photopeak (1.78
MeV). y efficiencies of 30 to 40% should be
obtainable. ™

The B fluor hus been designed for both of-
ficiency and compatibility with the debris collecior.
NE 102 was chosen as the detector material for its
high efficiency and casy machining. The fluor. as
shown in Fig. 3-110. consists of two compone as.
The thin foil deposited with target debris is wrip-
ped around the inner section and then inserted into
the outer fluor. All dimensions are greater than a
3-MeV g range, und the two sections are mated
with optical coupling grease for efficient photon
transfer to the PM tube. This design has 47
geometry. and the efficiency of the 8 fluor can be
solely determined by the fraction of the continuous
B distribution that is alfowed by the lower dis-
criminator settings. This level in turn is set by
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background levels. This combined detector will
have a coincidence efficiency for a distributed
source (the debris-laden foil) of 20 to 40%, with
possible background rates of <1 cpm.

Whereas the above system 1s not yet available
because of the growing time of the crystal, the basic
concepts behind the detector were verified, using
the coincidence electronic setup mated to a smaller
15.24-cm X 15.24-cm Nal(Tl) crystal with a 2.54-
cm-diam x 5.08-cm-deep well. Because of the well
dimensions, the fluor had only a 27 geometry. With
this detection system, background levels were re-
duced to less than 0.1 cpm from the 77 cpm re-
corded with the Nal(Tl) crystal alone, while the
system maintained an overall efficiency of 11%.
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3.6 Target Acquisition, Control, and
Instrumentation (TACAI) System

The 1976 annual report™ described a plan for
implementing a network of control, data acquisi-
tion, and analysis computer systems for the Shiva
laser facility. We have now carried out that plan.
Our mojor achievement was the installation of the
Target Acquisition, Control, and Instrumentation
(TACAI) system for target diagnostics. The hard-
ware and software structures provided by the
TACAI system give us the flexibility to meet ex-
pected expansion in experimental diagnostics.

3.6.1 Hardware Description.

The Shiva target diagnostic hardware sub-
system consists of a PDP 11/34 and a dual {master-
slave) LSI-11 front-end processor (FEP). A sche-
matic of the subsystem is shown in Fig. 3-9. The
PDP 11/34 intermediate-level processor will per-
form system functions and provide man-machine



interaction. Presently, the LSI-11 FEP master
provides man-machine interaction, and the slave
handles the hardware interaction with the diagnos-
ti.s instrumentation stations.

The master FEP has a terminal and a pair of
floppy disk drives. The slave FEP has an optional
terminal and is connected to the CAMACT crates
and modules. Signals from the sensors are digitized
by the CAMAC modules and are read by the slave
FEP. The information is then transmitied over the
serial interface to the master FEP, for recording on
the floppy disks and for eventual transmission to
the PDP i1/34. CAMAC crates are distributed near
the sensors around the target chamber and at re-
mote locations. The hardware and instrumentation
for target diagnostic s.nsors are discussed

elsewhere in this report. Here, we describe the
software aspects of the TACA} FEP.

3.6.2 Software Description

The target diagnostic computer subsystem
diffe: . from the other Shiva digital systems in that it
must be more flexible in defining its configurations.
New experiments and instruments are constantly
being added and diagnostics parameters changed.
Yet. with this flexibility. fast readout must be main-
tained because the data in some of the modules are
volatile. The software for TACAL was patterned
after ADAS™ software, which has been used in the
Argus data acquisition system. The ADAS system
uses an operator-controlled interactive command
language called CAMEL (CAMAC Experimental

Master - Slave
Link to FEP - Serial link (DLV-11) - FEP
PDP 11/34 (TAC) {CA))
1 [
\
. Communication link
Operating system with the master
{RT-11, REBEL/BASIC)
. queue /O
(DLV-11} {RX-11) (BASIC) {DLV-11) Optional °
terminal
. Floppy Message processit'g
Terminal disks CAMEL Task processing
(KS-3911) |- CAMAC
Q-bus to crates
unibus
adapter
External ‘ AH;;S::_“."- Bm‘l’z ::y'nd CAMAC
signals modi . it
q ;gggen .con_flq:ratlon' e?(ecutlve
Preprowammed ermmaUe Node - " Crate and
" tasks tasks' definition module operatnon
Fig. 3-111. Target Acquisition Contro}, and Instrumentation (TACAI)system.
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Language), with which an operator describes and
defines the experimental configuration. If the oper-
ator knows the commands, he or she can use this
language without prior experience in programming.

The separation of functions in the TACAI sys-
tem beiween the two FEPs and the use of asyn-
chronous multitask processing capability enable

the whole system to be versatile, as diagrammed in
Fig. 3-111. The master FEP with a REBEL/
BASIC? operating system handles network com-
munication with the control room. It performs sys-
tem operations such as overlaying the programs,
storing data on the floppy disks, and checking
commands. With scientific functions, the master

Command from
the master FEP

Ready
experimental sequence

Prepare for system trigger
with backup trigger
enable in 16 ms

¥

System {or backup)
trigger

~30-min
signal

Initialize all modules
Execute —30-min task

Record data from
fast devices

Set alf module parameters
Execute —2-min tasks

ok K h Close camera
’ - shutter automatically

Execute 2-s tasks
Open camera shutters

Inform master FEP
of trigger

Wait for command
from master

3.92



FEP can perform partial analyses on the data.
Eventually, some of these operations will be han-
dled directly by the PDP 11/34.

The slave FEPacts as a “*smart’* controller for
the CAMAC crates with multibuffering and multi-
task capabilities. It has been designed to respond to
externai signals and execute preprogrammed se-
quences, yel it is flexible enough to execute pro-
grammable functions and tasks. Although these
tasks are precoded in the slave FEP, the module
assignment to a particular event is controlled from
the master. To maintain the specd necessary for
fast readout of the required modules, the slave is
programmed in assembly language.

The software structure was designed to be
modularized both in data storage and program-
ming. All pertinent identifications and parameters
are entered and stored in the configuration. The
configuration is a linked list of tables. Data are
either stored in or linked to the configuration, Pro-
grammed 1asks are also stored in the configuration.
The module handlers have been standardized and
modularized so that additions or modifications for
new instruments are relatively easy. To maintain
ease in implementing new modules, each medule
can be accessed either on the task level or CAMAC
function code level.

A typical sequence of events for 4 shot starts
when an operator defines the experimental con-
figuration of crates and modules. either from a ter-
minal or by reading a preconstructed configuration
for an experiment from a disk. Parameters can then
be updated for current modifications. A dry run is
performed either manually or with a simulated shot
sequence, with the resultant data kept as back-
ground data. The system then waits for the actual
shot sequence, as diagrammed in Fig, 3-112, When
the shot occurs., data from the modules requiring
fast responses are stored in the slave. Then the

master is informed that the shot has occurred. The
master initially requests the data from thosc
modules siored in the slave. Then the master com-
mands the slave to read and transmit the data from
the modules with local memories. This proceeds
until data from all modules are recorded. Work is in
progress 1o enable the master to transmit the dalu
directly to the PDP 11/34 for archiving and
processing.

Currently, partial processing and archiving of
the data in a quick-look mode are performed by an
operator who carries the Roppy disk from the mas-
ter FEP to the PDP 11/70. A more detailed analysis
of the data is also performed later on the PDE 1170
supervisory computer to obtain the experimental
results.
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