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ABSTRACT

Progress in the develop:nent of high-energy short-pulse carbon dioxide laser systems
for fusion research is reported. Improvements are outlined for the Los Alamos Nationa!
Laborator;'s Geriini System, which permitted over 500 shots in support of 10 different
target experiments; the transformation of our eight-beam system, Helios, from a
developmental to an operational facility that is capable of irradiating targets on a
routine basis is described: and progress made toward completion of Antares, our 100
to 200-TW target irradiation system, is dstailed.

Investigations of phenomena such as phase conjugation by degenerate four wave
mixing and its applicability to laser fusion systems, and frequency multiplexing as a
means toward multipulse energy extraction are summarized. Also discussed are
experiments with targets designed for adiabatic compression, which reached the
important milestone of compressing the fuel to a density 20 times that of liquid
hydiogen. Results of opacity experiments, part of our modest military applications
effort, are also given. Progress is reported in the development o accurate diagnostics.
especialiy for the detection of expanding ions. of neutron yield. and of x-ray emission.
Significant advances in our theoretical efforts are summarized. such as the adaptation of
our target design codes for use with the CRAY-1 computer. and new results leading to
a better understanding of implosion paenomena are reported. which will significantly
affect the design of future targets. Improvements in the fabrication of complex targets
are discussed and the deveiopment of cryogenics for the target retraction mechanism in
Helios is described.

The results of various fusion reactor studies are summarized, including the
development of an ICF reactor blanket that offers a promising alternative to the usual
lithium blunket. and the formulation of a capital-cost date base for laser fusion reactors
to permit meaningful comparisons with other technologies.



SUMMARY
{Laser Fusion Staff)

INTRODUCTION

The Los Alamos Natienal Laboratory Inertial Fusion
Program. in conjunction with the Department of Energy.
15 ~earching for a solution to the Nation's long-term
energy problems and providing support for the nuclear
weapons program, The first objective for both goals is to
demonstrate that the fusion fuei contained in a target
pellet can be 1igmted. To this end. our broadly based
program involves the development of high-power drivers
that can gnite the fuel, the design and fabrication of fuel
pellets. experimental studies of target phenomenoclogy to
nrovide informauon for the desigr process. development
of suitable diagnostics for such experiments, studies of
weapons applicaunons. and studies of concepts leading to
the use of inertial fusion for power production.

Three medium sized CO, laser systems are being used
for vxperimerits. and the 100-kJ Antares CO. laser is
being prepared for future tests.

CO LASER PROGRAM
Helios Laser System

Stnce s first shot on target in July 1978, Helios has
grown from a developmental faciity to an operational
facility capable of irradiating targets on a routine basis.
During the first half of 1979, approximately two of every
five work dayvs were shooting days. During this ime. 259
shots were fired— 86 1n support of the target program.
and 173 in support of system development andor
ma:nienance. Important (asks accomplished during this
period include

e installation and operation ot the beam simultaneity

system:

® measurements of the first optical multiplexing in a

Helios power amplifier:

e installation and operation of the Data General

$:230 computer sysiem:

e installation of the first optical encoder syst.m on the

target mirrors of one of the eight beam lines: and

® optical isolation of the screen room that houses the

Helios computer control system

Geminj Laser System

The Gemini laser system fired 513 shots in support of
target experimentation. The desired output energy was
produced in 423 shots with no measurable prelasing or
prepulsing.

The following improvements were made in the Gemini
system during the past 6 montlis.

® The internal saturable-absorber gas cell was tested

hydrostatically and prepared for installation.

® The single-target insertion mechanism is ~90%

complete.

® The deformable mirrors (Hughes Aircraft Com-

pany} are in the mirror-grinding stage.
® Ten target experiments were performed.
® The oscillator and preamplifier for
front-end system are assembled and testing has
begun.

® Antireflection-coated NaCl windows were installed

on the Gemini target chamber.

® The control system upgrade was designed.

the new

Gigawau Test Facility

The Gigawatt Test Faaility (GWTF) laser was up-
graded in performance and reiiability te provide more
than 10 GW of output power for plasma physics and
other studies. In addition. the components of the pre-
vious GWTF were reconfigured to produce a second
beam hne with line-selectable CO. pulses of | 10 60 ns
and up to 5 J energy. The associated experimental areas
can now accommodate four siinultaneous optical studies
by means of a beam switchyard.

ANTARES

Antares comgprises a six-bcam. 100- to 200-TW CO,
laser and associated target-irradiation facilities. Excellent
progress was made in the design and procurement of the
various components of the system. but inclement weath-
er caused construction delays of some of the large
buildings that will house the system.



The design and procurement of hardware was com-
pleted for the first of the six power amplifiers and for the
optical test bed (a beam line devoted to optical work) and
awaited delivery of large long-lead-time parts. The first
power-amplifier parts to be delivered will be the vacuum
envelope for the first electron gun, and support stands
and pressure shells for the first two power amplifiers.
Because the Laser Building will not be complete by July
1979, these large components will be located in tem-
porary facilities.

The optical design of the Antares oscillator and
preamplifier stages (optical front end) was completed. A
one-beain prototype incorporating Antares hardware is
being built in a laboratory set aside for front-end
development. Preamplifiers were received. and a new,
more efficient design of a multipass preamplifier was
assembled and tssted. Specifications for the system'’s
output (driver) amplifiers were written. and a fixed-price
contract for an initial unit, with options for five or more,
was awarded.

A major development and procurement contract was
awarded to Maxwell Laboratories. Inc.. for the main
Antares energy storage system. Antares requires 24
Marx generators, each storing 300 kJ at 1.2 MV. The
performance specifications required that the units have
less than 3-uH inductance and a jitter below 20-ns rms.
However, because such stringent specifications were new
to the pulse-power industry, we designed and tested a
prototype unit. This work was successful and three
contractors submitted fixed-price quotations in response
to our requests for proposai.

We defined a tree-structured, hierarchical architecture
for the controls system. and requested quotations based
on detailed specifications for the controls computers and
communications networks. In addition, specifications
were written and released for shielded rooms. CAMAC
crates. fiber-optic cable., and other standard Antares
components.

Union Carbide Corporation’s Oak Ridge Y-12 Plant
made significant improvements in the quality of surface
finish and figure of large single-point diamond-turned
mirrors. At Harshaw Chemical Company. Solon. Ohio.
45.7-cm (18-in.) NaCl windows were forged. and the
optical quality of their large salt windows was improved
significantly.

Finally, the Los Alamos development program on
large mirror positioners was completed. Their develop-
ment was especially important because of the large
number needed and because of the total cost. The Los

Alamos positioners were designed around flexures (rath-
er than gimbals) that hold the mirrors from behind,
thereby accommodating the close-packed arrays charac-
teristic of the Antares beams.

A two-phase contract was awarded to Pittsbu.gh-Des
Moines Steel Company (PDM) at the beginning of
FY-79 for target vacuum system design and procure-
ment. The fixed-price ($4.5M) contract was awarded on
the basis of cost and technical compliance with the
specifications. The 1300-m® system requires that the
vacuum pumping units be cryogenic. self-contained
pods. On the basis of preliminary design reviews. PDM
was allowed to procure long-lead-time materials and
components before final design review by DOE. sched
uled for mid-August 1979,

We were disappointed that the buildings will not be
completed on schedule. The most recent projection for
beneficial occupancy of the entire facility is November
15. 1979.

CO, LASER TECHNOLOGY

We successfully built and tested a retropulse isolator
suitable for a CO, oscillator-amplifier system. The
isolator is basea on absorption of the retrodirected
energy by a dense plasma created at the focus of a
specially configured spatial filter. The plasma is initiated
or “‘seeded™ by the trailing portion of the forward-going
pulse. and is driven to high density by the retropulse
itself. Up to 33 dB attenuauon was observed for the
retropulse.

Our work with solid-state saturable absorbers based
on substitutional dopants in alkali halide hosts con:inues
to be encouraging.

For very short pulse laser fusion applications of phase
conjugation by degenerate four-wave mixing. the re
sponse obtained for the conjugation device may differ
considerably from steady-state predictions that have
appeared in the literature. Accordingly. we have de
veloped a transient theory for this process. Our resuits
indicate that extreme pulse-shape distortions are possitie
in the transient response of degenerate four-wave mixers.

We continue to improve our understanding of
gas-phase isolator systems. which, at present. are the
most successful means of isolating CO, laser systems
from parasitic oscillations. Particularly interesting are
the effects of buffer gases. which are used to speed up
absorption relaxation. and the effects of varying input



pulse duration on ulumate saturation that can be ob-
tained with SF-based isolator mixtures.

We are studying angular and frequency multiplexing
as a means to extract multipulse energy from CO, laser
amplifiers. which would permit conversion of a signifi-
cantly higher fraction of vibrational energy stored in the
gas into laser light. With our conditions. the angular
multiplex technique increases both the energy extracted
ana the efficiency by more than fivefold. Problems of
parasitic oscillation can also be mitigated by the multi-
piex approach.

The suitability of copper and salt optical surfaces in a
high gain laser facility has been assessed for two dis-
tances each from the centers of microexplosions of two
pellet designs with and without gas protection by xenon
or argon. Under these conditions. salt optics are unac-
ceptable without gas protection. except for the weakest
pellet effect at the longest distance, but copper mirrors
appear 1o he acceptable under all conditions.

TARGET EXPERIMENTS

We have departed from exploding-pusher-type targeis
to adiabatically compressed targets because they are
energy efficient and offer the best hope fi r scalability to
wniuon conditions. Using thick-walled spherical targets.
we have shown that absorbed CO, iaser light can be
coupled efficiently to the fuel. Fuel dznsities of approx
imately 20 umes that of liquid deuterium have been
achieved. and simultaneous fusion yield and time-history
measurements have matched those predicied. confirming
the adiabatic behavior of the target.

We demonstrated that increased coupiing of energy
into the fuel 1s obtained by proper preparation of the
target surface. Energy loss caused by fast ions and
iateral transport 1s small. or at least manageable.

Iniual experniments demonstrated that x-ray backlight
ing will be useful for examining hydrodyramic stabiiv
and breakup of pusher shells—essential information tha.
could not be obtained previously.

MILITARY APPLICATIONS

Experiments with our Nd:glass laser system have
confirmed that useful information can be obtained con
cerning equation-of-state parameters of unknown maten
als in the 10-Mbar pressure region. For known materials,
the results of experiments agree well with calculations

when the properties of the laser irradiation system ars
known and included. Useful opacity data can also be
extracted from experiments.

TARGET DIAGNOCSTICS

A development program for instruments essential to
accurate diagnosis of laser-heated and imploded targets
is producing equipment that incorporates significant
advances over previous designs.

Because a large fraction of the absorbed laser energy
produces a2n expanding region of ions. accurate detection
can enhance our understanding of the energy partition
within the heated region of a target. New developments
in plastic ion-damage-track detectors are being in-
corporated into our diagnostics. Measurements of the
total amount of laser light absorbed by a target are of
continuing interest. as are the time dependence and
target dependence of such absorption. We are developing
accurate techniques for these studies at each CO, laser
facility.

Because the most direct measure of fusion output is
the neutron yield—which, in some target designs. may
be kept low—accurate. sensitive neutron detection is
essential. We have developed new integrated yield meas-
urement techniques that increase dynamic range and
sensibihity. and new recording techniques for various
instruments will lead to accurate and rapid data acauisi-
tion and retrieval.

X-ray imaging diagnosiics are essential for the
diagnosis of nearly every type of laser target. Pinhole
cameras. X ray microscopes. and imaging spectrographs
are all used in our experiments. and we have continued to
extend their wavelength response and resolution. We
have developed detailed deconvolution techniques to
relate actual source distributions to cbserved images. We
should soen have temporally resolved one-dimensional
x-ray images of CO, laser-heated targets.

High-energy x-ray measurements typically suffer from
large background contamination and have been
notoriously poor sources from which to derive a
suprathermal-efectron temperature. A new K-edge sys-
tem of detectors. recently dcveloped. should remove
much of the background problem and provide accurate
spectral data in the 25- to 200-keV region.

As we advance to more complicated target geometries,
radiochemical diagnostic materials within an implosion
system will become increasingly impertant. Their use in
diagnostics depends on retrieval of a significant fraction



of the disassembled target debris. Improved coliectors
have demonstrated 12% efTiciency. which is adequate for
our purposes.

THEORETICAL STUDIES—PROGRAM SUPPORT
AND DIRECTION

Advances were made in all four sections of our
theoretical group. Target design effort for Helios experi-
ments included two-dimensional studies of effects of
asymmetry on the 20-times-liquid-density experiment
and pirameter studies on exploding-pusher targets to test
the physical model in our design code. Also. target
design codes were converted to run on the much more
efficient FTN compiler in preparation for their con
version to the CRAY-1 ccmputer. In addition. a new
ion beam deposition package was added to allow more
reliable calculation of ion-beam driven targets.

We obtained important new results in supporung
phvsics. which will affect future target designs. Because
of a more detailed understanding of the hot electron
generation mechamsm. we have concluded that the
source 1s. indeed. very close to a Maxwellian. which
verifies the hasic assumption used in our target designs.
A clear understanding of the physics involved in the
observed low level of sumulated Brillouin scattering for
CO. laser hght has also been achieved. Detalled mod
eling of the electron transport processes has shaown that.
in one dimension. either density structures are the only
effective transport inhibiung mechanism or the fun
damental transport equations of Braginski are not +ald.
The degree of inhibition possible seems to be larger for
lasers of shorter wavelength.

Theoretical support was also provided for mnvestiga
tions of saturable absorption opumzation. muluple pulse
extraction. and opumization of advanced CO, laser
svstems (discussed in detail in Sec. 111).

LASER FUSIOM TARGET FABRICATION

Charactenization of laser fusion targets has improved
in several areas. We developed a simple method of
determining ti:e composition and pressure of gases inside
glass microballoons (GMBs) and sigmficantly improved
the sensitivity of our microradiographic techniques. We
developed methods of studying mechanical properties of
GMBs at elevated temperature and found a higher
strength retention than expected: we also produced
extremely smooth (< : 0.05 um). transparent plashc

coatings on GMB:. We are manufacturing »x ray
diagnostic GMB 1argets filled with nonpermeable gases
by a drill. fill. and plug (DFP} technique that uses a dve
laser to drill 1- to 3-um-diam holes in the glass shell.
Development of the cryogenics for the taiget retraction
mechanism in the Helios installation is essentialiy com

plete.

FEASIBILITY AND SYSTEMS STUDIES

Inertial confinement fusion (JCF) reactor design stud
ies continued. Investigations of high Z gases as bharriers
for x ravs in comjunction with magnetic protection o
cylindrical reaction chamber walls led to the deveiop
ment of a numencal code that solves the governing
differenual  equations and thus  models  cav
phenomena.

We have developed an [CF reactor blanket “hat otlers
a promising alternative (o the hthium blanket. 1t 1~ mor-
compact. vet dehvers a similar fracton of tusien reactor
energs release at high remperature and achieves a simiiar
tntium breeding ratio. The concept imvolves pressunzing
the hgaid hthium enough to pre.ent boing. although |
atm at 1600 K is sufficient. w2 selected a design pressure
of 30 aum to match the blanket pressure and the
process stream  pressure  of  our  mMoest promistiy
bismuth sulfate cyvele tor hydrogen production by water
sphtting. Qur new hign temperature concept also offers
the possibility of more efficiznt electne power generatorn

As part of our invesugations of fusion tission applica
uons of ICFE. we performed an engmeering feasitihiy
study for a dow power densaty fissde fuel factery We
demonsirated a structurally feaable. remately refucled
and maintained. hthium cooled. modular sphericai cavi
ty blanket svstem in which maximum fissile fuel s bred
and suiTicient tnuum and clectric power are produced i
operate the plant

Because the produc .or cost of advanced technaiogs
electric power will be dominated by capitai cost reconen
and debt servicing. capiral cost projections are essentia)
for any cost estmation. In a yoint prisect with an outside
firm. we have developed a capnal cost data base to- jaser
fusion reactors so that comparisons with other technolo
gies can be made

In conclusion. steady progress toward our goals was
n.nde duning the first half of 1979 The most sigmficant
demonstration was that of efficient couphing of CO, laser
hight w0 the fuei. We met on schedule the important
milestone of compressing the fuel to a density 20 umes

that of hquid deuterium.

h



I. CO, LASER PROGRAM
(J. P. Carpenter. J. S. Ladish)

Research and development on high-energy short-pulse CO, lasers began at Los
Alamos in 1969. The Single-Beam Sysiem, designed in 1971, began operating in 1973
and was phased cut in November 1977. Two large systems now operating are Gemini
and Helios. Gemini will uitimately generate pulses of 2 to 4 TW for target-irradintion
experiments. Helios began operating in April 1978 and surpassed the design goal on
June 21, 1978, with an output of 10 kJ at a power level of ~20 TW. In July 1978, we
began target-irradiation experiments on Helios. Compression of fuel tc a density more
than 20 times that of liquid. the first important event in Helios, was achieved in June
1979. The third system. Antares. is in the design and prototype stage. This system,
described in Sec. I, will generate laser pulses of 100 to 200 TW, with the objective of

demonstrating scientific breakeven.

GEMINI LASER SYSTEM
Introduction (J. P. Catpenter)

T'he tollowing target experimems were performed by
the Gemint system during the past 6 months.
I Ncon spectra expenments to compare with Helios
Jdata
2 X ray emussion efficiency tests
X ray shadowgraph expeniment
14 Flectron emission from needle target studies
Retropulse protection measurements
6. Target contamination studies
Target shots with target chamber backfilled with
high Z gases
& Calorimeter damage-threshold tests
9 Time resolved thermal transport experiments
10 Vega and Mira target studies
Of the 213} shots made for these experiments. 82%
produced the desired energy with no measurable prela

sing or prepul-ing.

Laser Performance and Diagnostics (J. J. Hayden, J.
McLeod. D. Hebron)

One of the two NaCl windews on the south-beam
target chamber gas cell has been replaced with a wedged
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NaCl window because reflection from the wedged win
dow permits measurements of the complete output pulse
with no second-surface interference.

The internal saturable-absorber gas cell has been
tested hyvdrostatically and will be installed during the first
quarter of FY 80. This cell will house the deformable
recollimating mirror and should aliow the dehvery of ~}
TW onto a targe..

The small-signal gain diagnosuc channel has been
installed 1n the optical diagnostics shield room.

Oscillator-Preamplifier System (V. Romero, E. Coffelt)

The smoothing tube. switched-out oscillator. and two
preamplifiers werc assembled for use in the new front
end. and iniial testing has begun. This front end wil)
replace the existing system with mimmal downtime
Juring eariy 7Y 80.

Dunng the past 6 months. more than 5000 shots were
fired by ti:e existing front end for diagnostic trigger tests.
systemn ahgnment. and target experimentation shots.

Computer and Control Systems (S. Hackenberry, P.
Castirie)

Design of the upgraded computerized control system
1s complete. This system will monitor the timing of 20



events during the firing of the entire Gemini system.

The hardware for a shot-number display system to be
installed on the Gemini main floor nas been received.
This computer-controlled system will automatically dis-
play the current shot number with 15.25-cm (6-in.)-high
numerats.

A new radio-based public address system has been
purchased for the Gemini building. which will also serve
as a means of intercommunication between Gemini
personnel.

The electromic network analysis program NET-2 was
extensively used to simulate malfunctions in the
pulse power capacitor banks. In one instance the tech
mque located a malfuncuoning spark gap before serious
damage occurred.

HELIOS LASER SYSTEM
Introduction (J. S. Ladishj

During the first half of 1979, the primary objective of
Helios was to maintain a target wrradiation capability 1n
the 3 to 5 kJ range. consistent with our overall plan to
complete the faclity.

As Helios operations become more routine. facihity
work 1s directed more toward improving reliability and
svstems operations. This 1s reflected in a separate
subsection on Helics operations that summanzes system
performance during this period.

Helios has achieved worldwide recogniuon as a unique
fusion laboratory. as evidenced by the ever increasing
number of requests for interviews, information. motion
pictures. and tours. More important. however. is the
wealth of new and significant data that have extended
our understanding ot laser plasma interactions.

In the next few years. the burden of proof that CQ_1s
a viable laser fusion dnver for energy use rests almost
exciusively on the Helios system and ts experimental
program.

Operations (J. S. Ladish)

As Hehos approaches full operational capability,
overall system performance and operationai parameters
are becomng ncreasingly importan:  Although this
transition 1s not fully complete. the operational aspects of
the Helios svstem have developed sufTiciently to deserv:
special note.

During the first half of 1979, the Helios system was
fired 259 times: 86 times (~33%) in support of the target
experimentai program. and [73 times in support of
system deveiopment and:or maintenance. About two of
every five workdays were shooting days with the remain-
ing three davs devoted to facility work directed tovsard
completion of the svstem. modifications of system hard-
ware and software to improve reliability and-or facilitate
operattons. and routine maintenance. A view of the
target insernon mechamsm inside the Hehkos chamber
during diagnostics installation 1s shown in Fig. 1 1.

The system can now routinely deliver a maximum
energy of § kJ in an 0.8-ns pulse IFWHM) 10 a target at
a system shot rate of about once per half hour. The
limitation of on target energy 15 self imposed oy our
desire to mummize the electrical stress to which the
power amphfier modules are subjected. and by
target amphfier parasiucs that require a saturable ab
sorber. which results 1n a reduced energy output. These
condions have not been corrected because our highest
priority 1s to conduct the target irradiaton program
without unnecessarsy delays.

During the next 6 months the pnimany operational
objectives are to increase syvstem rehabdity o reduce
downtime between shots. 10 develop a realistic mamn
tenance schedule. to provide a reasonable inventory of
items essenuial to operation. and to develop an opera
uonal team tor teams) whose sole function will be the
operation and mamntenance of the Helos syvstem at a
defined operating point.

Fig. 1 1.
Target insertion mechanism inside Helios Chamber during
diagnostics instailation.

~)



Objectives such as increasing the energy on target or
characterizing the beam intensity at the focal spot will be
addresse¢ by investgators vho are not members of the
operational team.

Front End (R. Carlson, R. Quicksilver. M. Weber)

During this period. priority was given to installation
and checkout of the simultaneity system.

Inmitial measuremenis made with the beam simultaneity
~vstem indicate a round trip optical attenuation of =35 to
201 10", depending upon which beam line is used. These
measurements have been performed with the tnple-pass
amplifiers (TPAs) evacuated to a few torr. The 40-MHz
modulated signal received by the HgCdTe photovoltaic
detector produced ~ 35 to 140 uV (rms). This signal 1s
increased to ~ 310 20 mV (rms) by a low noise-tuned rf
preamplifier. The signal-10-noise rato under these conds
uons 15 greater than S00:1. The electnical noise of the
svstem has been reduced to the thermal noise of the 50-Q
terminations in the system. The signal to ghnt ratio
tghnt: any ghost reflecton 11 the system) of the system
can be increased 1o greater than 500:1 by removing the
SF2 «paual filter pinholes n the front end. The SF3
spatial filter pinholes and beamsplitters are the next
aredorminant sources of ghnt in the system: careful

alignment of these items improved the signal-to-glint
ratio by anoiher factor of 4. When trying to achieve
stable phase readings with a jitter < 3 0.1 (< t 2.5-ps
resolution). we discovered that a stray reflection from the
mode-matching telescope of the alignment laser system
was causing a iaser-modulator interaction. which pro-
duced erratic phase readings of several degrees. This
condition has been resolved by tilting one of the
mode-matching telescope lenses. Repeated measure-
ments taken over a 3-day period gave path-length errors
using beam line 4A as the reference as shown in column
A. Table I-1. First-order path-length corrections to beam
lines 1A. 23. and 3B were made and results are shown in
column B. All measurements contain a path-length error
of +0.5 cm. The effects of dav-to-day beam alignment on
the reproducibility and accuracy of the beam simultanc
ity system will be studicd during the next 6 montls.
These preliminary results indicate that our goal of
adjusting all eight beams to within =1 cin can be met
easiy.

Imprevements to the front-end system to achieve

long term reliability included ihe following.

e Dual trigger units and power supplies have been
installed on preamplifiers | and 2.

e New controls have been installed for the oscillator
tincluding an improved plasma-tube current regu
lator). for preamplifiers | and 2. and for the laser
preamplifier gas-fiow system.

TABLE 1!

PATH LENGTH ERRORS FOR
EIGHT HELIOS BEAMS

Path Length Error (cm)

A B
Beam Line Before Adjustment  After Adjustment
1A -35 :05cem’ -1.0 : 0.5cm
iB 0.5 ~0.5
2A - 0.5 ~-0.5
2B -2.5° -1.0
3A 1.5 -1.5
3B -25 -1.0
4A (reference) 0 0
4B -0.75 ~0.75

*Path length is shorter than the reference; i.e.. pulse arrives earlier.



® Covers have been installed around the osciliator.
saturable-absorber cells. and periscope mirror stand
to protect the optical elements from the environ-
ment.

® Ap improved switchout with mode-matching tele-
scope and vacuum stations for the plasma tube and
the gas cell of saturable absorber | have been
desigined.

® Pockels cells of wider bandwidth have been built for
the improved triple-switchout assembly.

Laser Physics (G. T. Schappert, D. Casperson, R.
Haglund. J. Busse)

To increase the energy on target in Helios. we have
made  parasitic  threshold measurements  with
Hartmann aligned targets at the focal plane. When we
saw that the reentrant beam tube at the entrance to the
TPA was coupled to the target and was lowering the
stability threshold. we remove-! all eight beam tubes from
the power amplifiers. Although the threshold for the
onset of parasitics was thus raised substantially. we
discovered that the severe attenuation of the oscillator
pulse passing through the full length of the
saturable-absorber cell resulted in a degraded temporai
pulse shape: both the rise and fail times of tire pulse were
increased. resuliing in reduced peak power

Our discovery that the output pulse from the Helios
TPA had lengthened after removal of the beam tubes
prompted us to investigate the transmission of Mix 907
at powers raaging from 10 10 200 MW.cm”. using the
nominal 780-ps pulse {FWHM) from the Helios ront
end. Measurements were made ir a 120-cm-long cell.
with calorimeters measuring the input and ocutput
energies. Results are shown in Fig. I-2. We concluded
that the first-pass attenuation of the puise in the TPA gas
cell is severe enough to reduce the drive pulse below the
saturation level on the first pass. thus contributing to a
lengthened tail on the pulse after tliree passes through the
gamn medium.

We have not measured in detail the transmission cof
multiline pulses in the absorber or possible changes in
pulse shape after the pulse traversed the gas cell.

As a result of the transmission measurements. we
considered it important to establish a new operating
point for the TPAs with beam tubes out. A series of
parasitics studies showed that the saturable-absorber
pressure in the TPA gas cell could be reduced to 12 torr
at a pulse forming network (PFN) change voltage of 50

kV without sacrificing machine stability. This change
increased the energy output by 8-10% and reduced the
pulse length from -~900-950 ps to 800-850 ps. A
half-size beam tube has been designed and is being tested
for the tradeoff between parasitics threshold and tem-
poral pulse degradation.

TPA output-beam uniformity was also questioned and
measurements were made in amplifier 4A with an array
of seven 2.54-cm (1-in.) Scientech calorimeters sampling
the 35-cm-diam aperture. The calorimeters were placed
behind holes in photographic burn paper in an attempt to
qualitatively calibrate the nonlinear response of the burn
paper to the output pulse of the TPA. A photograph of a
typical burn pattern showing the location of the
calorimeter sampling holes is presented in Fig. I-3. The
distribution of energies recorded for a typical shot is
shown in Fig. I-4. The results indicate that the inherently
low- and high-gain regions of the TPA yield output
energies that differ by as much as a factor of 6: however.
six of the seven sampled energies differed by only a
factor of ~2. Detailed pain uniformity measurements are
being planned.

The first experiments with opticai multiplexing in a
Helios TPA have been completed. Two oscillator pulses
ceparated by 60 ns were injected into amplifier 4B. The
30 Gallery West diagnostics channels were adjusted and
caiibrated 1o measure the individual energy output for
the two pulses. The results showed that the energy in the
seccnd pulse ,anged from 30-40% of the energy in the
firs: pulse. Note. however. that the {3:1-4:1) laser gas
mix was not optintized for multiple-puls : energy extrac-
tion and that further increases could be obtained with
longer pulse separation. These experiments were
performed to advance understanding of gain rzcovery in

B - e
A, = P
® = . 23
o o G0 o0 p o0 S
=0 ® o®
z Py
I &‘A Ada s &
Ny a2 ' g
' ‘ [ ]
< ! o 20 199 vm‘:*?
ST ENDR NODWEER DEA Y T
Fig. [-2.

Large signal transmission curve, for saturable-absorber Mix
907 at several pressures.



Fig. [-3.
Burn pattern of energy distribution on beam line 4A measured at the output of the TPA. The anode is to the right.
Calorimeters were placed behind the seven holes shown in the photograph.

O O
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O O O e
1.00J 1224 1864 Energ:e's "EC.Oded by l-m: Sc:entec{l .calcnmeters for the shot
(cothade) (anode) shown in Fig. 1-3. Amplifier conditions were e-beam at 60

kV/stage: gas pressure at 1800 torr.

0.36J 1.264
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the amplifier, although measurements of the recovery
time ic the saturable-absorber cell will be required to
obtain more quantitative results. Such measurements are
being prepared.

An experimental plan was proposed and partially
completed for measuring the parasitics threshold of
copper-jacketed GMBs—the prototvpe targets for the
radiochemical (Rad Chem) measurements. All tests were
carried out at a PFN change voltage of 50 kV and an
electron-beam change voltage of 55 kV. The {ollowing
thresholds for the onset of parasitics were observed
(expressed in terms of Mix Y07 pressure required for
TPA stability).

Stability
Threshold
GMB Target (torr)
250-um 10
250-pm with 1-um Cu jacket 9
250-um with 1-um and 1]
10-um CH coating
250-um with 1-um Cu . 10

and 40-um CH coating 4

These rather surprising results indicate that the cop-
per-coated targets pose no TPA stability problems. This
experiment should be completed in July,

The Perkin-Elmer chromatograph purchased fo
laser-gas analysis arrived in late May, and was installed
and calibrated. The composition of the saturable absorb-
er in Helios is being monitored by this chromatograph.
Batch-to-batch composition of Mix 907 appears to be
reproducible to within ~ +5% of the specified partial
pressure of individual components. Comparison of the
chromatography results with spectrophoiometer meas-
urements indicates that such a small variation is not
detectable in our ir-transmission measurements.

Controls (E. L. Jolly, M. D. Thomason, W. Kelly, J.
Sutton, F. D. Wells, W. Hanna, K. M. Spencer)

The control tasks accomplished during this period fall
into three broad categories of programming, computer
hardware, and control hardware. Significant results are
listed.

Programming.

® A BASIC language system was installed on the
computer system. BASIC is a simple language and
should be a helpful addition for the part-time or
beginning programmer.

@ Our short-pulse energy extraction code was con-
verted to run on either the $/200 or the §/230
computer system. Major changes were required
because of double-precision arithmetic in some key
calculations and because of new plot routines.

o The front-end data-collection LINES program was
rewritten so that histogram scanning and percent
line strength calculations are performed auto-
matically; & manual recalculation option is also
available.

e Tae front-end line content and switchout timing
measurements were placed into the HELIOS com-
puter program. To accomplish this, a new overlay
was created and added to the program.

® Several programs were written to develop the
capability of data transmittal irom Gallery West to
the main computer. This included writing a routine
for converting the CC-£9835 floating-point format to
a Data General floating-point number. We can now
test Gallery West for readiness: determine the
location of data in memory; and request transfer.
receive, convert. and display data.

@ The encoder counting algorithm for the mirror
position display was investigated, and modifications
in the encoder counting software resulted in an
algorithm that correctly counts the stepping motions
of the mirror mounts. Several minor modifications
in the display-chassis software improved the opera-
tion of the system.

e Two operating systems for the dual processor
system and two new macrocommands for initializ-
ing the computers were vritten. Documentation and
diagnostic listings for the new S$/230 computer were
sorted and organized. Reutines for control and
testing of the input/output bus switch were written.
One of these routines has been added to HELIOS to
test the state of the input/output bus switch before a
shot is fired.

Computer Hardware.
@ The new S/230 computer was received and in-
stalled. The terminal interface boards were modified

to allow the use of Tektronix 4000 series terminals.
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® Some minor computer problems connected with the
dual processors S$/200 and S/300 were resolved.

® The dual processor system is now in routine use.

e The HELIOS operations code, run on both ma-
chines. Jemonstrated that useful work can be
performed on one machine while the other is
involved in Helios firing operations.

Control Hardware.

® Six optical encoders were installed on tht two
target-mirror mounts associated with beam line 4A.
This equipment operates satisfactorily, and zccurate
counts are recorded for any motor stepping raie up
to 400 steps per second. Additional encoders will be
installed on the remaining 14 target mirror mounts
at a convenient time. The encoder CPLl chassis was
mounted near the target chamber: however, the
display chassis was installed in the control room.
The fiber-optic cables that connect these two units
were also installed.

® [nstallation of new bulkhead fee.through ~onnec
tors and cables for the mirror-mount drive motors
of the power ampiifiers was completed.

® Recurring switch problems in the kevboards of the
Mode! 200 heam positioners caused us to replace
both kevboards in the control room with more
reliable units. Construction of a new chassis for the
beam positioner equipment is ~50% complete. One
beam positioner module was installed in this chassis
and another is to be installed. The wire wrap boards
and LED displays from the existing units were
installed in this chassis. alung with new keyboards.
In addition, optical isolators were installed in the
cuntrul-cable circuits to the experimental area to
eliminate potential ground loups in the existing
wiring. This work should be completed during the
next 6 months.

e A complete review of the mirror-mount controller
circuits caused several minor changes to be made.
inciuding the addition of circuits to clear all registers
10 0 when power is turned on. and the incorporation
of logic that allows only the entry of the target
chamber-mount addresses. These modifications
were installed and tested in the portable controller
and will be installed in the control-room chassis

during periods when the unit is not required for
beam-alignment operations.

e An optical isolation unit was installed to reduce
noise and ground-loop problems between the screen
room and the control room. lsolation eliminated
previous noise problems in the digitizers housed in
the computer screei room.

® A shutter control system has been installed to
facilitaie alignment and beam simultaneity measure-
ments. The system provides remote contro! of eight
shutters to block the eight beam paths and two
shutters to block the oscillator and CO, alignment
laser. Information on shutter positions is displayed
and monitored. One remote ¢ontroller is located in
the front-end room and the other in the control
room. During firing of the laser. status and control
information on the shutter system is relayed to the
computer via CAMAC.

® A system was designed to control the oil flow
amoeng the four pulse-forming-network tanks. two
storage tanks. an oil purifier. the main building. and
an cxternal tanker truck.

® To facilitate the mixing of gases for .he saturable
absorbers, an automatic controller was designed to
mix 10 gases, each with a separate partial pressure
set point. This automatic system will be fabricated
and installed during the next 6 months.

® A fifth control chassis was added to the TPA
side-arm pressure-control system. This chassis is
located in the control room and permits manual or
computer control.

® The front-end oscillator, preamplifier, and laser-gas
controllers were redesigned. the appropriate mod-
ifications were made. and the improved versions
were installed.

® The optical trigger receivers that trigger the elec-
tron-beam pulsed-power supplies were redesigned to
reduce their susceptibility to EMI and to improve
their maintainability. A prototype was constructed
and is ready for testing.

& A new main control console was installed in the
Helios control room. The new console is larger and
was designed to improve the man-machine interface.
The additional space provided by the new console
will be used for the Helios television monitor
system.



Mechanical Assembly and Enginezring (F. L. Zim-
merman, B. Maestas, D. Martinez, J. Valencia)

A major engineering effort in Helios was directed
toward mechanical improvements that will increase
system reliability and improve maintainability. Con-
siderable work went into the redesign of various optical
components and covers. and into upgrading the entire
system. In addition. a new TPA saturable-absorber beam
tube was designed and built. and various diagnostic
platiorms were fabricated.

Major mechanical 1asks completed during this ~=port-
ing period include

e installation and testing of the first composite foii

window consisting of 0.05-mm thick aluminum
bonded to 0.05-mm-thick kapton:

e installaticn  of two  pumping-chamber cable

terminatio. oil troughs modified to prevent oil spills:

e installation f metal work platforms at both input
and output ends of all dual-beam modules:

e installation of a higher capacity target-chamber air
blower and filter system:

@ installation of rupture disk pressure-relief devices on
all ampilifiers:

® relocation of the helium. nitrog.n. and carbon
dioxide gas storage tanks: and

¢ installation of a remote-control shutter at the mput
of each TPA.

Helios Laser Beam Diagnostics (1. Bigio. S. Jacksen, C.
Smith, S. Caldwell. R. Ainsworth. H. Reisch)

Six of the eight channels tor total energy detection
were calibrated: calibration wiil be repeated cvery 6 12
months, or whenever new ar coated salt windows are
installed on the target chamber. Current calibrauon

factory are shown below.

Target Chamber  Calibration Factor

Channel  Salt Window Coated {J/mV)

1A no 0.954

1B ves .77

2A yes 1.63

2B ves 1.65 (estimated)
JA yes 1.65 (estimated)
3B no 0.958

4A yes 1.57

4B yes 1.72

Electrical problems encountered in the prepuise meas
urement were solved and four additional prepulse (3Q)
channels were installed in the screen room. The following
laser parameters can now be monitored.

® Total energy - - all cight beams

® 3Q ratio {1.c.. the ratio of energies in prepulse. main

pulse. and postpulse) - five beams

® Temporal pulse shape -two beams<

® Front end energies  all four beams

® Front end spectrai content

A grating spectrometer Was constructed to reasure
the spectral hine content on one Hchos main beam.
Instalfation awaits mechanical redesign. alread: uander
wav. and reassembly of the 3Q and puise “hape
diagnostics into a modular sy stem to provide space in the
sereen room tor the spectrometer.

A retropulse chuanel was installed on beem fine 24 1o
measure the amount of laser light reflected from the
target. To date. only relative energy measurements have
been performed: we ¢xpect to obtam absolute values tor
reflected  enerey after an energy cabibravon of the
channel.

The Gadiery VWest screen room was expanded by
~20% 10 make room for additional 3 GHz oscilioscones
needed for temporal pulse shape measurements.

Several programs were wnitten for the Gallery West
ROBS microcomputer substation to permit communica
ton between the SO85 and the mamn Helion Folnse
computer. Data from Gallers West are being transnitted
to an Echpse pachground routine. which will soon be

incorporated nto the mair Helios operating svstem.

Optical Systems (J. Hanlon, V. K. Viswanathan. P.
Bolen, R. Parnell)

The optical systems tasks accomplished during this
period include improvements. listed below. in the Helios
optcal transport and alignment svstem. contnuation of
the CO, adaptive optics study. and changeover to coated
salt windows and the infrared microscope.

® All Helios optical components from the first

beamsplitters in the front end to the entrance to the
TPAs were removed. checked as mounted in the
Optical Evaluation Laboratory interferometer.
cleaned. remounted using three-point support. re-
checked in the interferometer. and then reinstalled
and realigned. In most cases, we obtained a notice-
able difference in the optical figure of the mirrors.
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Of the 52 mirrors tested and remounted. 32 im
proved in optical figure. 6 became worse. and 14
remained unchanged. In general. the three-point
mounting returned the mirrors to the free-standing
state. A log contamning interferograms of each
component in each beam line has been started.

® A new automatic ahgnment parallel-sequencer con

troller was designed and installed. This system wall
increase the rehabihty of the automatic-alignment
svstem ond will allow greater flexibility 1n beam
alignment.

® The orthogonal autocollimaung telescopes were

removed from the target chamber to determine "~ays
to 'mprove the image contrast. An optical eval
uanon of these systems showed that one telescope
system was very good {~ i 4 ). distortion after a
double pass a* 6328 A): the other telescope system
had to be replaced. Several illumination schemes for
projecting thz telescepe reticle were tested and new
autocolhmator illuminators for the target auto
colimators were nstalled. These changes permitted
us to mount the autocollimator lamp outside the
target chamber and to remove the beamsplitters that
were nang damaged.

® New masks for the autocolhmating Hartmann

targel alignment scheme were installed on Heitos

and oriented to improve the return Hartmann
pattern. The pyroelectric vidicon camera tubes were
aiso onented so that all the return patterns move in
the same direction for similar target-chamber op-
tical motions.

e Modifications to six of our nine pyroelectric vidicon

cameras resulted in significant improvements: the
modified camcras now cause very few problems
during target shots. The remaning three cameras
will be similarly modified at a convenient date.

e Eight singic-sided coated salt windows 38-cm

{15-in.} diam were installed on the Helios system.
Fifteen windows (eight double-sided. seven sin-
gle-sided) remain to be installed.

® The first adaptive-optics mirror system was rece. ved

from Rocketdyne. Some initial testing of thc svstem
was performed. but final evaluation awaits an
expenimertal determination of the Helios op-
tical-beem quality to ascertain whether the Helios
system aberrations can be corrected by this adap-
tve-opucs scheme. In preparation for these iasks. a
110.6-um Smar:t interferometer plate was perfected
to measure Helios beam quality and to evaluate the
performance of the Rocketdyne adaptive optics.

® Final detailing of the mechanical parts for the

infrared microscope is complete. and the system is
ready for fabrication.



II. ANTARES—HIGH-ENERGY GAS LASER FACILITY
(T. F. Stratton, J. Jansen)

The High-Ene' y Gas Laser Facility (HEGLF) with its Antares CO. laser system is
a Department «" Energy line-item construction project aimed at building a 200- TW
CO, gas |- .. for the investig ‘tion of inertial confinement fusion. We believe that
scientific breakeven— a release of theri.ionuclear energy from D T reactions equal to
the laser energy incident on a target—is within reack of this machine.

INTRODUCTION (T. F. Stratton, J. Jansen)

Antares will be Operational early in 1984, Antares
expeniments will address the wavelength scaling of pellet
phvsics and the coupling eificiency of 10-um radiation to
targets at energy and power levels ihat are an order of
magnitude higher thaa those available from Hehos. We
expect o achieve significant thermonuclear ourn and to
study laser matter interaction processes under physical
conditions near ignition.

The delivery of long-lead-time laser hardware was on
schedule. but building construction was significantly late
{only 65% complete). Delivery of pressure shells for the
first two power-amplifier modules and the first clec
tron-gun vacuum vessel was expected in early Julv 1979.
Because construction was so far behind schedule. we
prepared a special experimental facility in another area
to receive. assemble. and test ele-tron guns as they
arrive. Assembly of the power-amplifier pressure vessels
was postponed until mid-October because the Laser Hall
was not complete. We will occupy the building during
conctruction on a joint-occupancy basis so that we can
assemble the first power amplifier unit.

Maxwell Laboratories. Inc.. was awarded the contract
to design and build 24 Marx generators that will dnive
the power amplifiers. Design work started in January
and assembly of the first unit began in June 1979.

Large optical components and mirror positioners were
improved during the last 6 months. Union Carbide
Corporaticn’s Y-12 plant significantly improved the
quality of surface finish and figure of large single-point
diamond-turned mirrors. Harshaw Chemical Company
began production of the forgings for the 46-cm-diam
NaCl laseir windows. We designed. built, and tested large

murror positioners that relv on flexures (rather thar
gimbals} to hold the murror from behind. thereby accom
modaung close packed arravs. The design also reduce«
the total cost of fabricatior of these comnonents.

OPTICAL SYSTEM (A. Saxman. Q. Appert. W. Bauke.
C. Bjork. R. Bjurstrom. D. Blevins. R. Cuter. J.
Goldstein, W. Miller, J. Munroe. W. Reichelt, C. Silver
nail, J. Sollid. T. Swann, W. Sweatt. P. Wolfe)

Introduction

The Antares optical svstem interfaces and subsvstems
for beam alignment and dragnosucs are being designed.
The preliminary analyvses and designs of the prototype
subsystems are complete. and final design details of
subsystem components are being drawn. Many of the
required hardware items are available locally or at Los
Alamos.

To facilitate an organized integration of the optical
subsystems into the Antares laser. much of the early
prototyping and evaluauion is being done in a beam
detector evaluation laboratory and in a mockup of an
Antares single-sector beam line.

Optical Systems Analysis

Tolerance Analysis. The integrated opticai-system
requirements for the power-amplifier assembly and op-
tical-element placement tolerance have been established.
By selecting tight tolerances for movable mirrors and
fixed elements. we were able to increase the tolerances
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for the power amphfier assembly and the placement of

clements.

Error Budget end Component Quality. An improved
cquation for the surface of the target-svstem focus
murrors has reduced the reflected beam wave front error
from 2. " to 2. "0 rms (10 pm).

Beam Scattering by Mirror Microfinish Character
istics. A study to descnbe the beam scattenng caused by
microfinished surfaces predicts that a 2 wn. rms surface
i6 um peak to peak) scatters 0.4% of a 10.6-um beam.
so that siv sangle point diamond turned (SPDT) mirrors
per beam hine vould scatter 2.4% of the energy. If the
mic « imished surface can be held to ! wn. rms. the
seatter at 16 pm would be 0.1% per murror. A
profidomete: measurement of the surface of (wo &in.
SPD7T Nats cut on the Moore machine at the Y 12 Plant
howed the actual microfimsh to be less than 0.7 uin.
rms over OV Sans inerements. although there were some
Zwin rme regions over {1510 sample lenpths. Pro
Juctien mirrors will soon be available for evaluation.

Optical Code Developmerni. Most of the n
erterometne Jdata reduction code. FRINGE [ was
astalicd onow computer. The basic interferogram
dnatization and data reduction parts are fallv opera
nonar The result s a very fast and usable method for
svaluating componerits and subassemblies.
Guidehnes tor Antares murror interferogram reduction
procedures are being determined and analyzed. Inac
curacies introduced by operator :mprecision and digitiza
tion errors, automatic data reducuon codes. and pro
gram shortcomings are being evaluated.

The Antares optical beam lines from the front-cad
amphifier drivers to the target are being modeled on the
ACCOS ray tracing code. The optical characteristics of
any of the 72 beam line sectors can be calculated by
including the optical sensitivity to mirror tilts. beam
decentrations. wave front quality. obscurations, incidemt
compound angles. murror figure. component trans
~ission. reflections. and beam divergence.

optica:

Npucal System Engineering

power Amplifier and Target System. The pow-
2 armzele- c2izy optics and the periscope mirrors were
wr tles Tur zesition and function. The spatial coordinate
matens. camzournd angle tilts. and exact geometric

shape and dimensions of the target-system optical com
ponents were detailed.

Parasitics and Retropulse Protection.

Calculation of Target-Induced Parasitics in
Antares. The absorption of energy by a fusion target
due to the growth of parasitic oscillations between the
target and an Antares power amplifier has been re
evaluated. The compu.~.ions reflect anticipated values of
operating parameters of the laser system as well as an
improved calculational method. The resaits are shown in
Fig. I 5.

The inset sho.s the tme-dependence of the net gamn
length rat a frequency corresponding o the center of the
P 20 line of tie 10 um transition) of one azimuthal
segment of a power amplifier. The location of ..ie static
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parasitic threshold gain-length product (g L} and the
short-pulse energy-extraction g L (needed to vield 100 kJ
i a mululine nanosecond pulse) are marked. The energy
density at the target focus ts shown in tie larger graph. If
the imtiation o1 the amplifier discharge 1s on time (zero
ume delay). the energy density at the focus up to the ime
of arrival of the main pulse (when the ampiifier’s g L
value 15 12)1s ~& » 10~ J cm’. If the discharge 15
imuated earlier (negative time delay) or later (positive
ume delay ) thar the nominal uming (due to statistca!
fluictuations of the high voltage switching svstem). the
amplifier will reach a largei or smaller g L alue.
respectively. when the sihort pulse 1s injected nto it (we
assume a fixed short pulse injection time reiauve to the
tme the oscillator pulse 1s switched out). The resulting
energy density at the focus wili be correspondingly la:ger
or smaller than for the nom:nal timing case.

As in previous calculations. the amplinied spontancous
emission due to all high gain lines of the 10 um transition
(P i2to P24 and R 12 to R 20) arc ircluded (the 9 um
iines have lower gain and do no: contribute sigmificantiy
to the toial absorbed energy): the Ninite hnewidth of all
lines 15 also included.

GMB. are known to damage at (.1 Jcm’ We
conctude from our calculations that if the pulse energy
extraction 1s iate by no more than 250 ns. the prepuisc
energy density on target will be less than 0.001 J cm’.
two orders of magnitude below the damage threshold. By
meeting the established jitter specification of - 100 ns
about a predetermined pulse energy extraction point, we
will ensure that the target 1s not damaged.

Gemini Retropulse Experiment. The Gemumt retro
pulse experiment was completed. A discrepancy between
computer model and experiment indicates that the model
1s conservative. Two possibilities being considered to
explain the discrepancy are (1) the formation of a
standing wave in the laser beam near the overlap mirror
due to interference of the incoming and reflected laser
beams and {2) the presence of particulates in the laser
medium. which lower breakdown thresholds and increase
absorption. " Both mechanisms occur and reduce the
retropulse transmission through the overlap region.

Mirror and Mirror Positioner Design and Assembly.

Mirrers. Production of periscopes and rear reflectors
continued. The target-system focusing mirrors have been
designed and drawn. Two different focusing mirrors

tinner and outer will be required. Each beam array will
have eight outer and four inner mirrors.

Holes for alignment butions have been added to
Peniscope 2 and to the back-reflector mirrors. Final
drawings on periscope and back reflector mirrors were
1ssued and the first lot of penscope substrates have been
delivered to the plater.

Mirror Positioners. A new design of the drive nut for
the actuatoi screw incorporates a3 Teflon hming 1o
simphify manufacture and reduce friction between the nut
and the screw. Fabrication 1s easy because lapping of the
nut 15 ehminated and friction torgue of the actuator s
reduced to about one third of the available torque. Thys
design will be used tor the Opucal Test Bed (OTB)
positoners, The protonype that was burt and tested 15
shownan Faig 112

Switches that indicate up and ult travel hmits were
incorporated into the positioner design

The design tor the manually adjustabie large murror
postioner uses the basie flexure mechamsm in the
standard tp ult positioner and a aew differential screw to
actuate the face plate. Prototy pe parts are bemg made in
our shops and production drawings have been prepared.
Parts for motonizing the differential screw are bemng
made. This motonized differenual screw drive s beine
considered for an alternative lower cost drive for the

motorized positioners.

Fig. 11 2.
Antares large mirror mount positioner.



Optucal Component Esaluation

Opbe. ' Analysis, Thermal tests on the Antares pro
L et saope mrrors Hlarge 40.6 cm wide trapezonds®
Aot oopieted Wen the flat marrors were  cooled
N e Jesgn temperature. they became convex: they
soate onoave wnen heated above the design tem
“oo0 Measurements indicate that the murror figure

Comaom g

. KNSR T at 10 pm per kehvin for a few
© the design temperature.

these murrors indicated that the

£)er tesis o oon
o et mount to be used throughout the power
suavnter and target chamber introduced no measureabie
tatertons These test results indicate that the beam
toof Angares will be mited onls by the optical

PR

wore attaned in the tabnicated parts.

I'hermal Mechanical Analysis. Tests on the Antares
~iandard large mirror positioner demonstrated a thermal
Jdritt of 09 are s per Kelvun, These results were better
than those obtaimed  from smali commercial murror
postioners

Reguirements of small murror mounts tor the power
amphtier are met by the mechanical and thermal proper

tes ot the Oniel 1773 mount.

Beam Alignment

Manual Alignment. We have collected data on the
stabiity and repeatability of our optical toohng in
strumentation (scopes. supports. and mounts). and the
expected tolerance range in which we can mantain the
master data for the optical svstems.

This work was performed under controlled conditions
in our Optical Evaluation Laboratory {OEL). At present.
we are refining the experimental setup to mieasure
thermally induced movements {errors) in the manuail
alignment equipment.

Automatic Alignment. Work continued on the pro
curement of parts for the OEL full-size mockup of one
sector of an Antares beam line. Design of various stands
and mount assemblies for the installation of Antares
hardware 1s complete. Fabrication of these items was
begun and some components were delivered. Optical
components procured included the alignment laser beam
expander and the back reflector flip-in sensor. Designs
for the penscope-carouse! assembly. the polyhedron
alignment sensor. and the front end alignment sensor
were completed.
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An analysis to establish the requirements of the
telescope for an alternative imaging sce-through ahgn
ment sistem 1« complete. The range of focus and
resolution requirements for an zlignment telescope were
established: a telescope will be procured for test and
evaluation with the OFEL beam hine.

Tesung of vanous prospective detectors continued.
Each centening detector being tested fulfills the centering
sensiimity requirements  determined  for the Antares
beam alignment syvstem. The next phase of testing will
establish the type of electronic interface that will fulfil]
the system centrel functions of sensors coupled to
maotor driven umits through the local machine interface

controf units

Beam Diagnostics

The beam diagnoste interface layout drawings for the
power amphifier and target svstem are complete. The
spectfic diagnostic hardware interfaces are the in
put beam calonmeter for the power amphfier: the sector
diagnostic spool  fuil power
full beam

input  calonmeter:  the

calonmeter.  the  low power. sampling
calorimeter and power detector: and the retropulse

calorimeter

Diagnostics

The first of three alumenum frame diffraction-grating
prototypes was wound with 20-uym-diam gold-plated
tungsten wire. The optical performance of the diffraction
graung 1s affected by wire diameter. spacing. and stagger
(flatness of the strung plane). To maintain control over
this process we designed an alignment jig. which sup-
ports the aluminum frame and maintains the
wrapped wire plane within 8 um Our goal was 25 um
maximum. The main source of error in wire spacing was
chrunated by redesigning the fixture support bearings in
the wire wrap machine. This improvement ensured that
we will be within our prescribed limit of +5] um in axial
spacing. Figure II-3 illustrates the diffraction grating.
alignment jig setup. and wire-wrapping fixture.

The wire diffraction gratings will sample the output
beams of Antares by diffracting a small fraction of the
total output energy to calorimeters located in the turn-
ing-mirror  chambers. A single properly designed
calorimeter can record the energy of the 12 beams
producing the output from a power amplifier. The
diffraction gratings are inexpensive and relatively easy to



Fig. 11 3.
Antares vare difiraction grating.

fabnicate. Their principal flav is the 6% energy penalty
(3% geometric. 3% diffractioni. This loss n the beam
can be compensated for only if the output NaCl windov s
are anureflection (ar) coated.

Recent projecuons of the cost of arcoated salt
windows for Antares led us to reconsider beam sampli:g
by Fresnel reflections from wedged. uncoated ouiput
windows. Properiy wedged (~18.89 arcmir! and orien
ted. the windows serve the same function as the trans
mission gratings by refracting a beam sample to the
calonimeter in the turmng-mirror chamber. Analvsis
showed that the wedge affects system performance only
shghtly 1n one-band operation and is zasily compensated
for by a wedge 1 the sec through alignment system 1s
ulumately selected for Antares. The sysiem loss for

graung samphng 1s 8%. compared to 6% for ar-coated
output windows or 14% without coating. Consultation
with Harshaw Chemical Company revealed that finish
ing the windows with a wedge to the required tolerances
was relatively easy and that the fimshing cost would be
less than the fabrivation cost of the grauings. Therefore.
we intend to sample the output beams from Antares with
wedged. uncoated output windows Further development
and tesung of the wire diffraction graungs wil be
discontinued

Outside Contracts

Single Point Diamond Turned Mirror Desvelopment at
Y 12, Preproducton runs of spherical mirrors indicate 2
production figure of ~4 omrms and « insh of ~2 0 n
peak o valies ipvy First ume vieids are X3%. Pre
liminary preproduction runs of large flat mirrors indicate
a surface figure o ~% in rms and a tmsh of 20 wn

pov. Quality and cost data are summarnized in Tanic 11

Hughes Research Laboratories. Hughes Researcr
Laboratories completed Phase HI of the target champer
alignment system study by evaluaung ihe optical desivr
and applica’ un of adaptive ootic- W0 the HEGI |
system. The contractual taske nciuded a concept.

design of the target syvstem beam aiignment swsierw

TABLE Il

QUALITY AND COST
OF LARGE CO. OPTICS
{1000-cm” APERTURE}

Surface Surface Cont

Component Finish Figure (Sky

NaCl Window 60-40 1 Fringe 27
Unmounted. Uncoated Dig-Scratch Visible

Coated

Metal Optics (Copper)

<2 pin. p-v
{17207, 10um)

(1/30%,  10um)

[7¥]
.~

4-puin. rms 3
(1/10.rms 10um)




ray trace and diffraction-sensitivity analysis of the An
tares beam focus pattern on a targe:. a diffraction
analysis of the Hartmann-mask beam pattern as used in
the Helios syvstem and projected possible uses in the
Antares svstem. and verification of vur calculations of
the target svstem’s 72 mirror position coordinates and
corresponding beam directional and spatial coordinate
parameters throughout the target system.

FRONT END SYSTEM (W. Leland. E. Foley., M.
Kircher, C. Knapp. D. Swanson, G. York)

Prototype Front End

The one beam prototype activities consisted of pro
curement. installation. and checkout. Tne dnver
amplifier 1s complete. but a successful performance test
must be made by the manufacturer before it 15 suipped.
The final preamplifier (a Lumonics 602) was checked for
gamn. gain uniformity. and short-pulse amplification with
triple pass on axis Cassegrain optics. Gain and gain
uniformity met specifications. Parasitic oscillations oc
curred at the thieshold that was predicted by diffrac
von feedback caiculations. The parasitics have been
suppressed  completely  with the saturable absorbers
designed for that purpose. A multiline output of 4
} twice the design-point value—in | ni was obtained.
These tests used the complete beam-line optics up
through the Lomonics output. The remaining beam line
from tnhe Lumonics preamplifier to the driver is in place
but lacks a few optics in a spatial filter. Plans for
fiber-optic hinks and computer controis were formulated
and are being implemented. Equipment for beam
diagnostics has been acquired to permit characterization
of the one-beam front end.

Antares Front End

The Antares front end is a sixfold copy of the
prototvpe front end. with a different oscillator. The
Antares design calls for six cw oscillators tuned to
desired lines. Thne six beams pass through a
switch attenuater complex. ailowing pulse shaping by
individua! amphtude and/or turn-on-time adjustment.
After shaping. the six beams are combined and amplified
to } ml-ns and passed thrcugh a final switchout to
control the total puise iength 2nd to enhance the contrast
ratio. Detailed design of the Antares oscillater is com-
plete {Fig. 11-4) and procurement was initiated.
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POWER AMPLIFIER SYSTEM (R. Stine. G. Allen. J.
Bickford. W. Gaskill. W. Miller. G. Ross. R. Scarlett. W.
Turner. B. Weinstein. N. Wilson. E. Yavornik)

A model of the six Antares power amplifiers installed
in the Laser Hall is shown in Fig. II-5. Each power
amplifier 1s 16 m long and has a diameter of 3.7 m.

The primary achievement during this reporting penod
was the fabricavon of hardware. The large support stand
for the first power amplifiers 1s complete and ready for
delivery. The second stand will follow in about 2 months.

Fabrication of two spacer spools and two pumping
chambers was also completed. 3ix additional pumping
chambers are being fabricated and will be delivered
about 2 months after the first set. The large end domes
are also being fabnicated.

The clectron gun vacuum shell was machined and
welded. The completed unitis 1.5 m in diameter and 7.3
m long. The coaxial feed bushing (Fig. 1 6) was tested
clectrically to 900 kV. 50% over the normal electron-gun
operating voltage.

Pumping Chamber

Electrical Design and Testing. Lifc-testing of a solid
anvude bu.shing has been completed with satisfactory
results at voltages up to 90C kV. We are studving the
design to determine whether cost and complexity can be
reduced. A model of a double tapered design has shown
that it will remove ali the air during insertion of the cable.
which suggests that this may be an alternative to the
more complex versions.

A prototype dielectric divider has been cast and will be
tested in the prototype power amplifier.

Mechanical. Fabrication of the pumping chamber and
spacer spool sections for the first power amplifier is
proceeding well. Two of the four pumping chambers are
completely machined. and the remaining two are nearly
completed. The spacer spools required for the first two
power amplifiers are complete. Figures II-7 and -8 show
the units during fabrication.

Eleven electron-gun rail-support plates were ordered.
and delivery of five units for the first power-ampiifier
assembly is expected by October 15, 1979. We have
requested proposals for fabrication of our electron-gun
support rails and we expect to place the order soon.
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Fig. 11 4.
Antares front end room floor plan.



Fig. 118

NModel of “he Antares |aser Hall

Fig 116
Fleciron gun coanial 'eed bushing.

Faprcaton of the redesigned salt win dow demes and

of thie back reflector dome and shell combinaton
~30%: Complete We expect delivery o the first units by
Novermher YTy

Desier ot the remamming optical shell sections iy com
plete. Fabnication drawings for the In Out optics access,
shell, dome. and duagnosties sections are being released

tor pro_urement.

Electron Gun

Flectrical Design and Testing. The required building

~ndificabons  to the  Electron Gun - Test Facility

Fig. 1 7.
Pumping chamber in fabrication.

Fig. 11 8.
Spacer spool being fabricated.

(TSL 83) are complete. A computer system for elec
t-on gun testing was received and is being checked out.

Prototype celectron gun testing has continued. We
tested a spark cathode developed by Systems. Science
and Software (S°). Data evaluation is noi complete. but
be spark cathode performs at least as well as the
conventional tantalum blade cathodes.

Mechanical. Four machined
um vessel sections were welded successfully by using a
pulsed-arc. tungsten. gas shielded method. Figure 11 9
shows thrze sections set up in the pulse-arc welding iig.
The completed assembly after welding was straight

clectron-gun  vacu



Fig. 119
Flectron gun vacuum sessel in the welding jig.

within 0.81 som over 1ts 7.32 m jergth. Welding of the
maciuned sections nto one completed assembly was a
critical  achievement in fabricaung  the electron gun
vacuum vessel.

Three electron gun sacuum spools were tubricated
and are being machined. Our first coaxial feed bushing
was received and vacuum tested. We also reccived two
electron gun -upport bushings for the first electron gun
assembly

We  have
polvurethane and epoxy resin. and

well bonded
¢ are using both

obtained Jjomts  wath
materials in the fabrication of ttanium foil electron gun
windows.

Hardware for the cathode gnid assembiy v ~33%
complete. Tooling foi perforating the 1.22 m iong stain
less steel sheet is complete. Al cathode componeris
made by spimmiag are complete. and the copper plating
process for the aluminum detml pieces was developed.

Gas and Vacuum Subsystem

The control requirements for electron-gun vacvum
systemn tests were defined. A prototype for Antares was
designed. fabricated. and checked out. The prototype
consists of several commercial machine-control units and
read-out devices inlegrated into a unit subsystem by a
hard-wired relay controller. The controller was designed
for maximum operational flexibility to facilitate checkout
of the electron-gun vacuum «<ystem and allows manuai
control of each vacuum pump and valve in the sub
system. with adequate interlocking and sequential logic
to prevent operator-injtiated fanits. The controller design
also has provisions for future computer-control attach
ments so that the electron-gun vacuum svstem can he
used as a test and debugging facilitsy for computer
hardware and softvare. The first-generation ele :tron gun
vacuum system control software has been written but not
debugged.

An "SI 11 microcomputer with two ‘Toppy disks. an
RT 11 operating <y stem. and the OMS!-Pascal compiler
were acquired for use with this svstem. & ber-opuc links
and interface modules are being designed and will be
used during the electron-gun checkout.

Evacuation of the electron gun will be accomplished
by a 3500 ¢ s turbumolecular high-vacuum pump as
sembly backed by two 26-¢ s dedicated rotary vane
m« cnanical pumps. This apparatus. arranged in two
modules 1s assembled and ready for testing. All
hign vacuum components to be mcunted on the electron
gun are assembled in a two-section frame. one section of
which 1s adjustable in height to permit installation in the
bottom of the electron-gun vacuum spooi. The mecham
cal pumps are assembled with recutred manifolds on a
refocatable base plate for ultimate installauon on the
north wall of the Laser Hall in the area set aside for
vibraung machinery.

We completed a control console for electron gun
testing. which  permits remote manual or com
puter-interfaced operation. All required functional sys
tem contrals aad monitoring are provided. Insofar as
possibie. all components are those that are to be
iregrated into the Antares systems.

Design lavout of the power-amplifier ioughing man-
ifold and the laser gas-fill and pressure-relief system. is in
process. This equipment. which wil' be integrated into the
Laser Hall vacuum system. is being arranged so that
piping will be mounted ¢ the power-amplifier support



stands at locations that do not interfere with cables or
other systems. Where possible, manifolding will be
modularized to permit preassembly and testing at other
locations before being installed on a power amplitier. The
Laser Hall vacuum system. composed of a [200-(/s
ROOTS blower and 250-¢/s mechanical vacuum pump,
is fabricated and ready for preshipment testing.

A Vacuum System Evaluation and Test Laboratory is
now equipped with a high-vacuum, dynamic, out-
gassing-rate test chamber. This ct amber. large enough to
accommodate individual assembled mirror-mount drives,
is being used to measure the outgassing rate of electrical
connectors and stepper motors. as well as of anodized
and bare metal surfaces. Painted metals and nonmetallic
components. wires. and small assemblies will be tested as
they arc identified. Initial measurements show that
ou:gassing rates as small as 5§ X 1077 torr/¢/s can be
aetermined. Measurements performed on electrical con-
nectors show that connectors containing plastics and
rubbers are 50 to 500 times aigher in outgassing rate
than connectors of metal-glass/ceramic construction.
Tl:-~~ connector manufacturers have submitted sample
connectors. typical of those necessary for Antares, that
exhibit acceptable unit outgassing rates of <3 X 107¢
torr-c/s.

Handling Equipment

Electron-gun handling equipment designs are nearly
complete. An off-loading cradle for the electron-gun grid
was designed and fabrication drawings are ready for
release. Design modifications were made to the low-boy
fixture and fabrication is under way.

A fabrication order for the cathode carrier fixture was
placed. We received the electron-gun vacuum vessel
off-loading cradle. This unit is critical to the handling of
the extremely long vacuum-vessel weldment.

Air compressors for the Electron-Gun Test Facility
have been selected and will be used to operate the air
casters on the electron-gun handling fixtures.

Optical Support Structures

All mirror mouats contained within the Antares power
amplifier are supported on three basic frameworks; back
reflector, relay, and In/Out support structures. Cur
designs are complete and manufacturing proposals are
being obtained. The large aluminum plates for these
items were ordered.

24

In conjunction with the optical support frame design,
we prepared detailed designs for the small optical mounts
that interface with these structures. Kinematic mirror
mounting methods used in these optical components
were prototyped and tested for their effects on distortion.
No measurable mirror distortion due to mirror mounting
could be discerned by standard interferometry.

Support Stand

Fabrication of the first Antares power-amplifier sup-
port stand was completed in June 1979. Figure II-10
shows the completed assembly undergoing Los Alamos
optical inspection at the manufacturing site. Weldments
of the second stand (Fig. II-11) are complete and being
readied for stress relieving.

Fig. 11-10.
Support stand inspection.



Fig. It ' 1.
Support stand weidment.

ENERGY STORAGE SYSTEM (K. B. Riepe, G. Allen)
Gas Pulsers

A firm fixed-price contract was awarded to Muxwell
Laboratories to deliver 25 Marx generators. storing 300
kJ each at 1.2 MV. Lesign work was begun in January
1979. The first milestone is a 2000-shot performance test
that will determine whether the design will meet specifi-
cations on inductance. jitter. and prefire rate. and will
determine design changes that will improve reliability.

Testing of the Los Alamos prototype gas pulser
continued.  Jitter was measured by using a
fiber-optic-coupled single-turn magnetic loop and a
digital time counter. Jitter was ~15 ns, with either liquid
or solid Caroorundum charge and trigger coupling
resistors, and a 160-kV trigger Marx. Prefire rate was
~0.01 when the gaps were operated with a safety factor
of 2. When air filters with 10-um mesh screens were
installed on each spark gap. the prefire rate decreased to
0.002 (1 prefire in 550 shotsj— a significant improve-
ment. Internal tracking of the spark-gap iusulators after
~200 shots was evident. Equalizing the flushing-air flow
by connecting the spark gaps in series increased the life
to ~500 shots, which is still not adequate. The air system
was changed again so that a separate air line leads to
each spark gap from a manifold outsidec the tank. The
gaps are flushed for 0.5 min at ~4 (/s per gap. which
gives about five gas changes. This system has performed
in 500 shots without problems.

Eicctron-Gun Pulser

The specification for the electron-gun pulser was set at
600 kV with 72 kJ stored. This requires 4 pF at 60 kV
for a stage. The largest qualified capacitors are rated at
2.8 {7, 60 kV. We asked Aerovox Corp. and Maxwell
Laboratories to fabricate and test two capacitors each
and to qualify them for use in the gun pulsers. The tests
were made and the resuits are being cvaluated.

Power Supplies

A letter of agreenent was signed with Universal
Voltronics Corp. for the dc charging supplies for the
Antares energy storage systems. Delivery of the first
units is expected in September [979.

TARGET SYSTEM (P. Wolfe, J. Allen, W. Sweatt N.
Wilson, V. Zeigner, C. Cummings. R. Day)

Highlights

The target vacuum system (TVS} desigr was com-
pleted by Pittsburgh-Des Moines Steel Co. (PLM) and
approved by Los Alamos. Components are being pro
cured and structures fabricated in preparation for in-
stallation this fall. Basic design of the target-chamber
space frame was also completed and DOE approval was
obtained for final design and fabrication by PDM as part
of their target-vacuum-system contract. This arrange-
memt sumplifiec the specification of the space frame and
vet ensures attention to important. subtle TVS interfaces.

Optical Train

All turning, folding. and focusing mirrors have been
defined as io size and sha e (and focal leagth. in the case
of the parabolas). and final drawings are complete. The
configuration now incorporates a slight (0..,6°) outward
radial tilt of each focusing mirror. to minimize
astigmatism on target due to convergence of the incident
beams at the parabolic arrays. Diffraction calculations
on the new short-focal-length system show that the
Antares specification of 80% of energy in a
400-um-diam circle will be easily met.



Target Positioner

This device. also called the target-insertion mecha
asm. performs all the functions connected with the
mtroduction and handling of fusion targets in the target
chamber. Design constraints are now sufficiently de
wermined to permit detailed layout work to proceed. Key
constraints and requirements are listed below.

® To establish a point in space that is routinely
relocatable to : 5 um. This is the primary reference
point for the Antares beams. the target. and all
alignment devices.

e To position secondary laser alignment devices to
within & um of the primary reference location.

e To transtate the target in three orthogonal directions
within I mm of the pnimary reference location in
sieps of B30 2.8 um.

e To uperate Gt a pressure of 10 7 torr without
mntroducing  particulates or condensible  contami
nants

e To remaia usable atter single shot vields of 4.5 ~
10" neutron~ originating at the target. on a schedule
of 2 shots per week.

e To change a target (through an air vacuum lock) in
20 nun.

The target positioner 1s being designed and developed

W two stages: 1) a protutype device, patterned after the
Helios posttioner. 1s to be completed for use with the first
full single beam tests of Antares: (2) the prototype will
subsequently be upgraded to a final version for use in
routine fusion experiments. The upgrading wiil correct
any deficiencies that appear in the prototype. add
features for processing cryogenic targets i situ. allow
targets to be filled with helium. and make it possibic tn
change targets remotely (from the control room).

A completed design lavout of the structure that
supports the iarget positioner in the target-chamber
space frame 15 being analyvzed for vibrauonal stability.
An carhier design had a natural frequency of ~30 Hz.
«~hich .mplied adequate stiffness for the application. but
several changes in the space frame and in the manner the
support structure will be attached require that the

analysis be repeated. We expect the stability of the new

Jewgn to be comparable.

Space Frame

The basic space-frame design selected in late 1978 has
seen carried through several cycles of analysis and
modification. Evaluations were made of the static de-
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flecions and narural frequencies of the syvstem. and
structural members were added where necessary to
increase the system stiffness: unnecessary members were
removed.

The modified design. with mirrors and mirror-support
structures installed, has a natural frequency of 14 to 15
Hz and maximum member deflections under gravity
loads of ~!.0 mm. Installation of the space frame into
the target chamber will require the firm attachment of the
space frame to the chamber. Coupling these two compc-
nents dynamically will lower the natural frequency of the
system to ~12 to 13 Hz. This result should be adequate
because the major sources of vibration in the target
building operate in the 30- to 60-Hz range with only a
tew rarts providing 13 -Hz excitation: natural subseismic
vibration. on the other hand. is most energetic in the 4- to
10 Hz range.

PDM will develop the detailed manufacturing design
and will fabricaie the space frame by an addendum to
their contract for the target vacuum system. W supplied
the space frame definition package in June 1979 to allow
PDM to commence detailed design work. A part of this
package 1s the | 20 scale model of the space frame
shown in Fig. 11 12. The model provides insurance
against design errors that migho arise from the essential
irregutanty and complexity of the structure.

We continue to analvze in detail the geon.._try of the
svstem to ensure against the existence of interferences
between structural members and optical beams. We are
ready to start the detatled design of the supplementary
frames that will support the 12 mirror arrays in the space
frame.

Fig. I1-12.
Antares (arget chamber space frame model.



Target Vacuum System

The structural steel components of the vacuum system
have been designed and are in various stages of fabri-
cation at PDM Plants in Provo. Utah. and Des Moines.
lowa. Most of the system design has been approved. and
vacuum-pumping-equipment valves and gauges are being
obtained by PDM. Detailed engineering of the electrical
system is nearly complete and is expected to be approved
at the final design review in mid-August 1979. Through-
out the project. we held daily discussions with PDM
engineers, and atlended several two-day interim reviews
on selected design areas.

Antares construction was scheduled so that the Target
Building and Laser Hall would be ready for PDM to
begin field erection of the target vacuum system on
August 1. 1979, however. building ¢ snstruction has been
delayed. It is now pianned to give PDM joint occupancy
beginning October 1. 1979. which will still permit the
target vacuum system to be completed by late spring of
1980.

CONTROL SYSTEM (M. Thuot, D. Call, D.
Carstensen, D. Gutscher, P. Johnson, R. Kirk, A.
Kozubal, R. Lindberg, F. Maestas. F. McGirt. S. White)

Control-System Architecture

The control system for Antares 1s based on a com
puter network. At the lowest level (controlling valves
and relays and coliecting data) are numerous micro
processors (LSI-11): PDP 11 34 and PDP 1! 60 min
icomputers supervise the microprocessors and allow the
laser subsystems to be separately installed. tested. and
maintained. The entire Antares laser is operated through
the top-level computer. a PDP 11 70. The levels o1
control are shown in Fig. 11 13.

Front-End Controls Project

Most of the requirements for the front end control
svstem were determined and specifications are being

e~ IENTERIAN NN
LINY
/ -
2Y3 ,‘,): T :: ./
~ ..
. . I . ™~
. ‘ . :
rdr RONT e ey ghoaE TN IV TN S
b e } . i i e i
T ‘ b
PPEoC e EDF g eor I
fugti wrh o i
T vy b e | R R N T
> . i RO TE
.
s oo SNTEP fomg ! or GROYETIN
i by TUNTRM TN
I Aup o rgprAM v (BRAM R 'K .
' | ' LN
[ orF
TR i . ) T
Wil "EAIPI .
I W "':‘u
Fig. 11 13,

Antares control system implementation,



written. Operating sequences have been identified for
normal operation. The details of subsystem operation
within cach sequence have been defined for most se
guences. Data defimuions and data flow requirements are
also being reviewed so that control software can be
specified for the front end.

The tront end shielded room will be larger than
anginally planned and will have a plenum floor. A
wentative favout of equipment racks and of the control
console was used as the basss for determining the overall
<z and shape of the shielded room.

Laser Hall Contro's Project

Beam Line t Controls. Antares computer network
software will not be completed 1n time for use on early
operations of beam line 1. The control requirements wili
be met by uang several wolated LSI 1T computer
syvaterns with software based on that developed by the
carly support team. Work for Laser Hal controis 15 now
directed toward developing the systems for beam hine 1.

Fnergy Storage Controls. A Marx bank simulator 1s
agamn n use for software development. The first control
of a4 high voltage system will occur in the Electron Gun
Tert FFacinty (EGTE). where the electron gun pulser will

be controlled.

Power Ampilifier Controls. An LSI 11 computer syvs
tem will be used to controi the electron gun vacuum n
the EGTE. Design and assembly of that system are
nearly complete. Simu'ators will be used for development
of other vacuum and gas systems.

Timing System Project

The Antares laser requires two timing systems. The
central timmg svstem will control all events that occur
before the firing of the switchout in the front end and wili
provide 10-ns accuracy with respect to the beam initia-
tion. The other timing system will be driven by the
switchout spark gap and will provide an accuracy of >|
ns with respect to beam initiation. The second system
can only be used to control events that occur after the
firing of the switchout.
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Antares Controls Hardware Team

EMI Protection. The central control room specifica-
tion is complete. procurement has begun. and a vendor
has been chosen. Other shielded rooms are in the
planning stage.

Requirements have been defined for fiber optics and
development of the major components is nearly com-
plete.

Machine Interface (MI) Computer Design. System
requirements. specifications, and development are all in
process. Our design for downline loading of the system
and for applications task software over DECnet to an
LSI-1i computer is nearly complete.

A test program for LSI-11 comporents is nearly
designed. Component testing will be used for vendors.
acceptance-testing of new items, troubleshooting, identi-
fication of suspected failures. and confirmation of re-

pairs

CAMAC Development. The process of specifying
requirements for CAMAC modules and equipment is
essentially complete. Detailed specifications were written
for most 1tems and limited quantities of each item were
purchased after competitive bidding. Antares *‘stan-
dards™ were established for the CAMAC crate and
power supply. the crate controller. and the waveform
digitizer.

LSI-11 System Assembly. About 15 LSI-11. RT-11
computer systems will be used in various Antares
laboratories outside the control network. The hardware
team bought hardware and has assembled seven systems.
Others are ir: process.

Miscellaneous. Requirements for external interfaces
to control stepping motors and for analog/digital con-
version were documented and design has started. Stan-
darc equipment rack requirements and specifications are
complete. A console device multiplexer for the Antares
computer netw :tk was documented and is being built.

HEGLF SITE AND STRUCTURES (J. Allen)
Construction Package |

As of June 30. 1979. the job was €2% complete
(excluding stored material). This is a net gain of 25% for



this report period. The 48% cited in the last report
included stored material. Completion is scheduled for
February 1980. A joint-occupancy arrangement between
Los Alamos and the Contractor will aliow pow
er-amplifier installation to start October 1. 1979, in the
Laser Hali and will provide warehouse area by August
15.

Laser Building. The structural parts of the walis. roof.
and floor are complete. The interior walls are being
erected. All crane rails have been installed. The dehvery
of the overhead cranes may affect the date of joir.
occupancy by Los Alamos.

Piping and ducting installation is well under way
except in the Laser Halil. Lighting and conduit installa
tion has started. Some mechanical equipment and the
primary transformers have been installed.

Modifications are being made to add piping. vacuum
equipment. and partitions with doors and windows in the
front-end room.

Mechanical Building and Passageway. Piping and
electrical installation are nearing completion. The roofing
1s being nstalled A room s being added for the target
vacuum system control console.

Office Building. Tne primary structure is complete.
and interior walls and ceilings are nearing completion.
Ducting and electrical work is nearly complete. Com-
pleted roofing was rejected because of moisture content
and delamination of the test specimens.

Warehouse. The structure and its fire protection sys-
tem are complete a1 d painted. A few odd items such as
louvers. dampers. unit heater. floor sealer. lights. and
electrical connection to the main transformer remain to
be installed. Beneficial occupancy 1s expected by August
15,

Package 11

The Target Building walls and roof are complete.
Interior walls and equipment piers are being formed and
poured. The line of sight instrumentation stations are
being erected. Package I 1s 66% complete.

Building completion 1s scheduled for December 1979,
Part of this schedule delay is caused by dependence of
Package I on Package I for its elecincal power and its
air conditioning syvstem. The target vacuum system con
in October 1. 1979, on a

tractor  will  move

joint occupancy basis
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1. COG. LASER TECHNOLOGY
(J. F. Figueira)

Each CO. laser system described earlier represents a significant adyance in reliable
CO. laser subsystems. components. and diagnostics. Such advance in the design,
construction. and improvements of the systems requires basic support of CO.
technology. This support has been valuable in the development of subsystems for
suppressing excessive prepulse energy. system self-oscillation (involving the study of
relaxation mechanisms in bleachable gases). and damaging amplified retropulses; in the
identification of passive means to enhance laser beam quality and simultaneously
providing automatic target alignment through phase conjugation.

INTRODUCTION

O work 0 CO - Laser technology s directed toward

~rron g e solation methods avanlabic for use on our

-t Lston drivers, developing improved means for
ceradterizing and controling the evolunon of CO. laser
~cam parameters durimg propagation. and developing
Sooam e voderate scade drvers o facilitate plasma phys
studies

O Crzavatt Test Faahty «GW TE has been used

Csaturate absorber studies and for some

T AT I provide suitable  tacihties  for
Sir tomareute moderate seale plastaa expeniments.,

anaraed the GWTE performance 1o anclude a
“otease inopeak power and greater versatibity n

st and pulse duration.

W are cuosmeantrared phase conjugation because it

wary amprove the gquahty of our laser
STt DTy provide automatic beam poinung n
It i wiso being studied by the opticdl

A7 oTret oarea ol anvesbigauon concerns solator de
Townich encompasses several disparate areas of
ao ~tudy For example we study ways 1o improve
«~Lme saturahle absorbers. including complex  gas
~ wvares and substitutionai dopants in alkali halides.

T-2se materials arovide more efficient operation of our

et~ =y hecomung transparent at high opucal intensity,
~.© otherwise  remaining prevent sclf
~..ation Ay the other extreme, we introduce in this

-ene =t the charactenizaton of an inducible absorber.

opague lo

~c .7 mzcomes more opaque with increasing optical
-+:- o s device, based on plasma formation. will be

used 1o presvent intense. amplified retroreflections from
damaging sensitive faser components.

W e are also conunuing our efforts to obtain new laser
sustems and o mprove existing ones. We have gained a
hetter understanding of saturable absorbers and have
pertormed caleulations for target induced parasitics in
Antares

Finally. we are addressing the key driver performance
criteria {for example. cost. efficiency. reliabitity, life. and
mertial - confinement

mamtenance  reguirements) of

fusion

GIGAWATT TEST FACILITY (J. F. Figueira. S. J.

Czuchlewski. E. J. McClellan. T. S. Kaffenberger. A. V.
Nowak}

The CO. laser svstem of the GWTF was substanually
upgraded in both performance and flexibility. Two
independent beam lines now exist. The components of
the previous GWTF were redesigned into a compact
multipass amphfier configuration that can produce |- to
60 ns pulses of line-selecrtable CO. radiation at encrgies
up to £ J. .

To provide subnanosecond operation for plasma phys
ics studies. a second laser system has been added to the
facility. This system consists of a high-pressure., multi-
pass. reinjection oscillator (R10) driving a 3-pass com-
mercial amplifier. The R10. shown in Fig. 11I-1. was
described in Ref. 1. The beam from the oscillator portion
of the RIO is sent to a conventional 3-stage Pockels cell,
where a pulse of the desired duration is selected. This
pulse is returned to the R10O for four additional passes of



Fig. 111 1.
The reinjection oscillator (R10) consisting of a high pressure oscillator and multipassed preamplifier in a singie package.
Output power is 0.5 GW_ This system is a central part of the upgraded GWTE.

amplification. producimg a | ns. .3 GW. multuline out
put signal. Afte- three addinonal passes through the
Lumomnics 601 amphfier. powers in excess of 10 GW are
obtamed.

A lavout of the enure facihty 15 shown in Fig. T 2.
The smaller screen room shown s dedicated to laser
system control. whereas the larger screen room provides
an experimental environment with a low level of elec
trical interference. This fow level 15 achieved by good
design  techmques. for example. by using
fiher-optic links to iterconnect the scree  rooms.

system

The experimental area 1s arrange . to handie four
simultaneous investigations. An optical bench adjacent
to the experimental screen room serves as a switchvard
for both laser systems and contains the laser diagnostics
for the R1O-Lumonics system. In addition 1o the arcas
shown. a vacuum target chamber and screen room are
available for plasma diagnostics studies.

Svstemn 1 is fully functional and 1s being used n laser
development experiments. The RIO: Lumonics system is
being interfaced to the target facility.

RETROPULSE ISOLATION STUDIES (C. R. Phipps.
J. F. Figueira. S. J. Czuchlewski. S. J. Thomas)

Introduction

Intense. backward propagaung pulses arisig from
amphfied reflections can cause unacceptable damage in
high power fusion lasers unless the system iy 1solated in
this respect. Althoagh devices capable of blocking retro
pulses arc well known. "' the siwaton at CO.
wavelengths is made more difficult by the lack of such
components as Faraday rotators’ or Stark effect mod
ulators” with adequate aperture. damage resistance.
figure of merit. and cost etfectiveness. For this reason.
pracucal soluttony to the CO. retropulse problem involve
absorption of the undesired segnal in an opticathy dense
plasma.

These plasma 1solators fall into two categories -~ those
that are essenually passive. where the plasma is created
by a portion of the forward going laser beam.”™'"'" and
those tn which the plasma is created or initiated by an
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Fig. 111-2.
Plan of the upgraded GWTF System 1 (dashed line) and the new R10/Lumonics laser system {solid line). The experimental

areas can accommodate four simultaneous studies.

auxiliary laser or electrical device."** In the former case.
the interval between passage of the forward-going pulse
and incidence of the retropulse must exceed the plasma
decay time. Very specialized isolation methods. such as
“blitz™" mirrors* are not considered here.

Unfortunately. plans to adapt r.4sma isolators used
on Gemini and Helios to other laser systems are
hampered by the lack of quantitative performance meas-
urements needed for accurate design scaling. In the

references cited. only Ref. 6 presents an attenuation
measurement with error bars. or a corresponding inci-
dent infrared fluence. and this study considered laser
pulses 50 times longer than those of interest to us. For
our purposes. the difference between 20 and 40 dB
attenuation can be of crucial importance, as are meas-
urements of closure time. operating fluence. operating
lifetime. and transmitted beam quality. These measure-
ments will also provide an effective retropulse-isolation
scheme for the GWTF.



Because there 18 ne evidence in favor of the active
devii o and because operanonal rehability 1y required
for retropulse 1solation, we chose to study only passive
devices. For attenuation levels in the desirable range
above 30 dB. it was clear trom previous work™" that
electrical or opucal preinitiation is essential. That .. a
seed plasma must be present in the region traversed by
the retropulse at its time of arrival. In addition. it was
obviously important to restrict the optical path in such a
way that refracuon around the plasma was prevented.

These considerations led us to study the performance
of a standard laser beam spatial filter as a retropulse
isolator. operaung  ather in vacuum or with a dny
mtrogen backfill at pressures up to 390 torr. but with
abnormally high focal fluences sufficient to cause plasma
initiation at the filter ins pernimeter duning passage of the
torward going pulse.

For such a concept to be useful. an operating point 15
necessary gt which the torward fluence will imitiate the
plasma reliably without causing undue sacnfice of for
ward transmission: at the same ume. the plasma thus
formed must proside substanual attenuation that decays
slowly for ~100 ns. We found that these conditions
could be satisfied in & hughly rehable arrangement. which
tao much higher daser

should be capable of

scaling
energies than those used i our tests. Typically. we
obtamned 33 dB reverse attes.uation vor 2 ns simulated
retropulses occurrning 0 ns atter plasma mitiation m a
390 torr background gas. and a figure of merit (the ratio
of forward to reverse attenuation) of 22 w29 dB. This
represents adequate performance for many CO. system
apphcations.

In this
systematic
parameters 1 the plasma 1solator problem. and desenibe

section. we will present the resuits of g

imvestigation of the interaction of several
the performance obtained in detail.

Focusing optics that ifluminated 1nses i this study
used f numbers from ~10 o ~30. Molybdenum and
stainfess steel irises ranging from 120 to 800 um n
diameter were used. Calibrated attenuators adjusted
incident fluence. and detection systems with bandwidths
up to 3 GHz were used as required to study the structure
of incident and transmitted signals.

Throughout the studies we will report. the gas fill used
in the isolator focal region was dry filtered nitrogen.
Reproducible plasma initiation could not be obtamed
without special attention to the removal of water vapor

and suspended particulates down to S um.

Plasma Decay Measurements

To obtam andea of the plasma residence time in the
focal region. we measured the decay of visible plasma
funnnosity v nadent 1006 um fluence for 2 ns pulses
and background pressures from 0 1o 390 torr.

The volumetrnic source density of bremsstrahlung
radiaton by a plasma s proportional to the second
power ot the plasma densmy ' nand. of we consider an
expandmg plasma ball that has become opuically thin for
its own thermal thard uv) radianon. the wotal luminosit
observed 1 the present case s due to bremsstrahlung
and 15 proporuonal to the product of the total number N

tn Vi and the number density of electrons Lo N B
the piasma remans ton hot for sgnicant recombination
to oceur. total lumizosty would be proportional to the
plasmu densiy.
1=
stants up to s are casihy obtarned at 390 torrs and up

As shownan Fig furmmosity decay ume con
e bos i vacuum, mdicating that the available 1solaton
ume shoudd greathy exceed our requirements. However.,
100 umes higher
fTuence s required at the s edge in vacuum compared

for sinvliar FL‘\ILiCﬂCL‘ Ltmes. lll[ﬂ(‘.\[
to that required at 290 torr This difference 1s related (o

the greater diticuliy of obtaming closure, and thus total
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Decay time constant ot plasma tununosity v peak incident
fluence in the focal plane tor 2 ns. 106 um pulses incident in
vacuum and S90 torr N For the 890 torr data, 3.3% of this
peak fluence was incident on the iris perimeter. whereas in the
vacuum case. 13% of the peak Muence struck the iris. The iris
diameters used were 300 10 250 ym, respectisely. A fluence of

10 Jem  corresponds o a total energy of 210 mJ.
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ahsorpaon ot the madent laser energy when closure s
svogad o the ans edee as anovacuum. rather than

Coarhoer e tocdd volume as with gas Ml The data
“ocate thats once the plasma s formed. its decay tume
oo osmlar tread s inadent luence. whether Gt
il o caseous o metal vapor plasma. However. the

o capor phisma decay time mcereases less rapudhy

Wik tuence above threshold.

Closure Time and Time Resolved Forward Transmission

Wide bandwidth  measurements  with 2 ns

showed o simidar evolution of aperture closure by the

pulses

plasma tor both gas and vacuum backgrounds.

Figure HEda shows the features of the tvpical input
and output stgnals we observed. with the 400 um iris and
24 S0 torr N obackground. using adentical absolute
mtensity scaling tor both signals. Figure HI 4b shows the
computed transmission v time Jduring the input pulse.
obtained by careful calibranon of the proper tume
interval between the two signals.

Simiar measurements for a 230 ym ins in vacuum are
presented i Fig. HI 5. Breakdown for 2 ns pulses
oceurred with 4 peak fluence of 20 + 4 Jem “incident on
the ins perimeter. corresponding to 150+ 20 Jem ° peak
tocal luence Wiath 590 torr dry N, n the focal region.,
the corresponding values for 2 ns pulses were 1 = 0.2
and 3. 3 Jem L owith this s,

Frgure I A shows the pressure dependence of the
observed breakdown fluence for 2 ns laser signals with a
300 um ins 11 dry mitrogen. compared to the predicted
hehavior for air without the iris.'’ Also plotted 1s the
sacuum threshold for the 400-um iris. Even when it s
iarge enough to intercept only 3.3% of the peak on-axis
fluence. the ins plavs a determining role in the break
down. This 1s especially true at lower pressures at which
the threshold tor the gas has substantuially increased.

Qualitatively obtained for
smoothed 60-ns pulses at the same pressure. except that
the breakdown fluence n this instance was much smatler
than that obtained without the iris because 48% of the
peak focal fluence was iacident on the iris perimeter. As
itlustrated in Fig. 111 7. for a pulse with a p.ak spatial
input fluence of 63 Jecm . well above the breakdown
threshold for this configuration, the leading edge of the
output pulse follows the input until plasma formation
begins. Transmission then terminates abruptly. presum
ably with a speed greater than that of the detection

similar  results  were

system used.
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Transmission as a function of time is shown in Fig.
11 8 for a series of pulses of similar duration but with a
much broader fluence range than was possible with 2-ns
pulses  As expected. puises with higher peak energy
mitiate a breakdown earlier than those with lower peak
energy.

in fact. if we compute transmission as a function of
the instantaneous time integral of incident intensity for
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High speed oscilloscope traces showing truncation of a 2 ns,
10.6 um, forward going laser pulse during formation of the
seed plasma in S90 torr N

(al Typical input and output signals scaled to the same
ahsolute intensities via calibration procedures.

{b) Computed transmissicn vs time for the pulse pair shown in
(a). Fssentially perfect transmission is maintained until
plasma initiation. after which forward transmission drops
o 4 low value of ~3% in ~800 ps. At rauch iater times.
when some expansion of the plasma has occurred, trans
mission is much lower yet.
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(b} Computed transmission s time, showing 780 ps elosure
time.

these same pulses. as in Fig. I{I 9. the plasma evolution
after breakdown depends mainly on the accumulated
incident energy. Figure I1I-9 also shows that the peak
focal-plane fluence at breakdown for this configuration
and 60-ns pulses is 6 + | Jcm °. Because the irs
interception fraction was 48% in this experiment. the
corresponding fluence on the iris perimeter was 3 + 0.5
Jem™*. This value is only three times higher than the
fluence on the iris reported in the 2-ns work described
above. where the interception fraction was only 1.3%.
further emphasizing the controlling influence of the
fluence intercepted by the iris in breakdown initiation. As
might be expected. these thresholds are significantiy
below the breakdown fluence that is obtained in the
absence of adjacent solid surfaces.'* '
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Focal plane Nuence required for breahdown mirogen
pressure with 7 ns pulses. n this case. the ins intercepted 314
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arr are those of Refl 12 in the high intensity imait, swith ne s,
for comparison with obsersed behasior

b 1T
Inpul and output temporal pulse snEpes. 00 60 s ancwdent
10,6 um pulses. SO0 torr N g s 300 Lm diam ins, In this
case, the ins peruncier intereepient 38 v of the pegk foval plane
fluence. which was 63 Jem Plasma foomanon s evident at

~30 ns.
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Time resohved transmission vs the time integral of incident
intensity for jaser pulses with a wide range of peak fluence and
intensity. The configuration and pulse durations are the same
for Figs. 111 7 through 111 10.

We have shown that, for pressures from O to 590 torr
and pulse durations from 2 to 60 ns, the correct model
for the time-resolved forward optical transmission func-
tion in the plasma spatial filter consists of very rapid
extinciion at a threshold determined mainly by the
iris-interception fraction. These results are summarized
in Table 1II-I. The role of the iris is discussed in more
detail below.

36

Time-Averaged Forward Transmission Behavior

An equally important characterization of for-
ward-transmission behavior in the plasma spatial filter is
provided by a study of time-averaged. rather than
time-resolved. incident and transmitted quantities. Figure
I11-10 shows the measured dependence of time-averaged
transmission on peak incident fluence at the focal plane
for 60-ns incident pulses. The experimental configuration
is unchanged. It is seen that the chief characteristic of the
time-averaged transmission is the imposition of an
output flux limit. This “clamping flux™ is ~7 Jcm~? for
60-ns pulse inputs ranging from 20 Jcm™? to nearly 60C
Jem™2 in the present experimental configuration.

This behavior is not obvious from the time-resolved
data. However, the types of behavior are consistent,
given an energy or fluence-dependent component in the
breakdown process. Also. very similar flux-limiting be-
havior is predicted by an instantaneous model in which
transmission is extinguished at the point where incident
intensity, rather than the integral. first exceeds a critical
value. Figure III-11 shows the replotted transmission
data of Fig. I11-10 for comparison of the two models.

It is clear from the previous discussions and from Fig.
HI-11 that the plasma formation threshold for 60-ns
duration depends strongly on the total laser energy
incident on the focal volume, and that the common
feature among different configurations in this study is the
energy incident on the iris perimeter.

Hard-uv radiation arising in the first spots to break
down in the focal volume may lower the threshold
elsewhere sufficiently to make the ensuing breakdown



TABLE III-1

TYPICAL TIME-RESOLVED FORWARD TRANSMISSION PARAMETERS

Min Corresponding
Transmission Measured Corresponding Iris Interzept Iris Fluence Focal Plane
(t « 5ns) Closure Time Closure Velocity Fra.tion at Breakdown Fluence
Configurauon {(ps)* fem s ') (%) (Jem ) Jem™?)
2 ns pulse 80O 2.5 ¥ 10° 33 1 3v
590 torr N.
400 pm iris
60-ns pulse 5 < 3000 48 3 6
590 torr N,
435 um iris
> ns pulse 4 150 t4 x 10 13 20 150
vacuum
200-um iris

‘Risetime of the detection system used in the 2-ns-puise measurements was ~ ! 30 ps. Closure velocity was computed from the ratio
of aperture radius to closure time, and is not necessarily a physical velocity. Closure time is the measured time required for transmission to
fall from 90%, of its maximum value to within 10% of its final value at breakdown.

LAERI | 1 * 1 r T —_
~
£

06 [
3
- g - -eem 44 Lm RIS | ®
¢ - . ° €0ns PULSC §
o =
& Qat _ 600 Torr Ny e
v - 5 .
£ . - o>
w - Qa
b4 2
5 e ® . B a
- .

[ .
oel .S
a
134
- e >
. <

o '~ %1 -2-p4as_Jo
107

Y
? S

e}

Peas tnput f uence (J/em?)

Fig. 11i-£0.
Time averaged transmission (the ratio of output to input
energy) and space averaged output fluence vs peak incident
fluence at the focal plape. with 435 um-diam iris in 600 torr
N,

process appear to be energy-dependent. No cases were
found. however. in which breakdown occurred after the
peak of the input pulse. Iris spallation may also explain
this result.

Effect of Varying Iris Interception Fraction

If the focal-plane iris is removed completely from a
gas-filled isolator, the most noticeable effect is a dramat-
ic increase in the postpulse transmission as shown in Fig.
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Fig. HI 1.
Transmission data of Fig. I11-9 replotted for comparison with
theoretical model predictions. Solid curves: predicted trans-
mission with fluence-dependent threshold: dashed curve: pre-
dicted transmission with intensity -dependent threshold.

[11-12. By comparing. for example. Fig. [1I-4a, where the
postpulse transmission with an iris is 3%. we can clearly
see that the iris is essential in causing axtinction of the
lascr signal. presumably by preventing refraction around
the highly absorptive core region of the plasma.

As shown in Fig. III-13. subtle changes also occur in
the time-averaged transmission characteristics with the
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Fig. 111-13.
Time-averaged transmission and space-average output fluence
vs peak incident fluence at the focal plane with filter iris
removed.

iris removed (compare Fig. 1I1-10). This configuration is
less easy to model because, in the absence of an iris,
measurements of transmitted light are more subject to
refractive effects before breakdown. We believe these
effects led to the exaggerated peak seen in the trans-
mission characteristic near threshold.

Figure III-14 shows the effect of intermediate iris sizes
on the breakdown fluence for the 60-ns, 590-torr con-
figuration. Note that a plasma was initiated whenever the
fluence incident on the iris perimeter reached 2.9 Jem™2
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N,. with 60-ns pulses. Points labeled -“initiation at iris™
represent the fluence incident on the iris perimeter under
breakdown conditions at the indicated iris diameter. Total
peak and spatially averaged output are indicated. respectively.
by triangles and squares.

This shows that the iris plays a dominant role in the
breakdown process for interception ratios ranging from
~6% to near unity with 60-ns pulses. Table IIl-II
summarizes the transmission and the limit of transmitted
fluence observed with the various iris diameters The last
entry gives transmitted energy with no iris. No signifi-
cant difference was noted in the behavior of irises that
were thin or thick with respect to their diameter.

Power Required to Sustain the Plasma

Additional work is needed to establish accurate scal-
ing relationships for plasma sizes much larger than those
in this study. However, determination of the specific
plasma dissipation for our conditions provides a baseline
for such future studies as well as valuable design



TABLE II-11

MAXIMUM TRANSMITTED FLUENCE AT THE RIS PLANE
DETERMINED BY PLASMA FORMATION, THE
CORRESPONDING TRANSMITTED ENERGY, AND THE
GEOMETRICAL TRANSPARENCY OF THE IRIS BELOW
PLASMA THRESHOLD OBSERVED FOR IRISES OF
SEVERAL DIAMETERS

Transparency of

Iris Max. Transmitted Transmitted lris Below Plasma
Diam Fluence Energy Threshold
{um) (Jem 7) (mJ) {%)

130 2.11 V.28 6
435 5.38 8.0 49
440 4.4] 6.7 50
608 8.27 24.0 65
792 10.8 53.0 75

o« <380.0 100

information at ~1 mm diameter. Plasma dissipation was
determined by measuring the transmission of a train of
2-ns pulses with 12.5-ns intervals and gradually decreas-
ing intensity as shown in Fig. 111-15. The average input
intensity at the point where transmission reaches a
minimum and begins to increase can be used as a
measure of plasma dissipation. because, as we separately
determined, reflectivity is quite small for 2-ns pulses at
these intensities. Transmission at the minimum shown
was less than 1% and the dissipation level in this case (0
torr) was 2.6 GWcem™2

As might be expected, measurements of sustaining
intensity up to pressures of 590 torr N, showed little
variation. We measured 1.5 GWcm %at 50 torr and 1.2
GWcm™? at 590 torr when peak attenuation was in the
same range. Dissipation also did not vary strongly with
attenuation.

In the case shown in Fig. III-15, the ratio between the
intensity required to initiate breakdown and that required
to maintain it is nearly two orders of magnitude. in
agreement with Raizer."”

The magnitude of this ratio suggests the possibility of
economically maintaining the plasma for times much
longer than the natural decay time with an auxiliary
low-power laser signal.

Isolator Performance vs Pressure

A standard spatial filter with -15 ZnSe optics was
nsed to test overall retropulse isolation performance for
2-ns pulses. The experimental setup we used is illustrated
in Fig. 11-16. A small portion of the availabic 10.6-um
single-line laser signal was used to provide plasma
initiation 105 ns before arrival of the delayed simulated
retropulse. which was more than 10 times as intense as
the initiation pulse (Fig. I1I-16). This arrangement pro-
vided the most realistic simulation of the intended
application of such an isolator. where the reverse fluence
will ordinarily exceed the forward fluence by a large
margin,

As shown in Fig. [II-17. a peak power isolation figure
of merit ranging from 22 to 29 dB was obtained tor
nitrogen fill pressures between 50 and 600 torr. consis
tent plasma initiation being doubtful for lower pressures
at the forward fluence used. Time-average isolation
figure of merit was about 3 dB less. .n general. but never
less than 20 dB in the same pressure range. Note that.
compared to the 3% transmission recorded at the end of
the pulse in Fig. I{I-4b. two-orders-of-magnitude greater
attenuation is achieved during the retropulse. primarily
because of its greater fluence.
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Experimental setup for retropulse isolation measurements shown in Figs. Il 17 and
* sterad {full angle about 2 degrees).

detector subtended 10

At 590 torr. Fig. Il 18 shows the corresponding
transmitted retrofluence at the focal plane to be ~5
Jem 2. 40 times less than the fluence used to initiate the
plasma. Over the 50- to 600-torr range. and with the
specific parameters used here. transnutted fluence varics
inversely with pressure until initiation ceases to be a
factor and the vacuum threshold for the iris limits further

transmission.

18. The transmitted retropulse

Similar data for the metallic plasma in vacuum a: 2 not
yet available. However. the fact that similar luminosity
decay times are easily obtained (Fig. II-3). combined
with the similarities in instantaneous transmission during
breakdown. indicates that similar performance will be
seen in an evacuated vs a gas-filled spatial filter. but at
correspondingly higher fluence levels.
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nitrogen pressure for 2 ns, HL6 um forward and retropulscs

separated by a 108 ns detay  The focal plane fluence of the

forward pulse was typically 230 Jem | whercas the retropulse

fluence was typically 2900 Jem . Iris diameter was 400 am,
and iris interception fraction was 3.3 Other measurements
show thiv forward fluence to be sufficient to prinide reliable
plasma initiation down to 0 torr. The data show the isolation
figure of merit ranging from 22 to 29 dB, with a typical value
of 26 JB at 200 torr.

Conclusions

We have shown that a retropuise 1solator with nearly
33 dB attenuation tor retropulses occurring up to 105 ns
later than the forward traveling pulse and operatng at
focal intensities up to 1.5 TWem - can be constructed
from a simple spatial filter. The spatia! filter ins 15 a
critical part of the 1solator’s succe sful operation. In
vacuum. it provides the metallic plasma that attenuates
the retrosignal: in a neutral gas background. it controt
plasma initiation when as little as 3.3% of the peak
on-axis llumination is incident on the irs perimeter. and
adds greatlv to isolator performance by preventing
refraction of undesired light around the focal plasma.

The forward transmission characteristic can be de
scnbed as flux imiting: transmission vs flux above
threshold appears 10 be determined by the integrated
power incident on the iris. even though a Gaussian radial
distribution was used. This indicates that hard-uv
photons originating in the breakdown or iris spallation
play an important part in energy transport within the
focal volume for times short compared to 1 ns for focal
diameters ~1 mm such as we studied. We have shown
that we can modzal the observed transmission above the
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Fig. 1M1 1K
Transmitted fluence vs pressure for cond:tions similar to those
of Fag. 311116, Here, forward fluence ranged from 140 (o 280
Jem  and retrofluence from 180D 10 3600 Jem I'he trend
for the data obeys P o | constamt for pressures Jown o S0
tore . where other data indicate that smtiation prohably did
not occu. at the torsard fluences used.

plasma formation threshold. Because vp to 100 times
Jess laser power 1< needed to sustain the plasma than s
required 1o form it rehable 1solaton for times much

longer than the natural plasma decay time can be
mamtained economicalls. However. luminosity decas
measurements suggest that this will not be necessary for

most appheations.

SOLID STATE SATURABLE ABSORBER (J. F.
Figueira. C. R. Phipps)

introduction

Previous investigations'™ demonstrated the potenual utili
tv of a new class of solid state saturable absorbers based
on the nonhnear optical properties of impurity dopants in
alkali halide host mateniais. Possible applications of this
concept range from their use as saturable absorbers for
gain 1solaton in Jarge CO, lasers 10 use as an optical
storage medium for uv excimer lasers.

In this section. we discuss the continuing work on
absorber materials applicable to CO, laser work. We will
describe the resuits of pulse-propagation experiments in
KC! host material doped with KReQ,. and. in addition.
will discuss the results of the material fabrication pro
grain at Harshaw Chemical Company.
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Pulse Propagstion

The Re(), 1on has anr active vibrational mode (the
v maoder that occurs in the gas phase at 920 cm ' When
the or s doped anto an alkali hahide host lattice. the
Tesonartofrequency oancreases  as the lattice spacing
Jdevresses bor the KO atuee with a 3.3 & spacing. Fg.
I 1 snows the room temperature absorption spectrum
wrgned rom o a o fast Founer transform  spectrometer
wropoem o resolution The hne center 1s 9368 cm
o e anewrdth (EWHIM s T em ' Ay the sample 1s
oLeds e fatuce contracts and the resonance frequency
i te tagner values Fagure 126 shows a typical
Craerpten spedtrum at 100 Koowith @ spectrometer
soegtr e ot oS eme i contrast to carlier published
Sty T rao hands are now resolved. corresponding to the
DA oannrant isetopid masses of the rhemum atom. The

moe e cenfered at WAIRRY and 939.3R cm Lowath
Casared cewadths ot g and 012 om L respectively

A rier powers the hnes were shown previousiv'™ to
salcrdte s homoegeneoush (phonony  broadened.
Tweleves asbemLoswan saturation parameters of 145
MW Om o at room temperature. decreasig to 0.21 MW
oAt Dok

{0 arderstand and characterize the transient response
of the KCEReO | material, o series of pulse compression
cxperiments were conducted and the results were com
parcd 1o the prediction of a computer calculaton. A
conventonal COL osallator and double pass amphfier
were used to generate T8 ns. 30 MW pulses of CO,
sadianon at the P28y hne of the 10 pm band. The output
puise from this system was temporally smoothed by a
‘ow pressure discharge in the osellator. Pyroelectne
Jalonmeters and photon drag detectors were used to
measure energy and power as required. Samples were
angle erystal KCE doped with 1000 ppm by weight of
NReO, and grown by Harshaw Chemical Company.
Samples ¥ ¢m an fength were cut and polished. Each
sample had a measured small-signal transmission at the
P28y iine of the 10 um band of 0.82%. and was of
excellent optical quality, with no residual strains.

The output from the oscillator/amplifier system was
muldiy focused through the sample. and input and output
power and energyv were measured. Figure I11-21 shows a
typical mput output pair of ume histories. Compressions
of 40% are easily obtained with powers in the range of 3
10 § MWem ? for the 75-ns input pulses. By taking a
series of these measurements, the compression history of
this material can be constructed as shown in Fig. Il 22.
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Fig. 141 22,
Pulse compression and transmission in KO 1: K ReQ), absorber
vs input intensity. Input signals are 78 ns duration at the P 28
(10 ;:m) wavelength

The compression ratio rises as input power is imtally
increased. However. as the maximum slope of the
saturation curve is reached. the compression ratio reach
¢s @ maximum value (~1.75 in the present case) and then
decreases with further increase in input power. These
effects can be calculated by a straightforward adapia
tion of the basic Rigrod'*® formulation for the saturation
behavior of a two-level absorber. The solid curve shows

the results of these calculatons for plane wave irradia
uon using the measured parameters of this experiment
and our earlier resuits. ' The calculation 15 1n qualitauive
agreement with the experiment. However. the value of
the saturation flux required for an opumal fit to the data
no~2 MWem C.
measured. Related experiments indicate this effect may

somewhat larger than previoush

be due to a reduction in the opticai cross section of the
ReO, caused by different growth techmgues for the
KO host Teis also nated that the measured compression
curve s shighthy narrower than the calculated curse This
difference i+ due 10 nonumform affummmaton and o
spatial hot spots in the input beam that tend to comen «
i ume more dramaucally than the plinie waves assumed
in the calcutauon,

The above experniments have addressed e onie

regime where the pulse duration = v muoch onger e

the characteristic relaxation ume ot the ahsorhes
i 0 psyoat room temperature tor the KCOReQ)) o
compared to 7.~ "0 n< i the above expeniments boatas
experiments will adaress the region where =0 ~ 1 1w

our madehng capabiin

Alkali Halide Fabrication

[ comancthion waith Horshaw Chemioa Company s we

are amnvestiating the relevant technology assues
fooking tor possibice mutations an the scalabiiny o1 s
technology 1or the rabnicanon ot smpuny doped alkal
hahdes This procram has three immediate goals First.
AN ANy and conventenas growth techngucs,
Harshaw s 1o ingh quabty sigle oryvstal

samples ot KCEReO),

achieved, Harshaw wll contimue this work with the mim

produce

Sevond. b the first goai s

o producing a large (15 o0 23 em (6 10 10 diam
boule vt not Yoreed pohverystathne KCEReQ)) 1 thard
voal s to appiv the knowledge accumulated in the first
twa phases to NaClm an attempt to produce samples of
single erystal as well as hot forged  polsery sta
NaCEReO, In ali aspects of this program. emphasis s
on the matenal labrnication technology. rather than on
attempung to produce an solator for a specitic CO. laser
syatem.

The previous erystal growth work at Cornell Univer
sity pomnted o several problem areas that required
further syvstematic study. Fir<t. the Cornell samples.
grown by the Crochralsks method. showed large residual

strains. making thens unsuited for applications involving
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vood opticar properties i iransmission . Secord. the
Corneli work suguested the castence of a solubihty imit
tor the Re@y | ron e the KO Btiee that coudd hmit the
attamabie optical denvity o animpractucalls small value.

T mvestigate these problems. Harshaw produced a
series ot singic orvstai KO samples doped with vanous
concentrations of KReO, These were typreally 6 cman
drameter and 1T om one Byouse of the modified
Stockbareer technigae tor onvstal prowth, where the
material o contiruoasi zone refined as 10 s grown,
Harshaw was abie te produce simeie envstal KCEReO),
materng, that s trec of visible strams

Fooansesoeate the pessitahiy of acinening o controbied
doping densinv of the ReO | on an the KO latncee.
sampies were made wath o systemiatic vanation of the
KReO concentration an the starting melt We de
termined  the actual ReQ); 1won concentration i the
crastyl by neutron achyvaton analysis of the rhenum
atom concentration i the resulting KO matrin We also
determimed. by the ase ot hieh resolutton. Hast
Fourier transtorm spectroscopy. the absorption cocthy
caient and cross section ol the ReQ | at 938 cm . The
optical cross section of the Harshaw material was

"oom” as compared 1o

medsured (o be 046 0 0.3 0 10
carbier measurements on the Cornedl samples of 0.76
02 .10 emn The observed difference in the opucal
cross section of the ReQ), on produced by the two
growth methods s not ovet understood and s being
mvestigated

[he staroing K ReQ), concentrations and the resulting
ReQ), 1on concentrations can be used to construct a
solubthits plot. as shown in Fig. 111 230 At alow starting
concentration of KReQ, (107 ppmj the resuling ReO,
concentration 1 fess than 10" em . which s the

mallest concentration we can measure. However. for

concentrations 1 excess of 107 ppm by weight of

KReO,. a measurable concentration ot the ReO 10n 1
produced. At the highest levels produced to date. the
concentration of ReQ, was 4 x 10" ¢cm . Because the
measured crass section is 0.46 x 10 ' cm’ this
concentration implies an absorption coefficient of 1.84
cm

In summary. wt has been demonstrated that the
K C1:ReO, solid state saturable absorber can be pro
duced in single crystal form by convenuonal growth
technigues. High dopant concentratons have been
achieved in strain-free material. Work will continue on
hot-forging KCI:ReO, material. In addition. applications
of these growth techniques to other impurity-doped aikali

halides will be studied.
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Solubilits plot for actual ReQ, ion concentration obtained in
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TRANSIENT RESPONSE OF PHASE CONIJUGA
TION BY DEGENERATE FOUR-WAVE MIXING
(B. J. Feldman, R. A. Fisher)

Previously. we reported experimental demonstration
of degenerate four wave mixing in germanium leading o
phase conjugate reflectivities as high as 20% in a
15-cm jong sample. Our results were in agreement with
stmple steady state theory.’® which predicts that the
reflectivity from the degenerate four-wave mixing proc
ess is given by

R 1an” (L)

where
B =12 noy,"" E,E./nc
and

» - angular frequency of applied fields.

Xn,' " - third-order noslinear coefficient.

E, . = field strengths of oppositely directed pumps.
n = refractive index of material. and

¢ = velocity of light.

The 100-ns pulses used in these experiments were
substantially longer than the optical transit time for the
germanium samples used. which justifies the use of
steady -state theory. However, for laser fusion applica-
tions where shorter pulses are desired, the response may
differ from steady-state predictions. Therefore, we have
developed a transient theory that is valid for optical



pulses shorter than the opucal transit time of the
material. The theory. which solves the coupled nonlinear
Maxwell equations governing the response of a
third order nonlinear material such as germarium. fol
lows closely the earlier Fourier and Laplace transform
techniques used by Bobroff and Haus® to solve
backward oscillator interactions in traveling-wave tubes.
The resulting solutions for the reflected pulse subjected

to a delta function input probe field. in the absence of

pump depletion. may be written analytically in the form

A . -
Lr_ Lty o= > T,
where
F-/Iv/ - :" + - —I t - o 1 -
A
- -~ A\T- / \

| 1 \ !
\ ™
T -7, |
i . . ) .
— L \ . - i } _r
.-
/
: \ ;o
where T feun. T, 2L, n refractive index. and
I, (z)  modified Bessel function of order n. argument 7.

The response is plotted numerically for certamn character
istic cases in Fig. I 24. For BL « = 2. the response
starts at a finite value and slowly rnises unul the
delta function input strikes the exit plane. at which time
the signal falls off sharply. For Bl. = -2, the response of
the syvstem rapidly approaches steady state. For gL 4,
the response grows exponentially. indicating the onset of
backward parametric lasing. and will continue to grow
until pump depletion reduces the coupling coefficient.

g 11124
Caleulated  transient reflecto ity tor an aput pulse delta

function ot the form t o The normahred output

intensity (B B oroas plotted sy oume Jhe case chosen s a
b6 cmlong S conjugator with pumpwase intensities ad
justed for the interaction strength ol !

These results indicate that extreme pulse shape distor
tions are possible in the transient response of degenerate
four wave mavers. Addional studies descrbing the re
sponse of the system to finite imput pulses are in progress
and will be reported together with a comparison of

experimental resuits upon completion of the work.

THALLIUM DOPED K1l STORAGE LASER (K. A,
Fisher. B. J. Feldman)

Experiments are in progress to mvestigate the possi
bility  of thalhum-doped KCl as an opucal storage
material for the KrF laser at 2500 A. Thalhum doped
KCI has a strong absorption band centered at 2300 A
When optically pumped in this band. the crystal lum
nesces strongly at 30004 with a charactenstic hfsuime of
300 ns. Luminescense efficiency 1s ~30%. Attempts are
under way to measure the gain of the 3000 A transiton

FAS



when the crvstal s pumped by a 30 MW cm L 20 ns
Kol taser puise at 2350 A Esumates are that the gain at
on A ould be ~D.03 cm 'L assuming the absence of
sultiple photon aonizaton at 23000 & and  possible
svatenee o daseranduced color center absorption at

e A

(iASFOLS  SATURABLE ABSORBERS (A, V.

okt
introduction

1 conteweng work onomproved understanding o
voabie zas phase solator systems tor the 1 am
Sooo~hrected toward obtammimg better saturabilits s as
o« u~ more raprd relaxation, Improved  saturaton
S ctenistios would ofter the same protection aganst
Narnstos ssath mproved forward pulse  transmission,
and tuster relavation would offer protection apainst
“crropuises ds wel as provide ssolaton for mulunlexed
CO sstems.

in & previous report.s oour
Joubie resonance measurements showed that an effectine
way tenerease the relaxation rate of Sk, based absorber
mives v to butfer the miv with hyvdrogen. These resuits
showed, tor example, that the 106 um. small signal
abvorption of a 10 torr parual pressure of M 8047
hutfered by &0 torr of H, refased exponenually o
thermal equilbrium with @ = ns ume constant, offerimg

nope of achieving the above goals.

o this repornt. we discuss the conconutant question of
tne etfects of the hvdrogen butfer on the degree of

saturation ol the solator nmuxture for nanosecond
Juratton CO. signals. [n addition. we describe the effects

o warving pulse duration in the | to 70 ns range. and of
a~ing sigle vs muluple pulses. on the saturability of

several pas mixures.

Nl mpos o
SE, 1 51%
chen (€ jf . 3,049,
CECEC e 135 12.2%
CF CHO BC 1LY 19 830,
CFC. b 12, 62 40¢
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discussien of

Short Pulse Transmission Through Mix 804 with Added
Buffer Gas

Reference 22 showed that a hydrogen buffer greatly
mproves the relaxation rate of absorption in Mix 804,
Now. we deserihe measurements of the effects of this
buffer on  transmission saturation  with nanosecond
duravon 106 um signals.

Figure TH 25 shows the transnussion of a 1.1-ns.
105 um. €O laser pulse through an 18.9 ¢m long cell
contanm.z 15.07 torr of Mix 804 buttered by four partial
pressures of H o The mnadent pulse characteristics are
isted e et column ot Tabie HI L

A evpecteds mereasing amounts of H.owill reduce the
Jearee of saturaton at o tixed fluence. but note that
Lnear extrapolations i the direction of increasing pulse
huence show an apparent common point of comergence
tor b five datiosets. This point hies near 1.7 Jem © with a
corresponding ransmssion of ~83%. However. 1t s
aniikely tat a hinear extrapolation accurately predicts
pulse transmission above 1 Jem . The curves probably
bead and hecome paralicl.

Fhese rosudts suggest that for 13 torr of Mix 804 1n a
P em fong celll the preterred aperating point is above 1
Jem Cwhere the iransmisaon s near its maximum and
i reasonahby independent of H. pressure. At this fluence
level the experimenter can adjust the H. pressure 1o
select the recovery time of his choice (within limats)
without paving o saturated transmission penalty.

Frgure HIT 26 shows data sets in which N replaced H.
as the buf'er. It s remarkable that the N curves almost
duplicate the . curves. although the H. molecule
collides with SE, about three times as frequently as does
NooA difference n the two figures is noticeable above
200 mJem
mix s shehthy greater. The apparent point of con-

" where the transmission in the N, buffered

vergence v located at an incident fluence of ~1 Jem °
and a transmission of ~81%.

This result suggests that many other buffer molecules
may have transmission curves similar to those in Figs.
I 25 and and 26, If such gases exist. the experimenter
couid select that which s most effective for vibra
ton to translation (V T) relaxation in a particular situ
ation without concern that the transmission curve would
be seriously degraded. Examples of gases that are known
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Fig. Il 25,
Pulse transmission through Miv 804 buffered by H.. P(BO4)  S.07 torr. pulse duration is 11 ns, and beam areas at ¢
intensity is 0.62cm 2 10 um P(20). L. B9 cm.
TABLE III-111
CHARACTERISTICS OF LASER SIGNALS USED TO OBTAIN RESULTS
PLOTTED IN FIGURES III 25 111 29
1 ns Pulse 2 3 ns Pulse
Method of Pulse Pulse chopped from smooth 70 ns Pulse selec[ed from a train
Formation gain-switched output of a of modelocked pulses by means
TEA oscillator by means of a of a CdTe electro-optic switch.
CdTe clectro-optic switch.
Pulse Transverse Gaussian. slightly elliptical. Gaussian, slightly elliptical.
Spatial Character Area - 0.62 cm” at e ' inten Area was 0.22 cm” at ¢ ' inten
sity contour. sity contour.
Pulse Temporal Low-intensity duplicate of Low intensity train of 2.5 ns pulses.
Background temporally smooth 70-ns gain- 12.5 ns interval. Energy about 5
switched pulse. Energy ~4% of total output. Spike envelope had
of total output. FWHM = FWHM of 50 ns with 25 ns
70 ns: risetime = 20 ns: fall risetime and 50 ns fall time.
time -: 100 ns.
Temporal Shape FWHM = [.1 :0.1 ns; risetime Pulses changed shape from shot to
= 0.6 ns: fall time - 0.8 ns, shot. Many were closely spaced

double pulses. Pulse duration
ranged from 1.6 to 3.5 ns, but
typical duration was 2.5-ns FWHM.
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Pulse transmission through Mix 804 huffered by N P804y 15.07 torr. pulse duration is 1.1 ns. beam area at ¢ intensity
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to be more effectne VT relaxers of SE, than hyvdrogen
are ethane and dimeths! ether.” Experiments to test this
hypothests are under way.

It 1» not unreasonable 10 expect that ail saturable
ahsorber mixes that use SF, as the saturable component
will show pulse transmission behavior similar to that of
Mix &04. as shown in Figs. 1l 25 and 26. On the other
hand. the same may not be true of mixes based on the
saturable absorber CH,-CHF, (FC 152a). Data taken
by Kung and Friedman™ show that the risetime of the
double resonance signal for FC 132a is cxponential with
a ume constant of 4.6 us torr for H, and 11.7 ps torr for
N.. This result is quite different from that of
double resonance experiments we conducted on SF, in
which the risetime of the signal in all cases was faster
than the detector response time of 3 ns. Experiments will
be initiated 1o study the effects of buffering FC 152a.

Short-Pulse Transmission Through Mix 907

We have measured the transmission of 2.5-ns duration
pulses through the seven-component saturable absorber

48

Mix 907.* This mix was formulated at our Helios facifity
to improve the efficiency of suppressing the parasitics
over that of Mix 804.

Figure Il 27 shows the
10.6-uym signals through 8.0. 12.0. and 16.0 torr of Mix
907 in a 109-cm long cell. The properties of the 2.5 ns
signal we used in these studies are found in Table NT 111,
Helios data for transmission of 0.75 ns pulses through
10 torr of Mix 907 with the same wavelengths and
optical path are summarized in Fig. 111 27 by the dashed
line. Note that the transmission is considerably higher
than that using 2.5-ns pulses.

An effort was made to correlate the transmission of
nanosecond-duration pulses through Mix 907 with natu
rally occurring changes in their duration. Close examina
tion of the data in Fig. 111-27 reveals no systematic

transmission  of 2.5 ns

*Mix 907 composition

SF, 0.8%
Cyelo C,F, 2.3%
CF.CF.CL(FC 115 6.6%
CH,CHF. (FC 152a) 9.1%
CF.CCL(FC-1112a) - 13.6%
CF.CI.(FC 12) = 25%

CF.CFCI(FC-t113) = 42.6%
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difference in the absorpuon of pulses shorter than 2 ns
from that for pulses longer than 2.9 ns. However. the
results do not have a clear interpretation because the
longer pulses were usuzlly double pulses with separabon
about cqual to pulse width.

We will not attempt to explain these differences unul
we have @ more extensice data base for transmission as a

funcuen of pulse duration,

Behavior of Saturated Trinsmission in Mixes 705 and
804 Under Single and Multiple Pulse Illumination.

The modelocked laser described in Table TI T was
used to compare the transmission of a tran of pulses
with that for a single pulse in saturable absorbers Mix
705* and Mix 804, Mix 705 like Mix 907,15 a hybrid in
that both SF, and FC 1324 are saturable components at
10.6 ym.

The three data sets indicated by the open symbols in
Fig. [11 28 represent the transmission of a single
switched out. modelocked pulse through a 109-cm long

*Mix 705 composition

SF, 1.47%
CF.CF.CI(FC 115) 20.5%
CE.CFCI{FC i11}) 33.2%
CH.CHF. (FC 152a) 44.8%

cell contaming 2,460 6.00, and 9.05 torr of Mix 705,
Also shown an the figure are the data points for the
transmission of L1 ns pulses through 346 torr of My
OS5 o which the
pressure length product as 2,46 torr i a 109 em long

TTSemilong cell has same

cell. The sohd squares i Fig. HI 28 represent pulse
transmission through 346 torr of Mix 705 with the
plasma tube m the osallator turned off. The net effect s
10 obtain pubses of randomiy varving turavon n the
range 0.8 1o 1.5 ns, wath shorter pulses predommating.
Note the ~hghtly higher attenuauon of these pulses. The
same effect was observed for 977 torr of Mix ROJ 1 g
10.) ¢m eell tnot shown).

The bottom most data points show the transmission ot
a tram ot 2 n~ pulses through 9.05 torr of My 705,
These data pomts he well below the single pulse data.

About Y0% of the energy of the tramn of pulses is
contained in the central eight spikes. so that we esuimate
an average energy per pulse of ~10% of the wotal train
energy E. It the gas were fully relaxed m the interval
between pulses. the transmission tor the pulse train
would correspond to the transmission of a single pulse at
0.1E. This is not the case. as shown in Fig. [11-28. which
shows the transmission of the train at 300 mJem “ 1o be
35% of that for a single puise at 30 mJem °

Because Mix 705 at 9 torr has a V-T recovery time
of several hundred nar 'seconds. it is quite possible that
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Pulse ransmission through Mix 705, See Table 111 111 for properties of 1.1 and 2.5-ns lasers. The 0.8 10 1.5 ns pulses were
ubtained from the 1.1 ns laser by turning off the oscillator plasma tube. The modelocked train was derived from the 2.5-ns

laser by turning off the F.O. switch: . 10 um P{20).

the faster VL energy transier processes are redistribut
ing molecules throughout the vibrational ladder into an
ensemble with a different vibrational temperature and
higher net absorpuon cross section for light at 10.6 um.
The process 15 analogous to thermal heating of SF, from
room femiperature to 400 K. in which range the net cross
ection for absorption of 10.6-um photons increases.™

Figure 111 29 shows a similar comparison of single
and muluple-pulse transmission for Mix 804. The upper
part of the figure shows measurements of transmission of
both 2.5- and 1.1 ns puises through 2.67 and 9.07 torr of
Mix 804 in a 109-cm-long cell. There is good agreement
at 2.67 torr. but at 9.09 torr the transmussion of 1.1-ns
pulses is shightly lower.

The points in the lowest part of the figure show the
transmission of the train of modelocked pulses through
9.07 torr of Mix 804 1n a 109-cm path. By the same
arguments as for Mix 705, we estimate that if the mix
recovers fully before arrival of the next pulse. the
transmission of the train should correspond roughly to
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the transmission of a single pulse at one-tenth the energy.
This condition is only slightly better fulfilled in this case.

Because Mix 804 at 9 torr requires several hundred
nanoseconds to recover. V-V energy transfer processes
are probably also causing increased absorption in the
same way as discussed for Mix 705 above.

Absorption of Temporally Smocth 1.6- and 70-ns Pulses
in Mix 804

Recent results obtained in the upgraded GWTF show
how transmission through 70 and 111 torr of Mix 804 in
a 3.95-cm cell depends upon pulse duration. The results
are plotted in Fig. 111-30. The short pulse had a FWHM
of 1.6 ns, a risetime of 0.5 ns, and a fall time of 2 ns. The
long pulse was characterized by a smooth intensity
profile with a FWHM of 70 ns and with rise and fall
times of 20 and 100 ns, respectively. The beam had a
uniform radial profile with an area of ~5 cm?. A ratio of
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~40:1 in peak powers existed between the short and long
pulses. On both a fluence and a peak-power scale the
long pulse is much more attenuated than the short pulise.

From the results of double-resonance experiments at
5. 10, and 20 torr of Mix 804, we estimate that the V-T
relaxation times of the mix at 70 and [11 torr are ~40
and 25 ns, indicating that the gas relaxes significantly
during the long pulse. In this case. V-T relaxation may
indeed explain the differeaces in transmission.

Modeling of Saturable-Absorber Performance (C. J.
Elliott)

We suppress parasitic oscillations in Helios and
Gemini by the use of gaseous saturable absorbers.?® At
low signal levels a saturable absorber acts like an
ordinary linear absorber. If sufficient signal is passed
through the absorber, it bleaches and becomes more
transparent. The residual absorption in the bleached or
saturated state ideally vanishes. Any remaining absorp-
tion decreases the usefulness of the saturable absorber,
but initial small-signal absorption suppresses parasitic
oscillations. Such oscillations must be suppressed not
only on the laser wavelengths used to extract energy. but
on all other wavelengths that have gain. Oscillations of
these other wavelengths could be suppressed by a
wavelength-selective absorber. which would have low
transmission on the wavelength to be suppressed and
would be nearly transparent at the extraction
wavelengths. Because perfect saturable absorbers and
perfect wavelength-selective absorbers do not exist, we
have constructed a mathematical model to treat realistic
compromises.

Although the model is idealized in many ways, the
result is a prediction of the optimal mixture of gases,
which takes into account the residual saturable absorp-
tion and the residual wavelength-selective absorption on
the extraction lines. These residuals limit the amount of
each type of gas that can be added, because too much
gas will reduce the transmission on the extraction line.
The model requires a known small-signal gain profile on
the lines to be suppressed, a model for the small-signal
transmission, and a model for the large-signal or
saturated transmission. The small-signal gain profile is
calculated by the technique described by Goldstein.’
The small-signal transmission is described by a Beer’s
law, and the bleached transmission is described by a
Beer’s law with intensity-independent coefficients. The
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model. then, maximizes the transmission for the extrac-
tion lines while suppressing parasitic oscillations on all
lines with gain.

The smali-signai transmission on the jth line is given
by

Tjs = expl~gy a;?

PL)Y . (1I-1)
where afj is the small-signal absorption on the jth line at
wavelength A. where P, is the partial pressure of fill of
this ith gas and L is the length of the absorption cell. If
any of the gases reacts with another, Eq. (III-1) will not
hold. Also. if pressure-broadening and pressure shifts
were large compared to the absorption structure, the
modei would need modification.

The bleached state is modeled similarly, subject to the
same stipulations. In addition, we assume that the
bleached-state absorption is appropriate for the
energy-extracting pulse, regarcless of its intensity or
energy history: that is. the part of the energy-extracting
pulse required to bleach the absorber must be negligible,
and once the bleached state is reached. the absorption
coefficients become constants. If we extract on a number
of lines denoted by subscript k. the bleached trans-
mission on the kth line T} is given by
TP = exp(~Iy afPyl) (111-2)
where af, is the bleached absorption coefficient on the
kth line for gas i. In practice, for 1-ns CO, pulses,
efficient pulse extraction requires four extraction lines;
and for each saturable-absorber gas component, four
measurements are required in the bleached state to
describe the bleached transmission. Suppose the energy
fluence on the kth line is ¢, going into the absorber cell
and ¢, coming out: then the total energy fluence &
emerging from the cell is given by

F= I8, = IThey, - ((I1-3)
We may define an average, bleached, saturated-
absorption coefficient a5 for gas i by

2 -
}';{- =8, (I11-4)

where

3= 1 dy o/ 13 (I1L-5)
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We are expmanding ¢ in the neighborhood of the case
where the partial pressures are P,. For small excursions
in P. Eq. (IlI-4) may also be obtained by the bleached
transmission T given by
TP = exp(-f Eib PsL) (111-6)
and Eq. (l{I-6) is the same as that for a single extraction
line on which the bleached absorption coeflicients are df}
for gas i: that is. Eq (lI1-6) has the same form as Eq.
(111-2).

If we know the ratio of the emerging fluences o, from
the saturable-absorber cell. then we average the
bleached-atsorption coefTicient over each extraction line.
weighted by the »xtraction fluence. In a design where all
the relative ¢, are specified (they might ail be equal). the
optimum saturable-absorber mix will determine T, and.
in turn, the input fluences o, to the absorber cell.

If the design problem consisted of giving o,. the o,
wouid have to be found by iteration. Initially we would
guess at the mix of output fluences o, and then we
would form «”. The nptimization procedure gives a new
mix of ¢,. and we iterate until the solution converges.

Thus. the general problem of extraction on many lincs
has been reduced to solving one or more sin
gle line-extraction problems. Below. we will assume that
the mix of output fluences is known so that we will be
solving only one linear-programming problem.

We have not described a model for parasitic oscilla-
tions. Parasitic oscillations involve the coupling of stray
light between two diffuse surfaces separated by a gain
region. The optical system permits a solid angle AQ, of
light leaving the center of surface I to arrive at surface 2:
likewise, a solid angle AQ, from the center of surface 2
arrives at surface 1. If p, and p, are the respective
reflection coefficients per unit solid angle. then. in the
presence of a gain-length product of g.f between surfaces
I and 2. the net round-trip amplification of a photon at
wavelength A, is

85,2 [N AN o 5
(T35)¢F Dl. S 5 exy(Zng—) y
where F is of order unity and where T is the trans-
mission of a single pass in the unbleached state. Writing
the definition of g, as

Fey tyeoan; = expl-2g,, &) (111-7)

the condition for net ampliication of a photon at
wavelength 2, is given by
T?S e“‘(guj SR NS (111-8)
The quantity g,, is the raw threshold gain for parasitics
and is usually assumed to be independent of wavelength.
In the absence of a saturable absorber (T}* —= 1). the
laser is stable for all g, up to g,.. When the smull-signal
transmission is less than unity. more loss is introduced
into the svstem and the threshold increases above the
raw threshold to

1. )
g, = VinJ Sip ¢ < in —
758

The optimum saturable absorber may be found by
maximizing T, given by Eq. (Il ¢} subject to meeting
the parasitic constraints

Tj’ exp[(go: SEgpdel 1 THES
for all ;. This 1s the same as minimizing A where

reT ST RN (1110
subject to

e ye o=l @lTEL (I 11
and

ooy oo (11 12}

Cast in the form of Egs. (IT}-10)-(11-12). we have a
standard linear programming problem™ to find the P,.

The relative gain distribution depends primarily on the
rotational temperature T,. whereas the overall magni-
tude of the gain coefficients depends primarily on the
vibrational temperature T, of the upper laser level (the
asymmetric stretch mode). The gain coefficients can be
written as

(IH-13)

where g, is the maximum gain coefficient [usually that
for the 10-um P(18) or P(20) lines]|.
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Written in this form, the optimum mix only depends
on f and on g,’g, This result can be obtained by
dividing Eqs. (111-10) and (1I1-11) by g ¢ and multiplying
Eqg. t111-12) by L/g(: then we conclude ihat at the
optimum mix

1
%

~1

— = F,
g v 7

P A 3.,> . (l1-14)

Linear programming theory or further manipulation of
Egs (11 10)-(111-12) vields the result that the set F, is
precewise linear in g, g ..

We may arrve at a concept of a figure of merit for a
nuxture of absorber gases. The optimum value of A
defined 1in Eq. (11T 10) is obtained by substituting Eq.
(1 kg o TO). giving

(11-15)

where only the g, g, argument of Fis shown. The figure
ot ment FOM) will be shown to have the required
property and i defined by

Fov =

S (111-16)

This FOM is finite at the linit g, = g,,. (Under this
condition. no suppression of parasitics is required so that
T 1 and A, = 0.) Using Egs. (111-6). (III-10). and
(IIT 16). we demonstrate a more important property by
interpretation of

. (gu-:LhH

T = - ———
T~ = exp oo ,

(17

which manifests the desired property of a FOM. The
numerator of the argument of the exponential depends
only on properties of the laser and not on those of the
absorber cell. To reach g, = 8 in a design problem
where g, == 4.5. we would examine various gas mixtures
to find that mixture with the largest bleached trans
mission T,. Equation {11I-17) shows that this procedure
is equivatent to that of finding a mixture with the highest
FOM.

The additional optimization problem. that is, of decid-
ing at what g, to operate the laser system, depends on
energy-extraction calculations and is beyond the scope of
the present treatment. The required input for such a
calculation with an optimum: absorber mix is just the
FOM curve plotted against g,,/g, combined with Eq.
(I11-17) along with a pulse-propagation code. Optimizing
the relative fluences on the extraction lines and choosing
the extraction lines themselves are even more complex
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problems that require as inputs the results of our model
along with detailed modeling of rotational relaxation in
the pulse-propagation codes.

The results of the FOM calculation of our model are
shown in Fig. [II-31. The shaded regions represent
uncertainties due to two possible small-signal absorption
coefficients for SF,. The gain curve was computed by
using 1800 torr of a 3:1/4:1::He:N,:CO, laser mixture
filled 2t 300 K. a symmetric and bending-mode tem-
perature of 370 K. and an asymmetric stretch-mode
temperature of 1310 K. In addition to the optimal mix
computed by the linear programming approach (the
optimal mix varies with g,,.g,). we also show the FOM
for two fixed mixes. The optimal curve is the envelope of
all such possible mixes.

Detailed examination of the results of the linear
programming procedure suggested a simple experimental
means of choosing a gas to create a mixture that is closer
to the optimum. Figure 11 32 shows the basis for
obtaining the criterion for choosing between two gases.
We must be able to detect which parasitic wavelength is
oscilliting. and. as shown in the figure. suppression is
destred at the oscillation at wavelength 2. The extraction
wavelengths are all assumed to be near 2. The pres-
sures of gases A and B are separately adjusted to give
the required «™'P 1o suppress the oscillation. We then
look at the impact at the extraction region. Although gas
B saturates at all wavelengths. it is not a very good
wavelength selectinve absorber. Gas A. on the other hand.
does not bleach at all but s a very good
wavelength selective absorber. This figure shows that the
suppression ratio a™(7..) «™(2,,) is the correct criterion
for decision.

In practice. the gas to be added is correctly chosen by
the suppression-ratio criterion even when several lines
are oscillating at once. Each oscillating line has an
associated gas given by the best suppression ratio for
that individual line. A gas chosen to suppress a particular
line also helps to suppress another line. and this has been
important in determining the amounts of the gases to
add. but not in the choice 1tself.

Future Work

Much yet remains to be learned about the dependence
of transmission on pulse shape and duration in gaseous
absorbers for the 10-um region.

A program is under way to obtain a data base that will
permit construction of an appropriate model. The im-



aP

FIGURE OF MERIT

<

GAS B qss
GASBab

¢ASAQSS=ab

= =
o -
=
L=
[y zE:_
—
= o =37
a > ==
= = O
o = - —
o
—z
>
w =
)‘5 xex

WAVE LENGTH

Fig. 111-32.
Illustration of the rule for deciding between absorber gases A
and B, with differing loss coefficients aP. The wavelength to be
suppressed is A,. while energy is extracted at-2.,.

Fig. 111 31.
Figure of merit curves for several gas mixtures as a function of maximum stable gein on the 10 um P120) line.

portance of this program i~ underscored by noung that
the transmission for 0.75 ns pulses through Mix 907 s
considerably preater than tor 25 ns pulses. as shown in

Fig. 111 27,

CO. LASER PHYSICS
Introduction

We are continuing to design new laser systems and to
improve existing systems. We have gaimed a better
understanding of saturable absorhers. of hot band con
tributions to gain. and of nenlinear phase distortion in
NaCl Current calculations for target induced parasitics
in Antares show that the latest design changes hawve
relieved the problem substamially .

Calculation of Small-Signal Gain Coefficients in CO. (J.
C. Goldstein)

The code CO2GAIN was constructed to predict
small-signal gain coefTicients for the P- and R-lines of the
10.6- and 9.4-pm bands of CO.. The code evaluates the
gain coefficient at a particular frequency by summing

o
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over  contributions {at that frequency) from  several
hundred indnvidual transitions in four sequence bands.
two hot bands, and the main bands. The results of the
code vompared well with laser gam data™ but a more
strngent test of the code’s vahdity 1y a comparison with
thermis equilbrium absorption coethicient data where
e gas temperature inoan experimental cell s well known
And controled.

Fogure 1133 compares measured™ and caleulated
sie center absorpuon coetticients of three of the 10.6 ym
dres onopare COar 200 torr as a funcuon of tem
perature Agreement tor the P20y and Peldy hines s
sather pood. The curves suggest that a near coincidence
sron somie other transition. not e the calculation, may
vecome signiticant tor te P24y absorption at higher
wemperatures. A scan of the Aar Foree Geophvsical
Lavaratory ane hisung tor COL does reveal a near
caniterdence of the Pr24y ine of the 00 110 -0 transition
Riidy Line of the 2070 1, |
Tarsition potan the code.

Lnder condinony tested to date. CO2GAIN performs
wel o calewlating COL iine center gain coefficients.

(R

a v the transition. a

However, as more extreme conditions are checked.

miay be necessary 1o add more transitons 1o the

calcuiation to accurately obtamn gain coeticients.

Calculation of Target Induced Parasitics in Antares {J.
C. Goldstein)

The statistical fluctuations in switching high voltage 10
the tour longitudinal sections of an Antares amphfier
cause discharge imiiation tming errors in each section.
The SPONR code was created to study the effects of
these errors on target induced parasitics in Antares. If
cach section nitiates the pumping discharge on time. the
gan of the ampiifier when the short pulse arrives will be
Just enough to vield a 100-kJ pulse on the output. If
some sections [ire early. the gain rises sooner and more
time is given for parasitics to grow.

Table TIT 1V lists the computed results for the energy
density absorbed by the target. E . (t,). in J/em® up 0
the time of arrival (1,) of the miain puilse. and the
maximum intensity on the surface in W/cm?®. for various
time delays (in ns: negative delay means early initiation)
of the 1our longitudinal pumping sections of one of the
six power amplifiers. The calculations show that a
200-ns early initiation of the entire amplifier is roughly
equivalent to zero timing error. but to a 15% higher gain
coefficient in all sections.
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Fig. 111 33.
Comparison of caiculated and measured line center absorption
coefficients 1n pure CO, at 200 torr at various temperatures
for three lines of the 10.6 um branch.

Figure 11 34 shows E . (1) for various timing errors.
assuming the same timing error for each of the four
punping scctions. The inset shows the corresponding
gain curve. Note that. due to modified system parame-
ters and improved computational methods.
target induced parasitics in Antares are calculated to be
well below the GMB damage threshold of ~0.5 J/em®.

Nonlinear Optical Phase Distortion in NaCl (C. J.
Elliott)

In our CO, laser fusion program. we have consistently
used NaCl windows because of their high damage
threshold. availability i large diameters (currently, 45
cm). and adequate material strength.’® Because salt. a
solid-state material, is irradiated at high intensities.
self focusing and phase distortion are natural concerns.
We require good beam quality for fusion experiments,
and thereforc seek phase distortions less than
»/10—one-tenth of the wavelength: achieving this goal



TABLE -1V

ENERGY DENSITY AND MAXIMUM INTENSITY
ABSORBED BY A FUSION TARGET FROM PARASITICS IN
ONE ANTARES AMPLIFIER FOR VARIOUS DISCHARGE
INITIATION TIMING ERRORS IN EACH OF THE FOUR
LONGITUDINAL PUMPING SECTIONS.
GMB DAMAGE. 0.5 J/cm®

Type
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Fig. I 34,
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13.2

Energy density absorbed by the target due to the growth of
parasitics in one Antares amplifier for various discharge
initigtion timing errors.



automatically  guarantees that self focusing cannot oc
cur. Appreciable self focusing does not set in until phase
distortion of 7. or greater oceurs. It appears that a
distortion of 7 10 v casidy obtaned for 10 um fusion
applications.

T'he phasor of the electnic field in traveling a distance
I i a medm of index of refraction nat wavelength 2 is
eapi2zind. 7). The optical path length P measured 1in
wavelengths s just nl 7. For salt we expect

- 3
noEorooen <E>

wnere v s the nonhinear index of refracuon: E s the
cpticas clectrie Neld evpressed m statvolts. and 1s aver
.. The

wad over wopened of the wave, indicated by

Change i optical path 8P due to the field E s just

{F =z . CE=> L'+,
¢

Trne Poveting vector m Gaussian units is refated to the

ety b Woem and canem s by

The above expressions assame antiretlection coatings on
the salt windows.

The optical path change aP is not the phase distortion
ot the beam. The distortion introduced into the beam is
related to the transverse gradient of 0P across the beam.
A measure of the distoruon is then AP. which 1s the
change i AP across the beam. and

The tactor ALl s a measure of the beam spatial
nonuniformity. A conservative estimate for Al/1 is unity.
which would be used when there is concern that the
energy in the spatial edge of the beam goes with the rest
of the beam. For our estimate. we take Al/l = 1/2:1t s
conceivable that if we are concerned with only 85% of
the energy. Al I could be as small as 175,

The peak intensity can be determined on the basis of a
tnangular temporal profile. In this case, the energy pulse
width (the illuminance in J/cm® divided by the peak
intensitv) is the same as the FWHM intensity. Thus, we

use I = 3 x 10° Wicm?® for this calculation. If we

consider FWHM 0.5-ns pulses rather than FWHM | ns
pulses. the phase distortion doubles.

Another approach 1o beam focus for Gaussian beams
described by Goldstein'' and Suvdam" gives the ratio of
the square of the best rms spot size of a focused
Gaussian beam to that of a focused beam that first went
through a thin nonlinear medium. In terms of our
notation. this ratio is

1
1T — <

gy

1 -

ol 2

and may be compared 1o the Strehl ratio. If we do not
refocus the system 1o compensate for the nonlinearity.
but stay at the point of best focus for a purely Gaussian
beam. this ratio becomes worse as
)

For—r——

T o4 (")
The peak intensity ratio {Strehl) of a Gaussian beam
traveling through a thin nonlinear medium to that of a
pure Gaussian is given by

c2(EF) « 20T
Ry = by

where C and S are the usual Fresnel integrals.'’ This
latter result 1s at the plane of the best focus for the purely
Gaussian beam.

Each ratio suggests a different wavelength criterion.
Atour 7. 10 criterion. we compute R, = 93%. R, = 85%.
R. 97%. The Strehl ratio R, indicates that the beam is
quite acceptable: however. the R, criterion indicates that
it 1s marginal.

The first determination of n. at 1.06 um was made by
Smith. Bechtel. and Bloembergen™* by examination of
optical breakdown in NaCl. They obtained different
intensities i the focai spot by using different focal-length
lenses. Then they plotted the reciprocal beam power at
breakdown vs the reciprocal beam waist in the absence
of self focusing. and they obtained a straight line whose
intercept is a measure of n.. A problem with this
experiment is that it is invalid if the breakdown intensity
depends on the focal-spot size. The interpretation also
depends on the modet for self-focusing. At 1.06 um, they
obtained n, = (6.5 + 3.2) x 10 " esu.

The second determination. by Weber, Milam. and
Smith.™ used time-resolved interferometry. It is a direct
measurement of the nonlinear phase shift. indepeadent of



the mechanism. They report n, (1.2 + 0.2) « 10 "

CSU.
1. N
Our measurement ™ was not sensitive enough to detect
any ellipse rotation. implying a value of x}7' of less than
3, 10 " esu. The yuantity n.is given as

122 111t
n2 = ——-13

n
and we measured 8277 When the electronic mechanism

dominates for an 1sotropic substance’

The upper bound for n. s, thus. esumated to be
n, < 23 x I.’“"—: esu
2 3 - :

This value 1s 1n doubt due to the possibilits of nuclear
contributions and anisotropie effects.

Several ways of estimating n. trom the hnear index of
refraction have evolved. the simplest’ of which is X
X, 1" » 10 ™ esu. which gives n. 2 « 10 " esu.
Wang's rule™ was used by Goldstein™ 0 compute n.
48« 10
uncertain vahdity . Boling. Glass. and Owyoung™ show a
free parameter in the theory. which depends on the
nature of the important resonances. If the resonances
change as we go from I to 10 pm. the formula wouid
change. If the resonances do not change in going from |
to 10 pm. we would expect the | pum value of n. to be a
good measure of the 10 um value. However. the | um
value was for eryvstalhine salt. not the polyerystalline saht
used i our windows.

The various determinations of n.. summarized in
Table HI V. suggest a conservative estimate of n. = 5 x
10 " esu at 10 um. At this value and using I = 3 x 107
Wem', AT - 05 L 1demoandn - L5 AP
0.028. a distortion of only 7. 36.

CO, LASER SYSTEMS STUDIES
Introduction (E. E. Stark)

The CO, Laser Systems Studies were begun to define
the kev driver performance criteria influencing the
feasibility of inertial confinement fusion. These criteria
are cost. efficiency. reliability. life. and maintenance
requirements. The technical studies addressing these
issues include development of systems concepts. analysis

" at 10 pm. however this type of estimate is of

of advanced technology impacts. and specific subsystem
optimizatton ~tudies. New baseline designs that have
extended the technology of single-pulse amplifiers will
serve ds a standard against which multipulse schemes
will be judged.

Emphasis has been placed recendy on scoping the
CO. laser’s short pulse amplification efficiency. one of
its magor advantages as an inerual confinement fusion

driver.

Design of CO. Laser Amplifier for Future Systems (J. C.
Comly. C. J. Elliott. K. B. Riepe)

Introduction. We¢ have begun a long range study of
the performance of high energy CO. amphfiers that can
be used 1 future systems i the laser fusion program.
The goals are
(1) to determine constrammts on the module design 1m

posed by coste efficiency. beam yuahty. parasites

suppression. and matenal imitatons:

12} to model the many tradeofts imvolved with minor
modufe design vanations and with radically different
approaches: and

(3) tonterface numerous existing Los Alamos codes tor
use n module opumization and. eventualiv. for
svstems design.

Our imual calculations were hmited to simply scaiing
amplifier configurations and extraction schemes that
have been demonstrated in our working syvatems. We
intend to use a laser system designed i this consenvatne
manner as a rehable vardstich for companng alternatinve
concepts. Therefore. the examples shown below appiv to
the following conceptual module: a rectangular discharge
cavity with salt windows. amphifyving ¢ single 1 ns pulse
with 4 lines in the 10.6 um band. Figure 11 33 <hows
curves'' of constant output energy fluence 1« the
gain length product g L and pressure. Potential operat
ing points are shown tor the tollowmg constraints: g T -
7.5 (due 10 internal parasitics), £, ~ 2.5 1 cm’ {due 1o
salt damage). and munimum pressure. In such an
amplifier concept. the size of the aperture will be limited
by high voltage and salt window technology.

Power Supply Cost Minimization. Given the desired
characteristics of the output pulse. we can design the
amplifier module and its power supply. In a full systems
study. a complete optimization would include many
tradeofTs involving all the compaonents of w1e laser and its



TABLE III-V

VARIOUS DETERMINATIONS OF n, FOR NaCl

Investigators

Smith, Bechtel, Bloembergen ™
Weber, Milam, Smith ™
Watkins. Phipps, Thomas ™
Simple rule

Wang's rule (Goldstein)™ ™

Wavelength
{um) n.(10 '' esu)
1.06 6.5 + 3.2
1.06 1.2 + 0.2
10.6 23
1.06 10.6 2
10.6 4.8
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Fig. 111 35.
Possible operating conditions for two CO, laser gas mixes,
holding the output energy fluence constant at 2.5 J/cm’; the
circles indicate operating points (pressures) where g L equais
15.

operating costs: however. an efficient and inexpensive
module power supply package would still be our goal.

Figure 111-36 shows the model used to optimize the
performance of a Helios-type amplifier driven by an
Antares type power supply. Because cost savings are
often associated with large power supplies. we have
ziiowed for dnving N amplifier modules with one power
—.op . integer values for N are of most interest due to
5 .-z mode and operational considerations.

‘

The power supply model contains a capacitor C
charged to avoltage V' in series with an inductor L and
i resistor R:the resistor represents the N amplifier
maodule discharges. each with a length L in the optical
path direction. a width W and a height D in the discharge
direction. Conceptually. this is equivalent to pumping
one discharge of length NL. and then subdividing it into
value of g,L. Other sim
phlications made in the calculations were assumed to be
constant (rather than dependent on the discharge voltage
Vicand L was specified at a value consistent with the

picces with the desired

largest V_expected.

— A —
! L

1L

vy
C

s

¥ODULE

)
lq
Tl

MODULE 1

Fig. 111-36.
Meodel of idealized single-mesh Marx bank driving N dis-
charges, as used in the system optimization studies.



Results of a typical optimization run are shown in Fig.
HI 37: here the power supply energy 1s fixed at 225 kJ.
and the number of attached amplifiers N is plotted as a
function of the variables Q and NL. where Q is the usual
circuit quality parameter related to the risetime of the
voltage pulsc. and NL scales the current density. The
other paramcters shown in the figure correspond to
Helios dimensions and Antares power-supply compo
nents. As shown in Fig. 111 36, the output fluence is 2.5
J/em®: thus. each module produces ~3060 J over its
square aperture. or 2400 J over a 35 cm-diam circular
aperture. giving an efficiency of EFF (%) 1.07 N

‘rcular aperture). Figure 111 38 shows. for this case. the

& current density J ... the time to peak gan t, .. and
the module length L.

The kinetics portion of the code as used was developed
by Lockett** and modified bv W. Leland of Los Alamos.
The general causes for the peaked behavior of the
efficiency (N) are explained as follows. At low Q. the
gain peaks before the input power pulse has risen very
far: at high Q. the current rings. with decreasing ¢nergy
in the first cycle: at very large NL. the current density is
too low to pump to a positive gain: and at very low NL.
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Q OF PPN CHRCUIT

Fig. 111 37.

Number of discharge modules N that can be driven by a
single-stage PFN vs the circuit Q-value and the net gain-length
NL. The supply energy is held fixed at 225 kJ, the inductance
at 2.5 uH. and the peak voltage across the discharge at 500
kV: the discharge cross section is 23 by 35 cm, the gas is 2438
torr of a 3:0.25:1 mix, and each module has a g L = 7.5. The
point L, indicates the shortest N = 4 configuration.

efficiency drops because there is a fimited g, that can be
attained for any pumping.

The code also includes a model for the cost of the
power supply. based on state-of-the-art components as
used in Antares: Table 111- V] shows that. in this medel.
there is a fixed cost of $59k per Marx bank. along with a
marginal cost of $0.29 J. In most cases. these costs were
obtained by maiching data at Marx energies of 40 and
300 kJ: the switch costs. however. are based upon
current and charge transfer. which relates to stored
energy. The oil cost 1s based on 81 gal.: “Miscellaneous™
includes relays. resistors. hanging hardware. trigger
svstems. and other. Overhead and profit were assumed
to be 0% of the other costs: cable costs were not
included.

This cost model cannot deternune  the optimum
amplifier design. because. for example. all points along
the N
per module (or per Joule of output). Howeser, operating

4 curven Fig HI 37 have the same supply cost

and constructien costs may suggest using the minimum
module length. leading to the design point labeled L, on
Fig. T 3% 0 other cases. this point masy be moeved to

reduce .. treducing parasiues) or . Gmproving

INET DISCHARCGE LENGTH)

NL

Q OF PFN CIRCUIT

Fig. Il 38.
Contours of constant peak current density J. . (A/cm’). time
to peak gain (. (usl. and module length Licm} for the
parameters of Fig. HI 37.
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TABLE II-Vi
COSTS OF POWER SUPPLY COMPONENTS*

Fixed Cost Marginal

Cost Item (10°s) Cost/Jouie {¢)
Capacitor S 85 3.8
Switches 0.4 1.5
Tank 8.5 R

0il 3.0 1.3
Assernbly 8.5 KR,
Miscellaneous 16.9 7.7
Onerhead & Profit 13.7 6.6
Total 856, 20,

T'he model assumes a single stage PENC A linear refation
ship between the supply energy and the cost has been used.

smitormuty L Using  the mimmmam length critenon and
varving E. the curves in Figo 11 39 were obtamed.
Values of E_up to 300 kJ were used. but there s hitle

marginal gain in driving more than four modules. A
svstem design point can be obtained trom this Deure
when the incremental costs of increasing L are known.

Some general conclusions can be drawn trom this
study.

. The results confirm our previous analvses. winch
showed that good laser efficiencies are possible with a
single stage PEFN {pulse forming network j power supp
ivithe N
a ~yuare aperture): the field-dependent resistivity will

4 curve in Fig. 1 37 imphes over 3% onto

“urther improve the cfficiency.

2. Low gain modules with low current densities appear to
vield good efficiencies while alleviating nonuniformities
from magnetic pinching: the point L in Fig HI 37 1s
for a SAY-cm long module. with a peak g of 0.0132
om . and a peak current density of 299 A cm” (for

wrich the gain uniformity should be quite good).

Uniformity in Large Aperture CO. Amplifiers. To
srodace more eneres per amplifier. future CO, systems
will probably use larger apertures. We have examined the
possibility of scaling our present design philosophies to
such systems. Figure HI-40 shows the electron-beam
deposition density. as calculated with a Monte-Carlo
electron transport code. for a module with a 66-cm-diam
aperture.  For  this  example. the gas mix
(0:00.25:1::He:N:CO. at 1875 torr) was taken from Fig.

02

HI 35 1o yield an output erergy E,,, of 2.5 J/cm® at a
g1 value of 7.5, The current density of 5.833 A/em’ is
the same ws the Antares design point. scaled with
pressure. The 66.cm-diam salt window and megavolt
cables are consistent with present technology.

Figure [11 41 shows the corresponding distribution of
discharge power tor this module. The uniformity in this
contour plot compares favorably with similar calcu-
lations tor Heclios and other Los Alamos systems.
sugpesting that the module’s output would be acceptable.
To a good approximation. the intensity in the beam is
expected 1o tollow the discharge power distribution:
guantitatively. this leads to a value of 0.772 for the ratio
ot average to peak intensity. This result implies a peak
fluence of 2.2 J ¢m” with an output energy of 8553 Jin a
circular beam.

Several techniyues are available for tmproving the
umitormuty of such a discharge: for example. the anode
and or the cathode can be shaped or the e-beam can be
selectively masked. Also. we discussed in the preceding
section the benefits to efficiency and uniformity with a
device of lower current density. Finally. a magnetic guide
field could be applied. although this does not appear
essential.. Thus, we can conclude that present CO,
discharge systems can be scaled successfully to larger
apertures without degradation of uniformity.

Muitipulse Energy Extraction in CO. Laser Amplifiers
{H. C. Volkin)
pumping  kinetics of the elec
tric discharge-excited CO. laser make efficient energy
storage in this laser possible. With multipulse energy
extraction in CO. laser amplifiers. we can convert a
significantly higher fraction of the vibrational energy
stored in the gas by the discharge into laser light. The
time scale for efficient energy extractions is determined
by the collisional transfer rates for the flow of vibrational
energy into and among the various vibrational modes of
the gas molecules. Figure 111-42 shows typical collisional
transfer times of the following V-V processes that
transfer vibrational energy:
|. intermolecular V-V transfer from N, into the anti
symmetric stretch-(A) mode.
2. intramode vibrational relaxation within the A-mode.
3. intramolecular V-V transfer from the symmetric
stretch<(S) mode into the bending (B) mode through
the strongly coupled Fermi-resonance levels.

The  specific
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Power supply cost vs module length. N is the number of modules driven with one power supply. and the circled point

corresponds to the point L of Fig. 11 37 The required power supply energies are shawn at some points.
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Distribution of energy deposited by an electron beam at |
MeV entering (through the foil) into a 66- by 66-cm discharge:
the contours have been normalized to the peak. The discharge
voltage is 990 kV and the current is 5.83 A/cm’.
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Distribution of discharge power (pumping power} for the case
shown in Fig. 11l 40: the contour value - are relative. The laser
aperture position is shown by the dotted lines.
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Molecular kinetics of CO. laser. S, B, A refer to the sy mmetric stretch, bending, and asymmetric stretch vibrational modes
of the CO. molecule. Processes | through 6. explained in the text, have relaxation times that scale inversely with pressure.

The energy transfer times for the processes shown apply o He:N.:CO.::

. intramode vibrational relaxation in the B mode.

. decay of vibratonal energy stored in the A mode by
the intramolecular V-V transfer mto the S and
B modes. and

6. vibrational energy into kinetic energy

molecules by V T energy transfer from the B mode

(V-T conversion occurs also to some extent in the

V' V transfer processes because the initial and final

vibrational energies of the collision partners are not

[ o

of the gas

precisely equal).

After energy is extracted by a short optical pulse
passing through an amplifier. processes | and 2 replenish
the population of the upper lasing level (0.0".1). and
processes 3 and 4 empty the lower level. Process 5
determines the inversion lifetime. Process 6 relieves the
“bottleneck™ at the (0.1'.0) level in the relaxation of the
lower lasing level but raises the gas kinetic temperature.
The V-V transfer times given in Fig. [11-42 apply 10 a

1::He:N*:CO, gas mixture at 300 K.

Population inversion on the 10.6- and 9.4-pm bands is
produced in the electric discharge by electron collisions
with CO, and N, molecules. which vibrationally excite
these molecules. In the multiple-pulse (multiplex) energy
extraction technique, a timed sequence of two or more
light pulses is sent, one at a time. through the power
amplifier during and after each electrical discharge.**!
When a nanosecond optical pulse propagates through
the amplifier. vibrational energy stored in the nitrogen
molecules and in the higher levels of the A-mode is

:3:1:1 gas mix at 300 K.

unavailable for energy extraction because of the time
scale of vibrational relaxation. However. the stored
energy continually flows into the upper lasing level
(00"1). After a suitable time interval. vibrational relaxu-
tion and (during the discharge) electronic excitation
restore the population inversion sufficiently to permit
energy extraction by another optical pulse. In the limit of
very short time intervals between the optical pulses. the
efficiency approaches a quasi-cw value. For a
3:1:1::He:N*:CO, gas mixture. the quasi-cw efficiency is
28%.

To use the train of optical pulses in laser fusion. it
must be possible to separate them spatially so that they
can be directed along different paths. By choosing the
path lengths carefully. time delays can be introduced that
enable all the pulses to arrive simultaneously on a single
target or allow various groups of pulses to irradiate
different targets. Figure 111-43 shows schematic optical
techniques by which the required spatial separation can
be realized.

® In angular multiplexing (AM), each pulse traverses

the amplifier at a slightly different angle and the
pulse paths diverge after leaving the amplifier.

¢ In frequency multiplexing (FM), all the pulses travel

collinearly through the amplifier, but each pulse has
a different frequency. that is, corresponds to a
different line in the 10.6- or 9.4-um vibra-
tion-rotation band. After leaving the amplifier. the
pulses strike a large diffraction grating from which
their paths separate.
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Fig. (11 43,
Muitipulse amplification schemes.

The FM approach uses the volume of gain medium
more completely than that of the AM. whose volume use
decreases with increasing number of pulses. Another
advantage of the FM mcthod is that all the pulses may be
combined into a single short pulse ky introducing
suitable time deiays. then reflecting the pulses simultane-
ously from a second grating into a collinear path. But
FM requires further grating development. whereas AM
uses current technology.

The performance attainable with multiplex energy
extractior is calculated with our discharge kinetics
computer code. Some results are given in Figs. 111-44
through 11:-37. The cumulative electrical-to-optical effi-
ciency reached with each optical pulse is indicated by
an X. and the curves show the gain evolution with time
between pulses.

The results shown are for a 3:1:1::He:N*:CO, gas
mixture. which has been found to give good efficiency.
Somewhat lower efficiencies are obtained with a
helium-free mix of. for example. 0:1:2.) The following
conditions are used:

Gas mix. 3:1:1

Fill pressure and temperature. 1800 torr and 300 K

Electric field. optimum for the mix

Discharge time duration. 2 ps.

With no discharge excitation. the gain following an
energy extraction recovers to a maximum value in ~250
ns at 350 K. The total energy deposition by the discharge

is 260 J¢ '. Each optical pulse is assumed to extract all
the available energy in the 10.6-um band at pulse time.

Figure 11-44 shows six puses during the discharge,
the first at 0.7 us after the start and the rest spaced at
intervals of 260 ns. The pulses after the discharge are
timed to occur at maximum pgain recovery. which is
~260 ns. The next case illustrates how, during the
discharge. the peak gain can be kept fixed and the pulse
energies equalized. In Fig. I11-45, each of the six pulses
in the discharge occurs just as the gain coefficient
reaches the value g, = 2.5% cm . In the third case. the
gain peaks in the discharge are kept at g, = 2% cm ', as
shown in Fig. [11-46. Figure 111-47 shows a typical result
with three pulses in the discharge, which gives larger
energies for these pulses.

Following a 2-us discharge without energy extraction.
the gain coefficient reaches 3.9% cm™' and does not
increase significantly thereafter by vibrational relaxation.
A single energy extraction at the end of the discharge
gives a puise energy of 9.48 J¢ ' and an efficiency of
3.65%. Under the conditions selected. the multiplex
energy technique has increased the energy extracted and
the efficiency by more than fivefold. Also. problems of
parasitic oscillation can be mitigated by the multiplex
approach becauvse the peak and average gains in the
amplifier can be kept to desired values by approoriate
timing of the pulse sequence. The results illustrate the
high electrical-to-optical efficiencies. attractive for future
commercial applications. that can be achieved with CO.
lasers.

GAIN (% cm)
EFFICIENCY (%)

15

TIME {us)

Fig. T1I 44.
Six pulses amplified during the discharge at 260-ns intervals.
Gain histories and cumulative efficiencies (X) are shown.
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Nine equal-energy pulses during the discharge, timed to occur
atg., 2% cm .
Multipass Irradiation of a Flowing-Gas Reaction

Chamber (1. J. Devaney)

We have addressed two specific problems in the
multipass illumination of a gas reaction chamber. The
first question is whether hot spots of higher-than-average

light intensity exist. Higher intensity as well as lower
intensity (along surfaces parallel to mirrors and spaced
one-half wavelength divided by the sine of the angle of
incidence) is an inevitable concomitant of the
guasi-standing wave formed by mirror boundary condi-
tions on the light wave. Second. the net effect of mirror
irregularities upon irradiation was considered, and a
ray-tracing algorithm for determining the effect of ir-
regularities whose scale is significantly greater than a
wavelength was derived. For most efficient use of the
available laser light. the chamber mirrors should be verv
slightly canted to prevent escapé of the laser beam at the
far end rather than using an external mirror at that end.

High-Gain Facility Definition (J. J. Devaney)

Extrapolation of our first-wall erosion studies on
carbon to copper and to salt (NaCl) permitted pre-
liminary assessment of the suitability of these two
materials for last optical surfaces in a high-gain laser
facility {1 or more MJ in gains of 100 or more). Erosion
of these surfaces occurs from x rays, ion heating, and
sputtering. The studies were made at two radii. 8.5 and
10 m. for two pellet outputs typical of early 300-MJ-yield
pellets and later for outputs of 120 to 170 MIJ. The
chamber atmospheres considered ranged from vacuum
to 10'" Ar/cm®. as well as to 10" Xe/em® (3.1 torr at
300 K). Assuming that uniform erosion per se of an
optical surface is not damaging. we used erosions of 3
um (~A/3) as our criterion for unacceptable damage.
Because it is not clear whether this assumption is
realistic. we have recommended that the appropriate
criterion be determined experimentally. Note that alter-
ations of optics visible to the eye do not determine the

GAIN (%em-)

>

EFFICIENCY (%)

il

TIME(;Ls)

Fig. 111-47.
Three pulses amplified during the discharge.
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operational damage of optics to functional use by the
much higher CO, wavelength (10.6 vs 0.55 pm). How-
ever. using the 3-um erosion critérion, we have calcu-
lated erosion rates shown in Tables 111-VII and -VIIL
The data show that, without gas protection. salt optics
are unacceptable except for the weakest pellet effects at a
distance of 10 m. On the other hand. copper mirrors
appear acceptable at distances of 8.5 and 10 m for both
pelfet types without gas protection.

Gas protection begins to be effective at 10'"7cm’
(xenon) and at 10"*/cm® (argon). The ions are stopped in
the chamber at densities of 10'*/cm® and above. At .5
m. salt is not sufTiciently protected against all effects by
an atmosphere of 10'* Ar/cm’. although it is protected
for that density of xenon. However. the higher densities
studied for surface protection are unlikely to permit
accurate laser beam focusing or efficient transmission
onto a small pellet. This matter is extremely uncertain
theoretically: however. a preliminary experiment of this
type does rule out densities greater than 10 Xe¢.cm'
(Ref. 45). Consequently. we have determined that the
final optical surface for the high-gain facility can be
copper placed at a distance of at least 10 m from the
microexplosion. We reserve the options of adding a small
amount of chamber gas uniformly or of using a higher
density (differentially) close to the mirrors if nceded.

For flexibility and uniformity of pellet illumination we
recommend that eight laser beams bndled into beam
groups be focused symmetrically along the apexes of a
cube. the upper half (4 bundles) being rotated relative to
the lower by 45° about a vertical axis.

Based on Monte Carlo calculations®*” for the An
tares 100-kJ laser facility. we have calculated dose rates
expected within and outside the target chamber. outside
the facility, and down the laser pipes. For a facility vield
of 100 full-scale shots of 100 MJ of thermonuclear vield
per year (i.e.. 10 GJ yield per annum) in a conventional
Helios-like design. we estimate the total dose in the laser
hall through the light pipes to be 0.3 mrem/yr with the
dose from the direct shine down the laser pipes into the
laser hall being only 13 prem/shot or less. Thus. the total
dose is primarily derived from neutrons that have
followed a multiple scattering and absorption path.
Good. conservative working levels (84 mrem/yr) in the
target building can be achieved with 2.67-m-thick con
crete or equivalent shielding. Close-in shielding is advan-
tageous because it is less massive, less expensive. and
allows beneficial use of the remainder of the target
building external to the shield even during full-scale

shots. However. shielding of the light pipe some disiance
bevond the chamber shielding is required.

Total dose per vear to :he public outside the grounds
is 0.42 mrem vr. a very low value (the natural dose at
high altitudes 1s ~170 mrem. vr). The maximum direct
dose in the laser hall from the microexplosions is 0.9
mrem yvr. without laser hall shielding. The unshielded
laser clectron guns impart a much higher dose from x
ravs (one dual module operating at 200 pulses week in
typical Huiios experience of gas present gas absent gives
a mean dose of ~100 rem vr). A shield of only
(045 em thick lead. or 32 ¢m thick standard concrete,
drops this dose to 100 mirem vr. For the same parame
ters except voltage. a I MV gun needs 7.2 ¢cm of lead or
48 ¢n of concrete to reduce the dose the same amount.

Target chamber residual radioactivity 1s only 4 prob
lem within the target concrete shield. Outside that snield
the doses are negligible. ranging from 0.05 pyrem h
immediately after 100 full scale shots to 2 prem h after |
month of cooldown. The highest induced actnvity withie
the shield and just outside the target chamber vacuum
vessel 18 815 rem h (100 shots. immediately after the last
shouand 0.05 rem h after one week of cooldown. These
radioactivity fields are far m excess of maximunm per
missible vearly  working fields (023 mrem h or 3
rem Ar) It ois possible with the use of exotic structural
materials such as quartz or Kevlar composttes to reduce
postshot doses ta acceptable working levels after 0.5 o
7.0 daxs of cooldown if pellet debris is removed or debris
s not radroactisely limiung. and of the integrated dose
from copper mirrors can also be kept low. For prompt
postshot access. alummnum s not a suitable structural
material because 1t 1> worse than irom up to & davs after
the last hot. However. 1t s a ientatnne chowe tor
construction because its long term acunvity s fow (|
mrem b owithin the target chamber | month following
100 shots at 100 MJ over a vear) and s use in
construction 1s well understood.

Unfortunately. copper. although resistant to peliet and
laser damage. provides 1sotopes with long lived acuvities
(129 h. 5 vio 92 vr) leading to high activities near a
copper-coated murror. For a 70 ¢cm diam (that is. {15
and f = 10 m) 40-ml-thick copper-coated mirror on a
substrate of 9.0 ¢cm (3.5 in.) of 6061 aluminum with a
15.25-cm (6.0 in.) solid 6061 aluminum space frame
equivalent to the same area as the mirror. we estimate a
dose of 0.79 mrem/h after one week following one shot
(100 MJ). and a 1.6 mrem/h after one week following
100 shots over I year (100 MJ each). This dose is for
only one mirror along the centerline at a distance of
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EROSION OF COPPE

sErosion is in cm/shot; lifetimes in number of shots to erode

3 pm,

TABLE 111-VIl

Argon
Chamber Ator:  EiG5ich fwom. ____,_C,B_‘r’e_l___ Case Il
Density (cm '} or Lifetime r=85m r=10 m r=85m r=10 m
0 Total erosion 3.5(—6) 3(—(8) 1(--6) 5.2(-7)
lifetime 86. 1.(4) 294 581
10" Total erosion 3.5(—6) 3.(—8) 9.6(—7) 4.8(—7)
(0.3 mtorr) lifetime 86 1{4) 314 627
10" Total erosion 3.4(-6) 2.9(-8) 4.3(-7 1.8(- 7)
(3.1 mtorr) lifetime 89 1.1(4) 690 1693
10" Total 2.5(—6) 7.3(—10) 6.7(—13) 1.3(-20)
(31 mtorr) lifetisne 120 4.1(5) 4.5(8) 2.4(16)
10'¢ Total 1.4(-7) 2.5(—11) 7.3(—34) 2.8(—42)
{0.31 torr) lifetime 2134 1.2(7) 4.1(29) 1.1(38)
10" Total 4.5(—20} 5(~26) 0 0
(3.1 torr) lifetime 8.7(15) 8(21)

R SURFACE—ABRIDGED RESULTS®

- B Xenon

. Case | N Case 11

1::8.5 m r‘lf)m~~ r=85m r=10 m

1.5(--6) 3(-8) 1{—6) 52(-N

86 1.(4) 294 581

3.4(--6) (-8 8.7(—N 4.3(-7)

88 1.(4) 347 702

2.9( -6) 1.6(- 8) 8.7(~13) 1.7(—17)

103 1.9(4) 3.4(8) 1.7(13)

6.3(-7) 1.4(—10) 1.(—32) 6.1(—41) lons fail
478 2.1(6) 3(28) 4,9(36) toreach
14(-13)  22-18) 0O 0 surface

2.1(9) 1.4(14)

5.1(-80) 1.5(-96) 0 0

5.9(75) 2(92)
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Chamber Atom

) Pensity fem Y

Erosion
or Lifetime

0

10%°
{0.31 mtorr)

10
(3.1 mtorr}

10"

{31 mtorr)
lolh
(0.31 torr)
10"
(3.1 torr)

Total erosion
lifetime

Total erosion
lifetime

Total erasion
lifetime

Total

lifetime

Total
lifetime

Total
lifetime

EROSION OF SODIUM CHLORIDE SURFACE

r 85m
2.8( 4)
1.07
2.8( 4)
1.07
2.7 4)
1.10
2 4)
1.47
L S)
26.2
L7 18
8.2(12)

Case |

r 10m

9.7( 8)
RN TR
9.7( 8)
RN TRY}
9.4( 8}
L2
6 8)
S
20 9)
1.5(8)
4.1( 24)
7.4¢(19)

“Erosion is in em/shot: lifetimes in number of shots to erode 3 um.

TABLE 1T VI

Argon

r 8.5m

9.4( %)
3.2

R.8( 5)
14

310§
8.1

Li( 10)
2.8(6)

1.2( 31
2.6027)

0

Case 11

r 10m

4.70 8
6.4

4.2( §)
1.2

1.3( 5j
234

2( 18)
1.5(14)

4.4( 40)
6.9(35)

0

ABRIDGED RESULTS”

Case 1
r 85m r 10m
2.8 9) 9.7( 8§
1.07 id
28 4) 9.5 8)
1.09 ARIRI!
R TR A 7.7¢ 8l
1.27 303)
SIS L2t &
s.4 2.6{4)
120 11) 1.8 16)
2.6(7 L712)
4.1 78) 1.2( 94)
1.3(73) 2.5(90)

Xenon

Case 11
r 85m r 10m
9.4( ) 4.7 9)
32 6.4
7.9( 5) 36 5)
1.8 8.2
1.4( 10) 2.8( 15)
2.2(6) LI
L.6( 30) 9.65( 19)
1.9(26) 3. 1434)
1] 0
0 0

ions fail
to reach
surface



Pomoan front of it OfF centerline the dose falls off. In an
actual tacthty - addional doses will be derived from the
other murrors and from other structures. If the substrate
and space frame could be made of guartz. the resulting
Cu S:0 structure could hase the following coses 1.0 m
o rront of the mirror atter one week of cooldown: 0.001 1
mirem h tor one shot and 0.045 mrem h after 100 shots
cver i vear dall ac 100 MJ sield each).

e greatest care 1 hmiting the radiwactye afterheat

Ccramber. murrors, and structure will be to no availlaf

Saeats are is not expended mocontrob of pellet debris

“adioac Lty Peliet debris s exposed 1o the most intense

soehenerey neutron tlux andoot activated. can dominate

srerheats Borosach a caser we recommend  placing

“Uone hiners or entrapping matenals within the vacu

cesset s welloas chamber tlush out provision,

Partaen o cnond exvcessine downime oo allow for

vy coutolt todevels permitting human entry. remote
sarget cnamber operation where possible s also recom

e e
Toradad
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IV. TARGET EXPERIMENTS AND MILITARY APPLICATIONS
(R. P. Godwin, T. H. McNally)

In an integrated program of target experiments. theory. and target design. we are
establishing a fundamental understanding of laser target interactions. particularly of the

relevant plasma physics and hydrodynamics. Experimental and theoretical efforts have

addressed the scaling of consistent models to higher laser intensities. Emphasis has been

placed on the deselopment and demonstration of experimental techniques needed to
determine conclusively the performance of present and future targets. A modest

experimental effort is directed toward military applications,

TARGET FXPERIMENTS
Introduction (R. Godwin)

Previous  expeniments  using  thin shielled. explod
ing pusher targets that were nearly sothermal during
their implosion istory verified that the energy absorp
ton. transport n o thin systems. hyvdrodynamies, and
tusion vield calculations were being done correctis in the
large computer design codes. Such targets. however, are
inherently wasteful of the hmited available Jaser energ: .
and do not scale to wmtion conditions at reasonable
laser inputs. Thus. our attention  has turned  to
adiabatically compressed targets. which make efficient
use of the laser mput. These targets make use of the
reaction foree from materral ¢jected from the outer edge
of a spherical system to compress the inner portion. or
pusher material. and the tusible fuel.

Target preparaton methods were investigated 1o max
imize the momentum transter between the outer. ablated
material and the inner part of the target. We found that
removal of hydrogen from the surface of a higher mass
target material could significantly increase momentum
transfer while reducing the energy loss to fastion
expansion. Lateral energy loss to electron return currents
was also confirmed as being small.

The first adiabatic compressions were achieved by
using thick walled microspheres whose outer edge was
ablated. driving the pusher and fuel inward. Densities of
about 20 times that of liquid deuterium were achieved in
the fuel. A svstematic approach of increasing ablator

thichness was adopted to track the behavior of targets.
moving away trom the exploding pusher toward the
adiabane implosion regime. Simultaneous measurements
o tusion vield. peak fuel on temperature. pusher run in
nme o peak compression, and peak fuel density con
firmed the caleulated predictions. Al these measure
ments first required sigmificant diagnostics development.
Fuel densities. for example. were determined from re
construction of v ray images of the imploded glass
pushers and from spectral and spatal resolution of
characteristic v ray line emissions (rom argon impurnities
mived with the fuel.

A real concern in tuiure targets having large spherical
convergence ratios will be the stabihty of the imploding
pusher  shell.  This  snell must not  become
hydrodvnamcally unstable and break up before peak
campression and fuel burn are achieved. To image the
tmploding pusher during the ume of outward accelera
ton 1s difficult. One technigue proposed for this purpose
uses an x ray backhghting flash radiograph. The first
experiments designed to venify production of an adequate
xray source and an imaging techmque have been
completed and verify that the approach 1s feasible.

Effect of Target Purity on Laser Produced lon Blowoff
(W. Ehler. F. Begay. T. H. Tan. J. Hayden. J. McLeod)

One beam of our Gemini CO. laser system was used
to irradiate extensive massive targets of various maten
als. The laser energy on target varied from ~ 100 to 200 J
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Fig. 1V 2.
Thomson spectrogram of heated carbon rod shows a €7 jon
energy E/s const. as though all the carbon jons were
accelerated through the same potential,

spectrograph was visible. These data seem to suggest
that plasma transport around the wire is present only
when hydrogen contamination is present.

At the end of the laser pulse. the plasma cdge
expanded isothermally to a distance of ~1 cm. The
plasma then expanded adiabatically out o the various
ion detectors. The peak ion speed measured was ~3%
higher than the ion speed at the end of the laser pulse.

A tentative chart of the clean-target results is shown in
Fig. IV-3. Target cleanliness may reduce target preheat
and increase shock impuise into the target. This could
have significant effects on laser fusion target
performance.

Optical Measurements of Lateral Energy Flow (R. F.
Benjamin, J. Riffle)

We used visible-Tight streak photography to improve
the measurement of lateral energy flow in a target
support structure. Previous studies® of GMBs mounted
on a long, tortuous support fiber involved time-integrated
telephotography and a voltage probe. The earlier results

suggested that return current heating is largely responsi
ble for the heating of the target support fiber at a
distance of many focal radii from the GMB. The present
measurements make this explanation more credible. We
found that the luminous front propagates along the fiber
awayv from the GMB at a velocity in excess of 10 em s,
We also observed a plasma from the GMB cross the
vacuum gap on the side opposite the support fiber. where
it struck a probe fiber causing a visible Pash. The Nash
oceurred several nanoscconds atter the GMB began
emitting visible hght, Because these energy transport
mechanisms appear e be prompt. moditication of the
target support structure may intluence the hot electron
spectrum borther measurements are planaed with higher

spatiad ata fempordl meas Loements,
High Density Experiments (1. H. Tan)

The Helios Taser proaduces enough energy on target o
allew the design of targets that we can compress to
densities higher than thar of sold DT and produce
adrabatic condions s the tucl. In our first sequence of
high density experimenis. GMB targets were coated with
ditterent thicknesses of parvlene ¢0 TOO wm. The targets
were  desiened  tor o sustematic mestigation of
high density pellet compression and o demonstrate the
made o the

transiton Jrom the esplading pusher

adiabatic mode of mmplosion. Low density parviene
ablators were used o shield the target intenor efficienthy
against clectron preheat. The ablator also allows mas
mum outer targel radius Tor a gnven mass, hence. fower
laser mtensity. thus muinimizing the hot electron tem
perature. fach GMB was 200 pmoan diameter with a wall
thickness of 1 um and was filled with 30 atm of DT 2as
The vield. implosion time. 1on temperature. and tuel
density were estimated theoretically and were compared
with measured values tor cach thickness of parviene
coating and faser energy.

Ultrafast time resohved neutron detectors ™ were used
to properly characterize some of the crucial nuclear burn
parameters. Each detector was assembled by coupling an
ultrafast. quenched scintilfator of optimum size to a
high gain - ITT  mucrochannel plate photomultiplier
(MCP PMT). With a § GHz oscilloscope as recorder. it
is possible to obtain a resolution of better than 100 ps in
time shift and pulse broadening. In our experiments. a
2%-quenched scintillator 5 ¢m in diameter by 2.5 ¢cm
thick was coupled directly to the face of the MCP. A
| GHz Tektronix 7104 oscilloscope was used as a

recorder. with a low-loss. ultrafast coaxial cable for
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stznal transmission. This svstem provided @ neutron
response time of KOO ps 1 FWHM ) and achieved 4 gain
107 This detector system was designed primarily for
speed at the expense of high detectton efficiency. At
vicids - 107 we penerally tse the more conventional fast
NETL plaste samullator XP 2020 photomultiplier as
sembis to measure vields and longer implosion times. We
alse tound that. in our laser energy regime. ume of - flight
measurement provides the most reliable vield value.

Freure IV da shows an oscilloscope trace of a neutron
ame of theht measurement trom a DT filled GMB target
~mot The arnsval ume of the neutron pulse with respect 1o
v ray figucial can be measured to an accuracy of 200
o+ b aoanung speed of 5 ons per division. When the x-ray
~ Jelayed 1o allow 2-ns writing speed. we can
: 100 p~ time shifts. The implosion time is
measured  as a delay in excess of the expected
prompt newtren arrival time. A 22-um parylene-coated
GMB target emits a neutron pulse (Fig. IV-4b) that is
delaved by an additional 0.6 = 0.2 ns. This clearly
illustrates a departure from the exploding-pusher mode
of target implosion.

Figure [IV-5 shows two traces comparing an
88 um-coated target shot at 3.9 kJ with a bare GMB
exploding-pusher target. Additional delay > 2.8 + 0.5ns
in neutron arrival time for the coated target is clearly
visibie. Such time delay. which is significantly longer
than the L-ns laser pulse, is clear evidence of adiabatic
implosion. It must be emphasized that this condition
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must be achieved before high pellet compression is
possible.

Figure IV 6 shows a neutron time spectrum from a
25 um coated target. The apparent width of 1.28 ns can
be deconvolved into an intrinsic neutron pulse width of |

A R0 oumodal vass mocrepa’ieon (SMB)
am o wa .30 aim T
B Target A GN3 + 22um parylene coating

- ——

at= gnst Ins ——-}-
L e L AL

Fig. 1V4.
Oscilloscope trace showing neutron time-of-flight spectrum
from (A) bare GMB target, and (B) 22-um parylene-coated
target.
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Fig. v &
Oscilloscope trace showing neutron time of flight spectrum
from (A) bare GMB target. and {B) 8K um parylene coated
target.
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ns. At a flight distance of 970 em. this corresponds to 4
fuel ion temperature of 0.7 keV.

In the present generation of laser energy and target
design. the yield at high compression is generally low,
< 10" and the burn duration is typically < 100 ps. Hence,
it 1s not now possible to deduce the fuel density directly
from neutron time of flight. Fortunately for our present
investigations. x rays emitted from the pusher during the
burn can still be detected and have been used to provide
the density information. Figure [V-7
55-um-coated target with an estimated fuel density of
38711 g/em’.

Figure 1V-8 shows a composite display of yield.
implosion time. ion temperature. and fuel density as
functions of parvlene ablator thickness. The measured
quantities and the theoretical predictions are compared.
Note that the yields are generally lower than predicted.

shows a

The implosion tim=s agree reasonably well with calcu
lated values. Because of low detection efficiency. the
counting statistics for fuel temperature determinations
are very poor at vields < 10" However. at one point (20
um) where statistics are good. the measured value agrees
quite well with prediction. Measured densities for coat
ings -60 um appear to be at least equal to or higher than
predicted. The fower measured sields and possibly higher
muasured densities can be attributed 1n part to our
inadequate knowledge of the detals of the hot electron
energy distribution and energy transport.

This is the first series of high density experiments. We
expect tomprove the accuracy of our measurements by
and by
plemental techniques such as radiochemistry.
ing. and back hghting. We

OpUMIZINE  odl Instruments introducing  sup
fuel seed
achieved our

may  have

near term goal of 20 umes hquid density compression.
The important pomts. however. are that we have meas
ured adiabate implosion and that target performance of
I os CO. faser beams is

within the expected range of design predicrions.

these higher densaty targets by

Reconstruction of the X Ray Emission Profiles of Im
ptoded Cores from Pinhole Photographs (M. M. Mueller)

One method for determming  the diameter of an
imploded target at or near the turnaround nume s to
untold the pinhole image irradiance distribution 1 obtain
the spherical source v ras emission function. With a
DT filled GMB target as an example. i no

oceurs. d spherical shelb of emission due largely to the

mixing

sthicon in the compressed shell can be expected 1o be the
dominant feature. The etfective diameter of this region of
stlicon emitssion 1s an upper bound to the mmimum core
diameter and a lower bound to the maximum com
pressed densiy.

Differential methods for performing the inversion of
image data to reconstruct the radial source emission
profile exist™™ and have the advantage of speed and
umqueness. However. in practice. data noise along with
aperture constraimts make differential methods nearly
useless. Iterative mntegral methods. by contrast. have not
been described tn the literature. but are capable of source
reconstruction from noisy image data taken with relative-
v wide apertures. The only drawback. in principle. is
that the solution cannot be guaranteed to be unique. In
practice. however. because of the additional constraint
that the reconstruction be physically reasonable, unique-
ness does not appear 10 be a problem of much concern.
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Fig. 1V 6.
Neutron time spectrum ilfustrating fuel fon temperature measerement.

INITIAL HIGH DENSITY TARGET EXPERIMENTS ON HELIOS

o TET_LE EMENT OF MPLOCED

WOTE L0 20 SYMMETRY
LUME CTMPRESSION = 257

Fig. 1V 7.
X ray pirnhole picture showing pellet compression for a 85 pm parylene coated target.
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Our method uses an image-simulation computer code.
The initial input source emission function. which must
have radial symmetry in the present circumstances. is
integrated to give the radiance distrioution over a disk
perpendicular to the line of sight. Then this disk of
radiance is convolved with the projected aperture func-
tion to simulate the image without diffraction. The
source function is modified iteratively until the simulated
image irradiance distribution agrees with the discrete
data points obtained from microdensitometer scans of
the actual pinku.e image. One difficulty, shared with all
other methods based on x-ray inages, is that
self-absorption within the compressed target may not be
negligible. In the small GMB targets used earlier. the
plasmas are expected to be optically thin under the
conditions of peak emission: however. in the larger
targets now being used with the Helios system.
self-absorption could be important. The problem of
plasma opacity to x rays is very difficult. and proper
accounting for self-absorption would also require de-
tailed knowledge of the distribution of temperature.
composition, and density within the imploded target.
Here, we have neglected the effects of self-absorption.

The first source reconstruction attempted was for
Helios shot 88110707, which used a GMB target with an

Fig. IV8.
Summarized experimental results showing a composite display
of yield. implosion time, ion temperature, and fuel density as a
function of parylene ablator thickness.

outer CH plastic coating 55 pm thick covering o
300-um-diam. 1-um glass wall filled with 6.9 mg. cm”™ f
DT fuel. Six beams delivered a total of 2230 J onto the
target. The intensity data reduced muero
densitometer scan through the center of the image
(averaged over the two sides) are shown in Fig. [V-9 with

from a

1o error bars in the ordinate: the abscissal bars represent
the bin widths used in the data reduction. The image was
formed by a roughiv circular pinhole with a diameter of
!l um: camera magnification was 8.86. Under these
conditions. diffraction eftects are nearly negligible at
photon energies that transmit through the 8&-um-thick
beryilium window.

The dontinant feature of the image irradiance profile is
a somewhat dimmer central region. This central dimness
depends on only one data point. and may thus be
questicned. However. barring a gross nonstatistical er
ror. some central dimness is highly probable. as sup-
ported by the observations of similar central dimness in
two other Helios shots. This central dimness of the image
leads to the important inference that the x-ray emission
from the imploded core is hollow—or at least greatly
reduced at the center. Even if the first data point were to
be shifted upward over 20, where it has the same
intensitv as the second point. the core would still be
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Fig. 1V 9.
Irradiance data from Helios shot 88110707 as fittea by means
of a two dimensional convolution  calculation  using  an
Il um-diam pinhole and a magnification of 8.86. The source
emission function that generated the smooth curve in the
histogram is shown in Fig. 1V 10.

' that some degree of

hollow. Indeed. it can be shown
core hollowness can be inferred (for a pinhole in the
narrow-aperture regime) unless the irradiance distribu-
tion falls off monotonically (no fat rentral region) from
the center outward.

Figure [V-9 also shows the simuiated irradiance
distribution that is a result of the final stage of an
iterative source model-adjusting process. Note that this
curve passes by the data points rather closely. The
source model that produced this curve is displaved as a
histogram in Fig. IV-10. The smooth curve in Fig. IV-10
is a hand-sketched interpolation of the histogrammic
input function. The histogrammic source model was
chosen to facilitate iterative adjustments relative to those
of a smooth analytical function. Note that no trace of
histogrammic abruptness remains in the simulated im-
age.

Hence. the imploded target is significantly hollow in
terms of x-ray emission. The fact that the emission at the
center is not nearly zero may be indicative of pusher-fuel
mixing. This, along with the neglect of self-absorption,
makes the interpretation of the emission model hazard-
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Fig. IV 10.
Source emission profile that gives the smooth curve of Fig.
1V 9. The smooth curve here is a hand-sketched interpolation
of the histogram.

ous in terms of fuel radius at turnaround. Nevertheless, if
one were 1o assume that only DT fuel filled the volume to
the radius of the peak emission, one would infer a
compressed fuel density of 8 g/cm’.

The second source to be reconstructed was Helios
shot 89041208, which used a GMB target 300 um in
diameter with a wall 0.84 um thick. covered with 72 um
of CH ablator and filled with 6.4 mg/cm?® of DT fuel.
Seven beams dclivered a total of 3490 J onto the target.
For this shot. two pinhole cameras with viewing direc-
tions 52° apart were used. The pinholes, used in place
for several previous shots, were removed for examination
and measurement after this shot. They had become
rather large apertures. roughly 27 and 48 um in
diameter. which makes the unfolding process more
difficult.

The computer code was reconstructed and expanded
to allow the use of smiooth analytical source emission
functions instead of histograms. However, histogrammic
model-adjusting is faster and easier than using
three-parameter analytical functions.

Under the initial assumption that the two camera
views of the source are intrinsically identical, we were
faced with the novel situation of performing simultane-
ous fittings of two data sets using different pinholes.
Hence, while the fitting effort rose markedly, the results
should be correspondingly more reliabie. The two data
sets to be fitted by adjusting a common source model are



shown in Figs. IV 11 and - 12 for the smaller and larger
pinholes. respectively. Note that the irradiance pattern of
the larger pinhole does not give any indication of source
hollowness. The most successful common-source model
displayed in Fig. IV 13 shows the respective irradiance
of Figs. 1V-11 and 12, The analytical
source-emission  function of Fig. 1V 13 is the
three parameter relationship E(r) = r* e " in which Q
is chosen so that E(r) is 1/300 of its peak value when r
equals some trial “overall core radius™ value. Note that
the shape of the emission function resembles a skewed
Gaussian. The best it obtained so farisfor P - 2.5.Q

0.00137. and A = 2.1. with r in micrometers. While this
cannot be established until all possible physically reason
able emission functions have been tried. we suspect that
the two data sets shown in Figs. IV 11 and 12 are
shghtlv inconsistent and. therefore. cannot be cxactly

curves

fitted by a cemmon source-emission function. Two of

several possible causes for such inconsistency are that
the source could appear different from two views 52
apart. or that the actual pinhole shapes (which are
appreciably noncircular with unknown azimuthal orien

tations) could cause different image distortions.
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Irradiance data from Helios shot 89041208 as fitted (simulta
neously with the data of Fig. 1V-12) by means of a
two-aimensional convolution calculation using a 27 um-diam
pinhole and a magnification of 8.7. The source emission
function that generated the smooth curve is displayed in Fig.
1V-13.

Nevertheless. when one considers that these apertures
are relatively large compared with the effective radius of
the compressed core. it is surely notcworthy that the two
data sets. using markedly different pinholes. can be fairly
well fitted by a common source-emission function. Also
noteworthy is the fact that this integral-fitting process is
rather sensitive to fairly small changes in the trial
emission mode. Using the 27-um pinholes. for example. if
the whole model 15 shifted 7 um to the left (so that the
peak now occurs at ~17 um). all apparent trace of
hollowness  disappears and the simulated irradiance
curve becomes monownic. While a thorough error
analysis has not been carried out. experience indicates
that the uncertainty n the lacation of the emission peak
caused by random data error. aperture determination
error. and fitting model error is probabiv no greater than
about : 20%. Thus. the nferred lower limit to the
compressed fuet density could be in error from these
causes by a factor of somewhat less than 2.

A comforting consistency chech is provided by com
paring the FWHM of the emission model (13.2 ym) with
the shell thickness expected simply on the basis of the

N ~N
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Fig. IV 12
Irradiance data trom Helios shot 89041208 as fitted (simulta-
neously with the data of Fig. IV-11) by ineans of a
two-dimensional convolution calculation using a 48-pm-diam
pinho!¢ and a magnification of 8.7. The source emission
function that generated the smooth curve is displayed in Fig.
IV 13,
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Fig. IV 13,
Source emission profile that gises the smooth curves of Figs.
1V 1 and 12

conservation of the mass of glass during compression to
a mean radius (24.6 pm) given by the emission peak in
the modei. This compressed shell thickness is obtamed
by solving a cubic equation to get 144 um. (The
model-fitting was carried out completely independently
of this congruence.)

{f one assumes that the effective radius of the DT fuel
at wrnaround is given by the foc.tion of the peak
emission, then the radial compression is 152/24.6 = 6.2,
and the inferred fuel density is 1.5 g7em®. If the inferres®
emission prefile of the model is indeed mainly due to the
silicon. then the effective fuel radius would be smailer
than 24.6 pm. and could be as small as |8 um if there
were little mixing. Thus. in the absence of appreciable
mixtng and self-absorption. the inferred fue! density using
the emission peak is a lower lint.

High-Density Experiments with Gas-Filled Ablative
Targets (K. Mitchell, D. vanHulsteyn, A. Hauer, F.
Ameduri)

We conducted experiments to demonstrate the
feasibility of determining the fuel density in ablatively
driven targets from spectrographic measurcments of a
seed gas mixed with D, and DT. Also, we made
qualitative determinations of the electron temperature in
the fuel from bremsstrahlung continuum and intensities

of argon lines.
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The first experiment was performed with neon as the
seed gas m DT filled GMB 1argets. both coated and
uncoated. Neon lines were not observed in the spectrum
when these targets were irradiated with 2.5 TW of 10-um
laser hight in Hehios, Targets from the same baich were
also irradiated with 0.5 TW of laser power in Gemini.
and did produce a neon line. The electron temperature T,
of the plasma produced by 2.5 TW was determined as
330 eV o from the xray continuum. We, therefore,
concluded that the neon atoms were totally stripped of
clectrons.

We then conducted experiments using pure argon and
argon . as a 11l gas in both GMBs (exploding-pusher
targels) and plastic coated GMBs (ablative targets). The
targets were filled with gas by a new drill-fill-plug
method. Spectra were obtained with a convex PET
crystal spectrograph and a parabolic PET crystal spec-
trograph. The latter was used to obtain space-resolved
speetra of argon lines over a limited wavelength range
from 3.3 10 4.2 A. The parabolic crystal spectrograph
had two shts 20 and 40 um wide oriented 90° with
respect to the dispersion direction giving a fourfold
spatial magnification on film.

The spectrum from the compressed core of a
laser-irradiated. argon-filled GMB target is shown in Fig.
IV 14, The argon fill pressure was ~ 1 atm and the target
was irradiated with 2.8 kJ of 10-um laser energy. The
spectrum shown consists predominantly of helium-like
(is*-1snp) lines of argon. The hydrogen-like (Is-2p) line is
weakly developed in this spectrum and its intensity is
very weak with the plastic-coated GMB targets.
Potassium lines that originate in the glass are also
observed. The spatial extent of the potassium line- is
equivalent to the size of the GMB. whercas the spatial
extent of the argon lines shows that the argon radiation is
originating from the compressed core. Note also that all
argon lines are broad relative to the potassium (ls-2p)
line. The major line-broadening (8 eV) is due to the Stark
effect resulting from high density ip the fuel region.

We then conducted experiments using Ar/D, mixtures
in GMBs (exploding-pusher targets) and plastic-coated
GMBs (ablative targets). Densities were determined
chiefly from the spatial extent of the argon line (Is*Is3p)
on spatially resolved spectrograms. The targets were
filled with 0.2 atm of argon and 20 atm of D,. The target
fabrication technique was developmental and some
targets leaked gas. Nevertheless, it is instructive to
determine fuel densities from spectroscopic measure-
ments of the argon lines. In Fig. IV-15, spatial profiles of
the argon (Is*-is3p) line are shown from shot 8905030
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Fig. IV 14,
Spectrum from compressed core of laser irradiated. argon filled GMB wargets.

Fig. IV IS5,
Spatial profiles of the argon line {Is" Is3p) from a 301 um
GMB coaled wit 33.3 um of plastic and irradiated with a
pulse of 3265 J.

receiving 3265 J onto a 301-pum-diam GMB coated with
33.3 um of plastic. A comparison of spatial profiles was
made for spectrograph slit widths of 40 and 20 um. The
equivalent D, densities derived from these profiles for 0.2
atm Ar/20 atm D, was 0.71 and 0.89 g/cm’, respective-
ly. These densities compare favorably with calculated
values for ablative targets presented elsewhere in this
report,

In Fig. 1V-16 we compare the compressed core
diameters from the ablative compression to those
achieved from an expioding-pusher target. The com-

pressed diameters were T3 um €200 um GMB) and 48.7
um (201 pm GMB. 322 um of plastie). This corre
sponds 1o a density gain of 10 for the ablator target.

The use of Stark broadening for density determination
was Iimited in these experiments due to an absorption
line blended with the 187 1s3p argon line. The absorption
line is probably from some species in the plastic ablator.
In future cyperiments. the 187 isdp argon line will be
igcluded on the spectrograms.

Pinhole photographs were also taken during these
Ar Dy shots, Because the avgon x ray hines lie in the 3 o
4 keV  region, as o we note from Fig. IV 150 a

Fig. IV 6.
Comparison of compressed core diameters of an ablator and
an exploding-pusher target.
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275 um thick un filter was placed over a portion of the
tlman one of the two pinhole cameras. The transmission
characteristies of this partcalar 1. edge filter are shown
i b IV )T

abave the stronghy radiating lines. The filter also passes

the peah efficieney of 0.3 oceurs just

radiation above S keVobut this Tuv s reduced because of
the exponential taflofl ot the continuum ntensity and the
reduced sensiiviny of the Kodah RAR 2490 film.

Pihole images of shor 89050302 are shown in Fig.
IV IR0 The first photograph thyz TV 18a) was 1aken
through o broadband bervihum filer. The second (Fig.
PV IRb was trhen throwgh the un filter and shows a
much simaller radianng regon. Note that the stalk
radration. which s viable through the beryvllium. s
Mocked by the tn

Densitonreter traces ot the image shown in Fig.
IV IRb mdicate compression diameters comparable with,
but shightiv larger than, the values obtained from the
spectrographic Jatn Fucindicates that, while the filter
discrininates an tavor of the argon radiaton. there is
probibly siguficant conunaum Hus from the imploded
slass wadl

Sinniar photographs of an exploding pusher  shot
(ROO424040) gre shown m Jogs. IV 19a and b, Here it 1s
much more ditficult to measure an imploded core of the
un tdtered mmage. Thos mdcates that the silicon 1s heated
carhier «n the compression process i the GMB 15 not

coated.

Fig. 1V 17.
Transmission characteristics of a 2.75 pm-thick, L-edge. tin
filter.

84

Fig. IV-i8a.
Pinhole image of a plastic-coated GMB exposed through a
broadband beryllium filter



Fig. 1V-18h.
Pinhole image of the event shown in Fig. 1V-18a exposed
through a tin filter.

Fig. 1V 19a.
Pinhole imoge of an exploding pusher target exposed through
a hroadbzad beryllium filter.

Experiments with X-Ray Backlighting (A. Hauer, D.

vanHulsteyn)

Our present studies have included two basic objec-
tives: (1) investigation of several methods for producing
high-energy x rays as potential backlighting sources. and
(2) investigation of practical backlighting camera con-
figurations.




Fig. 1V 19b,
Pinhole image of an exploding pusher target exposed through
a tin fifter.

Backlighting Source Development. We investigated
the production of high-energy line radiation for
monochromatic backlighting. We found, for laser
energies of ~250 ] and pulse widths on the order of 1.2
ns. that inner-shell radiation is the most practical
line-generating mechanism. We observed strong in-
ner-shell emission (K, and K,) from targets of Ca. Ti,
Ni, Sc, Cr. and Fe. A typical spectrum obtained in these
experiments is shown in Fig. 1V-20: K, emission is
accompanied by K, shifted by ionization. The shifted
emission can be eliminated by coating the desired emitter
with a thin layer of almost any material. Thus, K, or
inner-shell emission is potentially a spectrally pure
source.
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We mvestugated the productuon efficiency of K,
radiation as a function of laser =nergy and target Z. For
30 J on target. the fast-electron spectrum 1s a roughly
fixed quantity. With this given parameter. K production
will vary with target Z. We find that for the given laser
parameters. titanium is about the best K, producer.

We investigated point sources using slab targets of
about 20 um diam. These expzriments were performed to
study radiation above | keV {filtered by | mil Be). These
sources were bright enough to be practicat for backhght
ing. In the point projection mode we demonstrated at
least 50 um resohution.

Experiments were performed with laser-driven current
x ray sources. Needle targets. illustrated in Fig. 1V 21,
were irradiated with CO, lasers. Results suggest that
these targets may be a good source of high energy
continuum. Pinhole photographs and wire shadowing
indicate that the source size was less than ~25 um.
Further measurements of the spectral distribution of
these sources are needed. The nonlinearity of field
emission makes a short-duration x-ray source possitle.

Development of Backlighting Camera. We also in-
vestigated practical backlighting camera configurations.
One of the objectives in these studies was the develop-
ment of repeatable alignment techniques.

Two backlighting camera configurations, shown in
Fig. IV 22, are under investigation. Both use a relatively
large. spatially distributed probe source.

With one technique. a pinhole camera is used to image
the shadowed source. The pinhole camera can be filtered
to pass primarily line radiation.

The pinhole backlighting configuration has been used
in several experiments to shadow both cold and imploded
targets. Figure IV 23 shows a cold nickel shell shadowed
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Fig. 1V-20.
Spectrum of inner-shell (K,, and K ) emission from titanium.
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Fig. 1V-22,
Backlighting camera configurations now being investigated.

Fig. 1v 21,
Needle targer used (o generate high energy continuum..

by radiation from a titanmium slab tabout 1wice the size of
the nickel shell). Figure IV 24 illustrates backhghung of
an imploded target. In this experiment. one beam of the
Gemini laser is used to implode a plastic coated nickel
shell. The other beam produces the radiation from the
titanium backlighting source. There is a definite distor
tion of the nickel sphere indicating that shadowing toak
place during the initial phases of implosion.

These tests were performed with a 253-um bervllium
filter so that relatively broadband radiatton from the
titanium source was used. Subsequent tests will use
primarily monochromatic K, radiation.

A special technique was devised for ahgming the
backlighting source and the target. Twoe Hartmann balls
corresponding to the positions of backlighting source
and target were mounted on the target holder. Two
autocollimating alignment telescopes could then be used
to establish the source and target positions. A third
telescope was used 1o establish the line between targets
and to position the pinhole camera.

Tests were also performed with the slit-crystal/camera
configuration. In these tests a silicon backlighting source
was used. The camera used a PET crystal and 50-um
slits. The alignment was set to image the Is*-Is2p line
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Fig. IV 23,
Pinhole photograph of cold nickel shell shadowed by radiation from a titanium slab.

Fig. IV-24.
Pinhole photograph of an imploded plastic-coated nickel shell backlighted by radiation from a titanium source.



from the silicon backlighting source. Very weak images
were obtained with this configuration indicating that the
magnification (6X) used was 1oo high. Subsequent
experiments will be performed to investigate this type of
imaging cither with higher laser energy on target or lower
camera magnification.

MILITARY APPLICATIONS
Introduction

Experiments with our Nd:glass laser system have
confirmed that useful information can be obtained con
cerning equation-ofstate parameters of unknown materi
als in the 10-Mbar pressure region. For known materials.,
the results of experiments agree well with calculations
when the properties of the laser irradiation svstem are
known and included. Useful opacity data can also be

extracted from well coneeived experiments.

Shock-Wave Experiments (P. D. Goldstone. C. Woods.
P-1)

The primary objective of these experinmients was 10
study shock wave formation and attenuation by measur
ing shock velocities in laser-irradiated thin-foil target
materials of low. medium. and high Z (Al. Ag. Au).
These measurements will provide information on the
coupling of laser light into hydrodynamic shocks. Meas
ured shock attenuation can be compared with theoretical
calculations 1o determine whether the calculated {trian-
gular) shock is a good physical approximation. To make
these measurements. we used a technique developed at
Los Alamos for determining shock breakout time in
stepped targets.

These experiments were not conclusive. Some ques-
tions of beam quality and target quality must be
resolved. Operation of our primary diagnostic (a vis
ible-light streak camera) must be better characterized
with respect to sweep speed and linearity. However. we
did obtain useful information about laser-produced
shocks in solids.

These experiments showed that the luminosity of
shocks in aluminum, silver. gold. and molybdenum at the
instant of breakout agrees qualitatively with the lumi-
nosities derived from shock temperatures predicted by
theoretical calculations. We do not see anything unusual
about the strength of shocks produced in high-Z materi-

als, We now believe, however, that new and more reliable
diagnostics for the rear-surface behavior. and improved
characterization and performance of the Nd:glass laser
system, arc required to do these experiments satisfac-
torily.

Shock-Wave and Equation-of-State Studies (L. Veeser,
A. Lieber, J. Solem, D. Eckhart. P-3)

We spent six weeks with the Nd:glass laser and a new
streak camcra learning to make high-pressure equa-
tion-of-state (EOS) measurements. We also improved
system optics and recording techniques so that we can
now measure more than one target step.

In efforts to make impedance match measurements we
ohserved a few good streaks. but did not obtain enough
data to prove the reliability of the technique. Figure
IV-25 shows a streak record for a shot with an intensita
of ~ 4 x 10" Wiecm™. Pressures were ~ 0.3 TPa (3
Mbar) in the aluminum and 0.6 TPa in the gold.
Although the space between the steps was partly filled
with gold and aluminum. the streak record shows that
good results can be obtained with better focal-spot
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Fig. 1V 25,

Streak camera record for shot with intensity of ~4 x (0"
W/em’. Pressures were ~ 0.3 TPa (3 Mbar) in aluminum. 0.6
TPa in gold.
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uniformity (which also produces flatter. more uniform
Jhock breakthrough from the steps).

During this reporting period. we also developed other
diagnostics. including a backup streak camera. a set of
tour x rav diodes. a new fast ion detector. and the repair
of an S | streak camera to measure the laser-pulse
ume dependence. We have been unable to improve the
focal spot uniformity significantly. A uniform spot is
cruciil to aceurate FOS measurements, but the high cost
of obtaining such uniformity has not been included in
budgets for the immediate future. We may have to
postpone the EOS work and concentrate on shock
fisetime measurements or other work that does not

require a laser focal spot of such high quality.

Computer Calculations of Equation of State (EOS) (R.
B. Schultz, TD 9)

Our continuing efforts to model EOQS experiments
numerically vieided much better results during the first
halt ol 1979 than previously. Previous calculations
indicated that the experimentally observed shock veloeity
i 13 pm thick aluminum foil targets could be matched
only when the observed energy was ~ 4% of the total in
the laser pulse. Our recent calculations indicate that new
experimental data are consistent with 40% absorption
and that carlier problems may have been due to dif-
ficultics in characterizing the spatial profile of the laser
tocal spot.

In a recent impedance matching experiment. a target
with 2 13- pm-thick aluminum substrate and steps of 4.4
pum aluminum and 3.0 pm gold was illuminated with a
Nd:glass laser pulse that focused 12.5 J in a laser focal
spot with an equivalent radius of 160 um. The shock
velocity measured across the aluminum step was 1.60
cm/pus. whereas the shock velocity across the gold was
1.05 ¢m/us. In our one-dimensional calculation with
40% absorption. we computed shock velocities in the
aluminum and gold of 1.55 and 0.85 cm/us, respectively.
The caleulated pressures averaged 3.8 Mbar in the
aluminum and 6.3 Mbar in the gold.

Because of interest in shock-structure experiments, we
attempted to improve on calculations of the intensity
profile as viewed by the streak camera. Figure IV-26is a
plot of the detected power vs time in the optical (1- to
3-eV) band of a detector viewing the back surface of the
gold. The detector was assumed to have an infinitely fast
time response. The time resolution of the calculation is
~1 ps. The risetime of the optical pulse is a function of
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Fig. IV 26.
Plot of detected power vs time in the optical (1 to 3 eV) band
of a detector viewing the back surface of gold step.

artificial viscosity in the numerical hydrodynamics. mesh
sizes. opacities at low temperatures. and other factors
that suggest caution when comparing the calculated
results to experimental data.

Laser Opacity Experiment (N. M. Hoffman., L. W.
Miller, J. M. Mack, J-15; H. W. Kruse, J-14)

The data obtained with the Nd:glass laser in March
1979 are still being studied. Most of these data were an
attempt to observe limb darkening in red light, using a
filter that cut off wavelengths < 6500 A folded with an
S-20 response. For these wavelengths, the limb dark-
ening is expected to be less than it is in the blue region of
the spectrum. The data tend to verify this, but a great
deal of scatter and other unexplained anomalies in the
data make it necessary to repeat these measurements
before conclusions are drawn.

The previously observed limb brightening at early
gating times discussed in the last progress report has
been tentatively attributed to nonsimultaneous gating of
different portions of the channel-plate intensifier
(CPI).'*'* We demonstrated reproducibility of this effect
by placing the two images at unequal distances from the
center of the CPI photocathode, and then eliminating the
effect by centering the images un the photocathode.



We will attempt to reproduce the limb-darkening
results obtained earlier with white light and to under-
stand the problems that remain in the March 1979 data.

We performed further theoretical work on optical limb
darkening with the temperature of the radiating material
less than hv/k. where v is the frequency of the observed
radiation and k is the Boltzmann constant.'>'* Using the
Kramers-Unséld formula'* for the opacity as a function
of temperature, a simple analytic expression is obtained
that, in conjunction with a model temperature protile,
gives the limb-darkening function. This theory. discussed
in more detail in Ref. 12, forms the basis for the design of
the present experiment.

A small postprocessor program called 1IRAY2 has
been written 10 calculate emergent intensitics along
various lines of sight through a planar laser-heated
plasma. Such calculations can help predict the magni-
tude of the limb-darkening effect at x-ray photon
energies in such a plasma.'® The IRAY2 program takes
into account the emission and absorption opacities. and
thereby for the effects of nonlocalized
thermodynamic equilibrium (LTE).

An example of the use of [RAY2 is shown in Figs.
IV-27 through -29. A computer calculation was
performed to simulate the behavior of an aluminum foil
12.7 um thick. irradiated by a pulse of 10.6-um laser
light containing 500 J of energy. The FWHM of the
pulse was i.1 ns and the focal spot diameter was 200
pm.
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Mass density and electron temperature of planar target 0.446
ns after start of laser pulse.
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Figure I1V.27 shows the mass density and elec
tron-temperature structure of the planar target 0.446 ns
after the start of the laser pulse. (The beam is incident
from the left.) The limb-darkening functions computed
by IRAY2 for five photon groups are shown in Fig.
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IV 28 for this instant of time. Here p = cosf is the
vicwing angle with respect to the plasma normai. The
linb darkening  effect is reasonably strong above a
photon cnergy of ~0.300 keV. Figure IV-29 shows the
Planch function and source function at hv = 0,316 keV
inormalized by the emergent intensity at u = 1) plotted
vsooptical depth at 0.3 16 keV. They are equal fort 2 1,
but depart from equaiity at small t due to non-LTE
effects. The dashed line shows the source function
inferred trom the imb Jarkening function at 0.316 keV,
by a process similar to taking the inverse Laplace
transform of the imb- darkening function. As we expect,
the interred source function is a good match to the true
source function for t ~ 1. Such calculations will allow us
te simulate many aspects of the limb-darkening opacity
experiment. including error propagation. the importance
of non LTE. and instrumental limitations.

Studies Using the Two Beam Nd:Glass Laser Facility
{A. G. Engelhardt. R. H. Robertson, I. V. Johnson)

In addition to furmshing almost 900 on-target shots to
the various user groups in the first 6 months of 1979, we
began a major effort to redesign and upgrade the glass
laser. Upgrading is concerned primarily with

e mounting a “frame-grabber™ system to look at the

beam tootprint along the beam line,

@ improving the enclosed-energy measurements. and

o automating the monitoring and adjusting of the dye

concentration in the oscillator dye cell.
Only the B-beam was used for on-target shots: the
pulse width was 300 ns FWHM and typical energies
were 20 1o 25 J/pulse,
During this reporting period, we moved the single-
beam glass laser into the facility, built an enclosure for it
and covered the optics of the two-beam laser to prevent
dust damage from sawing, welding, burning, and other
construction operations. The two-beam laser system was
shut down for 3 weeks. On restart, we made corrections
to alignment, changed the mirror supports, and began
the improvements noted above.
User investigations can be categorized as follows.
® Equation-of-state experiments - 505 shots (L.
Veeser., A. Lieber, I. Solem, D. Eckhart, P-3).

e Computer calculations of equations of state (R.
Schultz, TD-9).

® Opacity experiments -195 shots {N. Hoffman, L.
Miller, J. Mack. J-15: H. Kruse, J-14).
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® Shock-wave experiments - 75 shots (P. Goldstone.
C. Wood. P-1).

e Muitiburst simulation and blast-wave interactions -
52 shots (M. Wilke. S. Stone, G. Barasch. J-10)

o Calibration, x-ray streak camera - 38 shots (P.

Rockeit. P. Lee, L-4).
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V. DIAGNOSTICS
(D. Giovanielli)

The laser fusion process calls for new diagnostic techniques having spatial and
temporal resolutions in the submicrometer and 1- to 100-ps regime. These needs are
being met with a vigorous diagnostics program in such areas as laser calorimetry,
charged-particle and neutron detection, x-ray spectrometry, and subnanosecond streak

camera development.

TARGET DIAGNOSTICS
Introduction (D. Giovanielli)

We are continuing to improve and design instruments
essential for accurate diagnosis of laser-heated and im-
ploded targets. Many of these developments have pro-
duced significant advances over previous techniques.

Because a large fraction of the absorbed laser energy
appears, eventually, as expansion of ions, proper detec-
tion of these particles can lead to an understanding of the
energy partition within the heated region of a target.
Plastic damage-track detectors have been used to advan-
tage in the past and new developments in this area are
being incorporated into our diagnostics. Measurements
of the total amount of laser light absorbed by a target are
of continuing intcrest. as are the time-dependence and
target-dependence of such absorption. We are developing
accurate techniques for these studies at each of the CO,
laser facilities.

The most direct measure of fusion output is the
neutron yield. which. in some target designs. may be kept
low: accurate. sensitive neutron detection is therefore
essential. New integrated yield measurement techniques
have been developed. which increase dynamic range and
sensibility., and new recording techniques for various
instruments will lead to accurate and rapid data acquisi-
tion and retrieval.

Specifications for the Antares target facility require
information from those who are building target
diagnostics. Such information includes the estimate of
maximum air pressure allowable in an ion and neutron
drift tube. With approximate expressions for the scatter-
ing of ions from air molecules, a maximum pressure of
107* torr was found adequate for the drift tube to be used
in the detection of ions with energies as low as 30 keV/Z.
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X-ray imaging diagnostics are still essential for the
diagnosis of nearly every type of laser target. Pinhole
cameras, Xx-ray microscopes, and imaging spectrographs
are all used in our experiments and continued develop-
ment is extending their wavelength response and resolu-
tion. Detailed deconvolution techniques have been de-
veloped to relate actual source distributions to observed
images. We hope soon to have temporally resolved
one-dimensional x-ray images of CO, laser-heated
targets.

High-energy x-ray measurements typically suffer from
large background contamination and have been
notoriously poor sources from which to derive a
suprathermal-electron temperature. A recently developed
K-edge system of detectors should remove much of the
background problem and provide accurate spectral data
in the 25- to 200-keV region.

Radiochemical diagnosis of materials rendered radio-
active within an implosion system will become increas-
ingly important as we advance to more complicated
target geometries. Essential to the use of such techniques
is the ability to capture a significant fraction of the
disassembled target debris. Recent collector designs have
demonstrated a collection efficiency of ~12%, adequate
for our purposes.

Particle-Track Detecto.= (J. Kephart)

In the past we have used cellulose nitrate film on a
polyester base as a particle-track detector. When etched
in a NaOH solution, this material can record ion tracks,
including the tracks of protons with energy less than 200
keV and o particles of energy less than ~4 MeV.
However, it is difficult to record the very short tracks
made by particles of very low energy; their surface



tracks interfere with the tracks produced by degraded
higher energy particles.

A careful search for alternative materials disclosed
another plastic material, CR-39, which should be superi-
or to cellulose nitrate as a nuclear track detector.’?
Because this material is not commercially available in
thin sheets, we are developing the capability to fabricate
thin sheets and films. We expect CR-39 to be superior to
cellulose nitrate because it can detect particles of higher
energy (for example, protons of higher energy than 1
MeV) because it has a lower damage threshold for
etchable tracks; because its superior optical properties
should enable us to observe tracks of lower energy (very
short tracks); and, because we hope to produce very thin
films (with thicknesses <10 um), it should be feasible to
stack the film sheets so that the deeper layers are filtered
by the first layers. This should make interpretation easier
than in the case of the thick cellulose-nitrate films.
Finally, self-supporting thin films provide the opportuni-
ty to observe tracks on both sides of the mediuin. in
contrast to the backed cellulose-nitrate material.

We anticipate that this material will have wide applica-
tion in imaging ions from the corona as well as «
particles from D-T burn. It should also be superior to
cellulose nitrate for ion spectrometry applications.

Diagnostics Development for Reflectance Measurements
(R. Kristai)

Several projects focusing on the plasma reflectance
problem are in various stages of design. We are building
a simple infrared receiver to measure the
time-dependence of diffuse-scattered CO, light at some
arbitrary angle. The device consists of a single lens
focusing its collected light onto a small pyroelectric
detector. We hope to obtain ~100-ps response time by
using high-speed cable and a 5-GHz oscilloscope near
the target chamber. Initial use is planned for Gemini.
viewing from outside the chamber ti.rough a salt win
dow.

A 4n diffuse scatter measurement using an integrating
sphere is also planned. A device has been ordered for this
purpose. with a diameter of 12 in. (30.5 cm) and an
inside surface of diffuse reflecting gold. This measurc-
ment will ultimately be used on Helios. with Gemini as a
proving ground where it can be compared with the
double-ellipsoid measurement.

The integrating sphere gives neither temporal nor
spatial resolution. To obtain angular distributions. we are

considering the use of specular optics. Clam-shell vari-
ations, arrays of small elements, and even holographic
mirrors are being studied. The basic problem with a
single optic is the large size needed 1o avoid damage, and
the attendant fabrication difficulties with nonspherical
surfaces. A pyroelectric vidicon (PEV) is appropriate for
imaging the angular distribution. At this :ime, the PEV is
still our only 10-um two-dimensional imaging detector
with serial readout (so that only one data channel is

needed).
There are some longer range applications in which the

PEV may also be useful. One of these is photography of
the target imaged in scattered CO, light. Initially, these
photographs would be time-integrated, although we hope
to achieve time resolution via optical gating eventually.
Gating should identify the origin of the scattered light. A
natural extension of this effort is imaging in harmonic
emission. Another scheme is photography in external
light. which should provide information about cratering
or rippling of the plasma surface. This measurement
would also give information useful to another diagnostic:
tracking a critical surface interferometrically by
fringe-counting.

In the fringe-counting technique. a small portion of the
target surface is used as a retrorcflector in the scene arm
of an interferometer (for example. a heterodyne in-
terferometer). The interference beats between the scene
and reference arms are then detected optically. giving
information on the motion of the reflecting surface (and
the preceding plasma) during the measurement interval.
By using a low-energy laser pulse. nonlinear effects can
be avoided. and purely geometrical properties of the
expanding plasma should be observable. Fractional
wavelength resofution is frequently obtainable with
fringe-counting. This would be very useful in the present
application. Multiple wavelengths might also be used 10
help reveal profile details. Of course. the reflecting
surface must . e somewhat cooperative in limiting the
excursions in reflectivity that the probe beam sees. Also.
a sufficient level of phase coherence must be maintained.
Alternatively. the level of coherence may be an indicator
of surface roughness.

Scintillation-Based Neutron Activation Counts (V. Cot
tles. A. Williams T. H. Tan)

The Lanther-Bannerman silver activation counter is a
world standard for pulsed neutron measurements, but its
dynamic range is only 5 x 10°. We needed a counter
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based on the same intrinsic principles, but with a higher
dynamic range and. if possible, a higher sensitivity that
would be suitable for the laser fusion program. A system
of activation foils and scintillator viewed by a
photomultiplier provided a measure of the enhanced
performance sought.

Figure V-1 shows the geometry of the three heter-
ogeneous activation foil/scintillator systems assembled
to test the proposed higher performance systems. The
geometrically identical units were constructed to mount
(without optimizing light pipes) to a 6342A
photomultiplier tube with an integral high-voltage and
linc driver system powered by a 35-V supply. These units
were used in a direct comparison of silver and rhodium
s acivation foils. Because the scintillation systems have
a higher background noise than the Geiger-Mueller-
bascd L-B counter. the figure of merit used for sensitivity
comparison is N,.,ron = Opee Ma counee 1NIS measure of
resolution gives minimum neutrons per standard Jdevia
tion of monitored (i.e.. gross) counts. The figure of merit
£ o= (1/1,.,4)N is used to compare dynamic ranges in
which the scintillation systems excel. Both figures of
merit are minimal for best performance of the detector.
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When comparing the performance of the units described
in Fig. V-1 for the two figures of merit, the new systems
do not markedly increase intrinsic sensitivity, tut they
greatly increase the linear dynamic range. These units
are usable for especially high-yield, single-pulse neutron
sources.

Digital Pen Recorder for Slow Low-Level Signals (V. M.
Cottles, L. Sprouse)

Laser fusion diagnostics require a large number of
calorimeters that produce voltages of ~100 uV. In a
given experiment a calorimeter may produce signals that
vary by a factor of 100 on a shot-to-shot basis. The two
methods presently used to monitor these calorimeters
have several shortcomings:

1. Hewlett Packard series 7404A pen recorders have
high sensitivity (1-uV resolution). but they are costly
(83.5k/channel). they must be manually digitized. they
have too small a dynamic range, and they are bulky.

2. LeCroy series 2956 transient digitizers are inexpensive
($300/channel). they have a wide dynamic range and
direct computer connection. but their sensitivity is low
(250 uV) which requires outboard amplifiers, they
have excessive zero-time uncertainty. requirements for
external clocks and memory. and a lack of configura-
tion encoding.

We have developed a recorder optimized for
calorimeter work that incorporates all the features
needed for precision calorimetric monitoring. It has the
following characteristics.

® Size - triple width NIM

® Channels 4 per module at $1k/channel:

® Resolution - 2. 5. 10. 20. 50, and 100 uV, selectable:

e Dynamic Range - 14 bits (1 part in 16 000);

® Encoded - All switch positions controlling, for

example. sensitivity. sample rate. data saved before
trigger. trigger time relative to sampling times (to !
part per 1000th of sample period). current mode.
module serial number.

® Can be used with a manual readout display unit

independent of a computer system and chart re-
corder in case df a computer system failure.

® CAMAC interface for complete computer controi

and readout.

Figure V-2 compares a trace 1aken with Channel 1 of

our pen recorder and that taken with Channel | of a HP

7404 A recorder. The signal source is a Scientech Model

200 calorimeter given a 3-J electrical calibratios pulse. It
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Trace made with Hewlett Packard 7404A pen recorder {la)
compared with trace made hy digital pen recorder developes
for use with calorimeter ( Ib).

is expected that these units will offer a low-cost. highly
flexible capability for the development of diagnostic
calorimeters. will provide easy stand-alone development.
and will be compatible with computerized data acquisi
tion and analysis.

Calculation of Multiple lon Scattering in Drift Tubes (M.
M. Mueller)

The study concerned the multiple scattering of ions by
the residual gas in a long evacuated tube of circular cross
section. The 100-m-long time-of-flight drift tube will be
used on the Antares system for neutron and ion
diagnostics.

The drift tube is 30 ¢m in diameter and starts at the
tarzet-chamber wall 360 ¢cm from the target. Our main
concern is with an 10n diagnostics station ~30 m from
the target: another station at ~10 m is of secondary
interest. Also of some interest is the possibility of using a
small-diameter tube emerging from the target chamber
and terminating within the target room. We will only be
concerned with a small detector on the tube axis, which
passes through the imploded-target source. Because
there is no significant loss of ion particles or ene.gy. even

at 100 m and any gas pressure contemplated for the
evacuated tube. the problem is essentially one of esti-
mating the effect on detector response of multiple-angle
scattering in a bounded medinm. This probiem is in-
herently complicated. and we have had to resort to
drastic oversimplifications to obtain a timely useful
solution,

We reviewed a multiple-scattering theory in search of
a simplification that might lend itself to analytical
treatment. We were successful in our small-angle regime:
each ray of ions from the imploded target is scattered
into a Gaussian angular distribution as it travels down
the tube:

-22-2
e

e T IME Lo
in which Z and A are the atomic number and atomic
weight of the scattering substance. E and z are the
energy and charge of the projectile ion. and s is the path
length traversed by the ion for & = 0. The angle 8, is.in
angular degrees when E is in MeV and s is in me/cm’,

To distill such simplicity from the tediots complexity
of multiple scattering seems too good to be true—and
indeed it is. Essentially. we have a geometrically thick
target. and 8 1s only poorly defined. This introduces
abaut a factor-of 2 unceriainty in the calculated detector
response.

Another problem 1s that multiple-scattering theories
must start with knowledge of single-scattering cross
sections. and these are not particularly accurate at low
1on energies. We have simply assumed that the scattering
theories remain valid down to 0.03 MeV/z. This ap-
proach probably overestimates the magnitude of the
scattering at energies below ~ 0.1 MeV/z: our calculated
results will therefore be conservative. Air pressure
needed to reduce the detector response significantly is
probably higher than calculated.

Another effect 1ignored in our treatment is the re-
flection and sputtering of ions at the tube wall. The very
small grazing angles may make reflection especially
troublesome. although the installation of baffling might
help.

Because the geometry of multiple scattering is com-
plicated. we do not present the calculations here. Details



are available in an internal memorandum.’ The caicu
lations are numerical evaluations of analytically ex
pressed integrals.
l'he computed relative detector response (which ap
proaches unity under all conditions as the tube diameter
mereases without bound) is piotted in Figs. V 3 through
voder varying conditions, which we might expect to

wows i the Antares system. The parameter in these
the reduced projectile ton energy E.z in MeV.

Feoures Vo Yand 3 are concerned with detector respons

RIEI

cooat twofocations within the existing Antares drift tube.

ant B VoS pives the response using a smaller tube.
Unvertaimues as great as a factor of 2 can be expected
Coar eshamates o the wr pressure required to cause a
spevinied degradation of detector response. However, the
aocatacy obtamed should be helptul in assessing the
Cadiam requirements arthin the drift tube. For exampic.
we have imposed a i torr reguirement for the 30m

aetedctor station an the Antares drft tube.

Fig. V1
Calculated detector response as a function of residual air
pressure due to multiple ion scattering in a long drift tube with
a 30 cm diam and a detector positioned at 30 m. The
paramcter is the reduced projectile energy F- 7.
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Fig. vV 4.
Calculated detector response as a function of residual air
pressure due to multiple ivn scattering in a long drift tube with
a Y cm diam and a detector positioned at 10 m. The
parameter is the reduced projectile energy E/7.
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Fig. V5.
Calculated detector response as a function of residusl air
pressure due to multiple ion scattering in a long drift tube with
a2 1.5 cm diam and a detector positioned at 7.5 m. The
parametcr is the reduced projectile energy E/7.



Reconstruction of Spherically Symmetric Source
Emission Structure from €.it Images by Differential
Methods (M. M. Mueller)

Preliminary work on this subject was discussed in the
last progress report.’ which should be consulted for
context and background information. We report here the
extension and conclusion of this investigation.

The final conclusions are similar to the preliminary
ones. While the Vest and Steel method® is valid ‘or
infinitesimal <lit widths and practically noise-free irra-
diance data. its validity does not extend to slits of
practical width in the laser fusion program. However. we
have developed a method for reducing the Vest-Steel
plots with practical slit widths to obtain information on
core diameter, shell diameter. and shell thickness. Thus.
with our new reduction method. the Vest Steel method
applied to low noise data taken with practical slhits could
be useful in the fusion program. At the least. it could
serve as an adjunct method 1o check on the theoretical
problem of
integral method being used.

An example of the use of this differential method s the
three shell souice model shown in Fig. V 6. The thick
ness of cach shell s Q.05 of the outermast radius b. The
simulated irradiance distribution 1n - the image of thie
T It s tformed by a shit of

uniqueness  associated with the aterative

source s shown in Fig Vv
halt width a
The flat regions are due to the httle known fact that a sht

0.05 b with a camera magmification of 3.

images a sphencal shell as a plateau. This sht width s
approximately the practical lower himit for apertures
used in our experimental program. The Vest Steel dif
ferential method applied to the simulated rradiance
distribution gives the results shown n Figo v Ko (The
noise in the curve. especially esident near r O.1s due to
the use of fimte 7omng 1 the numerical convolution.)
Distortion due to the fimte <hit width s evident in the
ordinate scale. but 15 particularhy pronounced in the
ahscissal scale.

However. the simple methods we hase developed
allow the exact recovery of the three outer radn of the
source model fignoning expenmental data nosed. as well
as the approximate recovery of the shell thicknesses. The
best accuracy achieved in reconstructing the shell thick
nesses was better than : 10%. although :20% may be
more typical. The methods used are extensions of the
simple geometnical reiationships within the image that
have been discussed previously.”

Figure ¥ 9 illustrates the method applied to a larger

aperture typical of those used in practice. Herea 0.1 b,

Re gt ve Emittance

PR -

S
e R e
Fig. v 6.
Three shell model of a spherically  symmetric source of

emission. The thickness of cach shell is 0 05 of the outermost
radius b.

<

Fig. v 7
Vest Steel method appiied o the irradiance distribution for b
010 and M 3

and the gross distortion s evident. The large spike at
about r 035 bis an artifact due to overlapping images
of the two nermaost shells. but could easily be mis

construed as real. Although the two innermost shells are
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Veut Steel method applied to the irradiance distribution for a‘h
0.10and M 1

not resolved. the outer radin of the two outermost shells
can still be reconstructed exactly. However. the thickness
of only the most isolated shell can be recovered. but with

about the same accuracy as with the smaller slit.
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Extensions and Modifications to the Two-Dimensional
Convolution Code (M. M. Mueller)

Three major modifications were made to enhance the
versatility and efficiency of the image-simulation code
previously developed.

® Previously. only apertures with the high symmetry

of such functions as circles. generalized circles. or
squares could be accommodated in the code. Be
cause some pinhole apertures have an oval or
elongated shape. we have modified the code to
handle apertures of lower svmmetry such as ellipses.
generalized ellipses. or rectangles.

® Previously. the radiance integral was computed

internally in the code only at grid points of the
convolution. To increase the efficiency and ver
satlity. the radiance is now computed at an arbi
trary point by a subroutine.

® Although the code can handle anv radiance distribu

tion. much of our work uses radial source models.
Thus. the ¢ode was unnecessarily cumbersome for
much of our use with circular apertures. For this
reason. a fullv restructured. more efficient new
version of the code was produced to handle cases
having source and aperture radial symmetry. The
augmented efficiency is nearly ten times higher for
small pinholes. but only two times higher for large
pinholes. This improvement 1s of particular value
when the code 1s used steratively to fit image data.

Optimization of Kirkpatrick-Baez X-Ray Microscopes
for Helios (W. Priedhorsky)

Routine x ray target imaging at the Gemini and Helios
laser facilities is performed by pinhole camera systems.
Though pinhole systems offer ease of operation and
acceptable throughput and resolution for routing broad
band imaging. there may be some advantages in imaging
with grazing-incidence x ray optical svstems. Such op
tcal  svstems  include  Wolter  microscopes and
Kirknatrick Baez crossed cylinder microscopes. Wolter
microscopes offer very large collection efficiency. but are
difficult to construct and align: Kirkpatrick-Baez svs
tems are less efTicient. but are relatively easy to construct
and ahgn. We are devcloping a Wolter microscope for
expenments requiring large collection efficiency.”® In
this report. however. we will describe the design of a
Kirkpatrick Baez micrescope system for routine use on
the Helios system.



Kirkpatrick-Baez (KB) microscopes offer several op
erational advantages over pinhole cameras. A KB micro-
scope can operate at distances >30 cm from the target.
as compared to X 5 ¢m for a pinhole camera. Because
both pinholes and K B microscopes act like simple lenses
for a constant magnification. the distance beiween film
plane and target increases proportionately. Film back
ground from penetrating radiation should be less at the
film plane for a KB microscope because of the larger
distance from the target: KB microscopes can achieve a
resoluton of 3 5 um (full width). slightly better than a
pinhole camera, while for energies less than ~2.5 keV.
they offer significaatly  greater collecuon efficiency.
Though x ray grazmg incidence systems lose efficiency
rapidly as the design energy exceeds ~3 keVo they offer
the complementary advantage that the grazing angle of
any syvstem defines the high enerey cutoft guite well.

KB mcroscope systems reflect « rays from two
successne ey hndrical mirrors to form a pomt image (Fig.
V 10w, Reflecton trom o smgle oyvhindncal surtace at
grazimg ncdence will torm g line focus (kg Vo T0h):
reflection trom two perpendiculer oy hinders thus forces
ravs tooa focal pomrt at the intersection of the two fine
images. Four evlindrical surfaces can be combined n
svaten Lo produce tour tmages.” The square ssmmetry of
this system helps mooptical ahignment. For smalbi grazing
angles (8 2 0 the perpendicular reflections are
independent. and microscope performance can be eval
vated by anahsis of the one dimenstonal systems. We
designed two KB microscope systems for Hehos using a
one dimensional anah sis that optimizes microscope efli
cieney and resolutton

Fach microscope v designed  lor masimum  voray
photon energy Because voray mtensity falls sath increas
ing encrgy n the hilovoit band. the opumization scheme
v 1o mavmize collection efliciency at the mavimum
design energs. where the vray flun s weakest and
eflicieney s thus most important For @ given nurror
length and target distance. the collection efficiency €2, ~
8.7 R°. where 8, 18 the reflecuon angle and R s the
reflection efficienes. Both terms enter as the square
because of the two reflecuons i the microscope. The
reflection efficiency R(6.11~ caleulated at a given photon
energy boand refiector materral via the formulas of
Gracconi et al.'" The product 8.7 R° can be caleulated as
a funcuion of H. allowing the determination of the
maximum throughput (8" R*)_ . and the optimum angle
B, for cach point. Figure V 11 shows (0°R7)
{Ey for a number of potenual reflector matentals. The
optmum murror matenial and reflection angle for the

(o) Double refezticr, gont focus

(2, Four gcut e ref ez cms ‘oo pot foc

B, V10
KB microscope system- (i) reflection from two perpendicular
cMlindrical surfaces gives o point focus: (bt retlection from a
single ey lindrical surface gives a bne focus: {c) reflection from
four ervlindrical surfaces combined to produce four images.

design photon energy can thus be chosen. For a

design energy of b heh o tor exampic. we choose a
nicke! reflector The opumum grazmg angle for this case
s 072 Although reflecoyiy generally inereases with
imeresstng clectron density and cnitcal angle. nickel 1s
preferred to elements of bigher 7. such as gold. in the 2
o 6 kel

retflectivity m that band for the elements around gold due

range because ot 1y the suppression of

to M oedges and thy the relatively tow wray absorption ot
mchel m that band, which vields @ flat R v carve up
to the criucal angle and sets 8 near “he cniical angle

Three aberrations are sigmticani an detersaning the
resolution of a one dimensional grazmg inadence tocus
mg system: spherical aberration. coma. and diftracton,
tor a cylindrical retlector of magnification M p g -
1. where p s the object murror distance and g i~ the
nurror image distance. the proper focusig surface s a
section of an elhpse rather than a circle. Use of a aircle
iniroduces an aberraton texpressed i terms of tull width
at the obyecty:
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where ¥ w poand wo mirror wadth The tact that the

etfective magmification vanes over the length of o tionte

murror vields a comatc aberration:

ML
. . . oy
;: = o (R
where S iy agam expressed as the tull width ot the

aberration and o 1s the distance of a pomnt oft axis. The
focusing surface acts hke a sht of aperiure w8 and thus
produces a diffraction aberration of “tull width™ (first

minimum to first minimumy

o (V3

[

For the design case . 31T A B 072 .p S0¢m.

and M 3.5 We find that S S, dominate for this case.
The total resolunon at the edge of the field of view s
minimized by setung S S,:

T (V 4)

For a field of view b = + 100 um. we find an opumum
v of 0.02, correspondingto S, S, 2.5 um. Spherical

102

R3]

————
CARBON
NICKEL
SILVER
GOLD
Su02
1RIDIUM

o —

11
for a number of potential reflector materials.

aberration is indeed not impertant: S 0.4 um. The

second microscope. designed with 6, 1.2 for k.
23keViohasw tOemandp 30 cmtory 0033

shightly higher than optimum. to inerease the etficiena
for low flux experiments.

A fourth aberration can occur from crosstalk between
the two reflectors. Because 1t scales as 8.0 S s not
important for the sy stems described above. Its significan

ce tor higher angle systems s being investgated via ray

traces.
In a “four banger™ svstem the reflection angle s the
same ftor the four channels. Channel responses are

and L edge filters and by the chowce of
Possible channel

defined by K
reflector matenal
response functions are shown in Figs. V 12a and b for
the 0.72° and 1.2° microscope svstems. The four
channel KB microscope allows the definition o' several
disunct response channels from a single instrument.
These muluple responses may be useful in estimaung
temperature as a function of position on an image. We
expect to field these devices on Helios during the next
reporting period.

for cach channel
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K Edge Filtered High Energy X Ray Detectors (Ping
Lee)

K edge filter fluor

spectrometry. shown

A 10 channel  system of
photomuluplier tubes for x ray
schematically in Fig. V 13, will be used a the Helios
laser facihity. Magnets. together with polyethylene drift
tubes. prevent electrons from entering the spectrometer.
Colmauon  of the detectors s provided by a
9.5 mm diam hole in 32 ¢m of alurminum plus 10 cm of
lead. - the PM tubes are encased in at least 1.3 ¢cm of
lead.

The filter CsF fluor responses for six of the channels
are shown in Fig. V 14, For a given filter. for example.
sitver. we used another filter 1o match the transmission
bevond the K edge of the first filier. Here we used lead

plus nickel. This allowed us to examine the importance of

(a)

]
Fig. V02
. Possible channel response functions for micro
scope reflection angles of () 072 and (hy 12
(b)
8

the secondary pear The thickness and neminal poas

cneres response of the threo paired channeis are

Nominal
Energy
Channel Filter LR
| 25 um Ag - 0.5 mm CsF 2% and 38
2 2um Pb - 0.1 mm
Nio- 0.5 mm CsF 38
K] 65 um Au 2.5 mm CsF 57 and 87
4 0.15 mm Mo - 0.046
Su - 2.5 mm CsF 87
s 250 um U - 6.4 mm CsF 132 and 200
6 25 um Au - L8 mm
Ag - 6.4 mm CsF 200
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Fig. V 14,
Responaes for siv channets of the spectrometer system shown in Fig. V 13

The signal wili be mtegrated on a C AMAC mtegrator
and stored in the PDP 1L 70 computer. The integration
window will be 26 ns

The abiity  of  the
suprathermal electron temperature T, 1s shown in Table
V I. Here. we assumed the idealized case of a pure
bramsstrahlung spectrum without apotse or background.
The signals in cach channel are normahzed to channel i.
The signal in channel 6 increases by nearly a factor of 2
in the 60- to 100-keV temperature range. with respect to
channel 1. In this ideal case. T,, can be determined rather
accurately. If the system has 20% noise and or back
ground. then the measurement of T,, can be expected to
be accurate to 20%.

system to determune  the
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X Ray Streak Camera Development (P. D. Rockett. J.
S. McGurn)

Operating Parameters. The GEAR. Inc. Pico X x ray
streak camera was successfully operated by using an
all avalanche transistor string for triggering. The meas
ured streak rate was ~59 ps.mm with a minimum
temporal resolution of 21 ps. This produced a writing
record of 1.06 ns across the 18-mm microchannel plate
(MCP) intensifier output. The slit dimensions were 9 by
0.5 mm. resulting in 2 minimum spatial resolution of 166
um at the camera. Triggering jitter was ~ + 300 ps with a
10 V square-wave. fast rising (4-ns) trigger. This jitter
was reduced te 1100 ps by increasing the trigger



TABLE V-i

SUPRATHERMAL ELECTRON TEMPERATURES
FROM DATA TAKEN WITH X-RAY SPECTROMETER

Detected Signal Relative to Channe] |

Nominal Energy
of Detector

Channel (keV) 20
i 25 1.00
2 38 0.50
3 27 0.27
4 87 0.48
s 132 0.42
6 200 0.049

amphtude to 35V and decreasing the trigger ris ime to
1.5 ns.

Timing measurements were made by viewing the x rans
pulses from laser irradiated gold coated nucroballoons
The two beam glass iaser was used toailuminate 200 um
GMBs coated with ~1 um of gold. Incident encrgies
20 ) inoa 300 ps puise
pulse width and structure were characterized with a
S GHs oscilloscope.y The Pico X streak
ortented at 907 to the opposing. incoming laser heams
{Fig. V 13). The photocathode was placed 1325 em 6
in.) {from the target and no pinhole was used. 1 No filter
was used during the shots discussed in this report)
Triggering began with an opucal pick off into a tast
photodiode. Th:. signal was delaved and sent o 4
constant

vanied trom 5 to tl.aser

camerd Wi

low juter  discniminator pulser. producing  a
10V square pulse which, i turn. trniggered the camera

avalanche  transistor Camera triggering  was

monitored evers shot by viewing the leakage current

string.

returming from the base of the input avalanche transstor.

Sweep speed of the streak camera was determined by
offsetting the two incident laser beams n ume and
observing the x rav pulse ume difference. The sweep rate
was 59 ps mm with a full streak window of 1.96 n..
Much siructure in the x ray pulses was not visibie on a
diode (XRD) that also used in this
experiment The XRD sensitivity peaked at .25 keV
with a 0.3 keV bandwidth. Streak camera sensitivity s
plotted in Fig. V 16. Streak photographs revealed an
x ray pulse half width of only 150 ps. possibly due to the
spectral regron being observed. At low

fast xrax was

high energy

X Ray Temperature (keV)

40 60 80 100
1.00 1.00 1.00 1.00
0.68 0.74 0.78 0.80
0.55 0.72 0.83 0.91
1.95 3.26 4.53 £10
1.72 2.92 3.92 4.71
0.55 1.22 1.93 2.56
. \ T,
e

Fig. Vv 15.
Arrangement for x ray streak camera timing measurements,

incident laser energies a clear step in the emit.ed flux was
observed preceding the x ray pulse--a step not seen on
the fast XRD. One example of a pulse recorded on the
streak camera is shown in Fig. V-17.
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Example of a pulse recorded on the Pico-X streak camera.

Streak-camera sensitivity was compared to dc meas-
urements made earlier on a Henke tube source. Using the
data in Fig. V-16. a comparison was made to the XRD
data whose sensitivity peaked at 1.25 keV. The pulsed
sensitivity of the camera was measured to be about five
times that measured in a dc mode. This result was
consistent with prior concern that space-charge build-up
in the the streak tube collimator microchannel plate
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would increasc the required input signal. The sensitivity
would thus appear lower than it actually was. How much
lower was not known.

Noise Sensitivity. A null test was run on the Pico-X
streak camcra in the Helios laser chamber. The camera
was run in a dc mode with all voltages on and the slit
imaged onto the lower portion of the phosphor. A
I.3-cm-thick. 10-cm-diam lead disk shielded the camera
from direct x-ray radiation. A 0.6-cm-thick polyethylene
disk covered the lead to minimize the effect of fast
electrons: 0.6-cm-thick lead covered the camera on three
sides: the bottom was protected by 5 cm of aluminum.
The rear of the camera was unshielded. The entire streak
camcera and all controls were isolated from electrical
contact with the vacuum chamber, and the camera
photocathode was placed 1 m from the target.

The resulting film was examined for evidence of a
noise signal. Initially. the entire laser was fired without
allowing light to strike a target. This failed to produce
any detectable signal on the film. The irradiation of
targets. however. produced a noticeable background fog.
With 3.5 to 4.0 kJ of CO, laser energy focused onto
400-um-diam GMBs. the background density rose from
0.24 to 0.42 on bare GMBs and to 0.68 on plastic-coated
GMBs. The direct. hard x-ray shine-through was very
small. but noticeable. resulting in a furiher increase in
density of ~0.10.

The source of the noise was not identified: however,
the plastic-coated shots provided a strong hint. The lack
of a strong direct-shine signal plus failure to expose
medical no-screen film within the camera gave evidence
that hard x rays were not the primary culprit.
Plastic-coated targets produce a copious number of fast
ions and. in turn, fast electrons. while their primary x-ray
flux is low. Fast ions are efficient producers of character-
istic x radiation, which would not penetrate the camera
and shielding. Fast electrons. however, could penetrate
the shielding and interact with the phosphor and in-
tensifier within the camera. They could also generate x
rays in the shielding and camera body via Compton
scattering and bremsstrahlung. High-energy (> 100-keV)
electrons are difficull to shield against. A new shield
incorporates 5 cm of Teflon in an attempt to decrease the
electron flux striking the camera. Magnetic fields re-
quired to deflect electrons >1 MeV would also disturb
the swept electrons within the streak tube. Thus, they are
not used in this application. Even with the present noise
background, signals from irradiated targets will be



readable. Further efforts are under way to understand
the noise generation mechanism and to minimize it.

Absorption Apparatus for Gemini (V. M. Cottles, A. H.
Williams)

A series of absorption experiments using the sin-
gle-beam system (SBS) resuited in the development of the
“egg™ collection optics to monitor the scattered light for
various targets. These experiments yielded the first 4n
measurements of CU, laser light scattered from spherical
targets (GMBs). This experimental apparatus was re-
designed to allow the absorption measurements to he
performed at the Gemini facilitv. Thus. we will be able 1o
measure higher energies, and .0 improve our inci-
dent-beam diagnostics and collection optics. We will alse
be able to gather data from a larger parameter space for
future target designs and for normalization of reac
tion-product data.

Figure V-18 shows a schematic of the new egg
configuration to be used on Gemini. This design differs
from the original SBS configuration in the following
ways.

¢ In the SBS unit. the semimajor axes of the elliptical
mirrors were rotated by 105°. whereas in Gemini.
the axes will be rotated 180>, The angle of rotation
at the SBS had to be smalier to allow the unit to fit
into the target ciamber. This required the use of
smaller calorimeters than desired because access to
the prime focal spots was limited. The 180° orien-
tation will permit the new absorption apparatus o
have an effective diameter equal to the length of the
semimajor axis.

® The original optics were made of brass with a
measured reflectance of 97.2% for 10.6-um light.
The new optics will be fabricated from OFHC
(oxygen-free hard copper) with an expected re-
flectance of 99.2%.

e The original system used high-precision f/0
calorimeters, but their size was limited by the axis
rotation angle and they had limited energy handling
capability. In the new system, a relay optic (called a
*yolk™ mirror) is used to convert the f/0 output of
the egg to f/1.1. This allows the use of inverse
Knudsen-cell calorimeters of wide dynamic range.
Because the new system maps a 4m angular space
onto finite plane areas, we hope to obtain extensive
angular information on scattered light with time
dependence preserved.
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Fig. ¥ 18.
~ egg -7 collection opties designed for use with Gemini,

e In the old syvstem. the calorimeters were momtored
with standard pen recorders that required manual
data reduction. Av Gemint, the calonimeters will be
monitored with a new digital pen recorder that
provides wide dynamic range and direct compuzer
connection to allow shot hy-shot data analysis.

¢ The Gem'ai sysiem s bemng retrofitted with
single-target inscrtion mechanisnt that should allow
a high shot rate and a larger parameter space to he
investigated in less time.

In the SBS experiments. we observed that absorption
was independent of the initial GMB target radius. We
also observed that out-of-focus effects were not as strong
(with the GMB center on the axis of the incident laser
pulse) as reported by other researchers. Our computer
models show this to be due to the ~1-ns length of the
incident pulse and to the expansion of the critical
{(absorbing?) surface during the length of the pulse. We
hope to gather more information of this type with
various starting radii. atomic numbers. and focal posi-
tions to provide data on ahsorption useful to pellet
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design. as well as information on the expansion of the
critcal surtace in the regime where ponderomotive forces
are effectne.

We plan to examine the importance of the absorption
of thin films and the transmission of laser energy by thin
Alme. Data from the SBS show thet the transmission of
10.6 pm laser light can be quite accurately modeled.
After we have collected a limited amount of absorption
data. woe hope that energy and hght scattering balance
can he measured accurately on thin films with the new
Giemimt abcorption apparatus. These data would be of
mmense mmportance o modeling energy  transport in
mulnlaser targets, especrally those emploving vacuum
nsulation.,

We also plan o series of experiments to determine with
i high degree of accuracy the angular dependence of
ahsorpuon for § and P polarized light. Data from the
SBS indicate the exmtence o i@ resonance absorption
mechamsm. bt these data are roc of sufficient qualhty o
allow conclusions about other mechamisms that might be

operating.

Radiochemistry Collector Assembly for Helios (M. A.
Yates. T. Ganley. A. Williams)

A radiochemical fusion diagnostic 15 being developed
for the Helios svstem. Qur problem is to design a
collector assembly that maximizes the solid angle accep
tance while sausfving two severe constraints: it must be
small cnough to be installed and removed through a
reentrant port: ard it must not interfere with the laser
beams. The initual design consisted of two spherical
segments mounted on the target insertion cart. The cups

were 445 and 1.91 cm above and below the target.
respectively. each covering ~10% of the solid angle.
Various thicknesses of utanium foil from 7.6 to 46 ym
were used 1o line the brass cups and to caten debris from
the target implosions. We found that the energy density
within 4.45 cm of the target caused significant damage to
the surface of the titanium foil and that the maximum
recovery fraction from the imploded target was ~2%.

We attempted to reduce foil damage by increasing the
angle of incidence of the debris using a cylindrical upper
catcher with an inverted-cone end. This catcher covered
the same solid angle as before and extended 1.91 cm
below to 4.45 c¢m above the target. However, this design
was even less efficient than the cup. presumably because
a rapid pressure rise within the confined space blew
material away from the entrance.
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A new recntrant port was consiructed on top of the
target chamber to allow insertion of a larger catcher
assembly farther from the target (Fig. V-19). This system
extends from 3.8 cm below to 14 cm above the target
a.u covers the same solid angle as before. Experiments
with this design. using the cylinder-cone and spherical
cup catchers. indicate that we can trap ~12% of the
target debris.

With a working catcher system tested and installed in
the Helios system. we will continue development of this
radiochemical diagnostic using new target designs. It is
important for us to maximize the amount of debris
recovered from a target. The induced radiation of interest
has a half life of only ~10 min.

Short Pulse. Ultra-High-Brightness CO. Laser for
Plasma Research (R. Carman, N. Clabo, F. Wittman)

The use of six cw CO, oscillators as a front end for
both a research laser svstem and Antares has been under
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development for the past 18 months. Successful beam
combination of six independent beams operating on six
different rotational lines about a vear ago'' cleared the
way for acceptance of this system for Antares. Howover
we encountered difficulties 1n using this source with a
large amphfier chain. This led to minor system design
changes and total modification of ahgnment technigues.

We found large amplitude fluctuations in the amplified
output when saturable absorbers were used as isolators
in g multline system whose phases between lines were
totally independent. As a result. we spht cur pulse
selector pulse chpper system of four CdTe Pockels celle
(PC) which generates our {inal pulse (ulumately down o

100 psi. into three separate systems with two passes ol

the sman ThA  ttranwvereely  excited  atmospheric
pressure) amphifier between the Pockels cell systems. The
center Pockeds cell ssstem uses two cells. and the other
two have just one celll In addinon. the Iinuted 1se of
saturable absorbers led us to raise the pressure in the
small TEA amphfier from 600 torr tambienty 1o 1000
torr. We expect 1o mnerease this pressure to 1500 torr
shorthy. Because of this pressare change. we modified the
power supply capacitor bank svstem to provide at least
100 RV to the mam sustaimer bank with a total storage
capacity of 330G J. rather than the original 30 AV with a
total storage of 75 J. The measured gain coefficient was
also ancreased from 2 1o 3% om oat 1000 torr. with
turther improvements possible.

Orniginally. we believed that the cw oscillators used as
the pulse source for the amphitier chamn could also be
used for abgming the enure <sstem. However. when we
allowed the ow beam tw pass through onlv the
iow pressure amplifier cha:n [by rotating the appropnate
polarizers in the GaAs Pockels cell pulse generator sy
tem (70 ns duration)y. we found that the amplhifiers were
not centered on the pulsed laser beam and were not of
the same diameter. Although the effects were small in the
low pressure amplifier stages (five 1 m ampiifiers of 10
torr total pressure each). they were greatly magnified
after propagating over the 60 ft (20 ) path required to
enter the first pass of the small high pressure TEA
amplifier. A small signal gain of 3% cm was observed.
but beam energy was decreasing through this first TEA
amplifier pass.

Careful investigation and previous experience' " with
thermal lensing permitted us to identify the source of the
problem. All the relevant material parameters necessary
to explain and calculate the nagnitude of the thermal
lensing seen in cach of the many elements in our laser

system are listed 1in Table V II. From Ref. 12. the focal

fength t of the lens is

where d s the laser beam diameter, a the absorption
coefficient of the opucal medium at 10 um. ¢ the medium
length. ton 6T, the dernative of the refractive index of
the medium with temperature at constant pressure. I, the
taser intensits. n the medivim refractine index. p,, the
medium density. and €, the medwm specific heat at
constant pressure. Note that thermal blooming., which we
asually encountered. corresponds to a negative (6n 6T

Fquauon (Vv 5y apphes onhv in the transient regime:
that s, for tmes less than required for heat losses from
the laser beams. I'wo mechanisms important in establish
ing this equilibrium are heat conduction and heat convec
e 1. The second mechamsm s absent in sohds but 1t
moy owell dommate in gases.

For heat conducton from a cyvhindrnicaliy sy mmetric
reqion. the ume  tor <ieady state conditions to be

achieved w

: . (V 6)

w0

woi

where hois the medium thermal conductivity. Convective
effects are much harder (o model theoretically and are
even more censequential s they cause beam deflections
in the verncal direction due to gravity . Theee effects were
studied extensivelr in previons work *

Table V' IH shows the typical laser condinons encoun
tered by seseral of these matenals duning ow alignment
of our system By combiming Fgs. 1V 3) and (V 6) we
arrne at the approumate equation for equibbrium
steady state conditions:

®The complexsnty of consvective coohng as well as a guanttatinve
study of beam deflection effects in s pressure 1s re dorted 1n
Ref. 12, pp. 126 143
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TABLE V 1

MATERIAL PARAMETERS USED TO CALCULATE THERMAL
LENSING FFFECTS OF INDIVIDUAL SYSTEM COMPONENTS

| I/n(on/oT),

Material K - pC, (J/em K) 10%icalem s)K  ajem ) n  plg/em)
Na(Cl 1.69 1.84 167 220 0.001 1.49 2.16
CdTe -4.40 1.3 98 167 0.001 2.67 5.85
Ge -6.70 1.65 1430 0.017 4.00 5.3258
InSe - 1.9958 0.18 400 0.003 0.005 2405 5.267
Bab 0.645 0.40 287 0.09 1.396 4.886
GaAs - 564 1.42 1147 0.006 J.o66 537
TABLLE V [11
TYPICAL LASER CONDITIONS THAT INFLUENCE BEHAVIOR
OF VARIOUS MATERIALS DURING cw ALIGNMENT
Mazterial Element CAdbe ) rem) 1 (Wiem') ("/d" f,lem)
NaCl Windows 1.93 . 10° ] 1 59 2~ 10*
CdTe Pockels cell 395 . 10 s 1 6.25 1~ 10
Ge Polarizers 358 - 10- 2.8 1 0.72 8 - 10
ZnSe Lens 337 < 10* 0.5 1 0.59 1.5 = 107
BaF, Lens 745 - 10 0.5 | 0.87 1.6 x 10
GaAs Pockels cell 341 ~ 100 4.5 10° 0.77 1.26 » 10°
where and beam center are modified 1na cw alignment. This
) i effect can be removed by aligning the system on a N.:He
SR M — (Vv 8) mix. adding the CO. only when ready to operate the

and «a¢ has been replaced by the more precise expression
in general:
(e

The entries ' Table V 111 correspond to minimal
operating condi:ions in several elemenis frequently en
countered in our laser system. Intensity levels of 20 to 30
times those listed (with element lengths increased several
times because we use more than one) greatly reduce focal
lengths when an entire system is analyzed.

One remaining element of our system. the CO, gas
mix. plavs an acditional important role. Table V-1V lists
the important parameters for CO,. which cools by both
conduction and convection. Thus. both beam diameter
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system.

AL first glance. these etfects may appear too small to
be of consequence. put the total system length is ~36 m.
Also, secking  diffraction-limited
performance. the beam cannot be allewed to scrape
along amplifier walls or be apertured by other elements
because the -¢ conditions lead to scatter and diffraction
effects that increase beam divergence.

Equation ¢V 5) clearly shows the remedy: chop the
alignment ¢w beam to reduce the magnitude of the
effects of aperating under transient conditions. while also
climinating the beam centering problems through con-
vective cooling offects (Ravleigh Taylor instability) in the
CC. gas. In our system. transient conditions are de-
termined by the GaAs Pockels cells. which see a focused

because  we  are



TABLE VIV

CO. MATERIAL PROPERTIES

{1/n(6n/6T) » 109K 0.1

p.C. (J/em' K) 40 x 10 °
x « 10 cal/em s K |

a‘em ') 0.001

p. mole/em’ 45 x 10 °
o™l 0.25
fFJILl e ™) 1.67 < 10
t{cm) 80

I W/em' 1

f. (cm) 2~ 10

CO. beam of ~2 mm diameter. Table V 111 shows that
this corresponds to a conductine equilibrium time of ~ 30
ms. pelow which the equivalent thermal lens focal length
increases irsersels with chop ume. provided that 2 very
low duty ¢ycle s used. We constructed a rotating wneel
chopper to provide a 0.2 ms on ume with an adjustable
off ume by uwing a second chopper and a 14 s gate).
Typical off umes are 1 to 10 s Using this svstenoan
connection with a Au:Ge detector (~ 10 ns response time
at 20 Q) and adjustable termunation. we can make
alignments accurate to ~ 10 yrad w direction and - 250
um in diameter between the pulsed and ahgnment beams.
Much of our effort duning the past 6 months was spent
on the probiems ntroduced by the TEA discharges of
mgher voltage and higher energy. We constructed an
EMI noise free screen room and we are now able to see
0.5 mV signals in the - | MHz to ~2.5 GHz bandw:dth
range in the presence of the system when it 1s fired. This
effort included :arget chamber cabhing and verification
that this level of noise (without the target) existed on the
cables ori.nating frcm withun the target chamber.
Finallv. we designed and built target geometry. posi
tioning. and alignment systems. Under our most strin-
gent operating conditions. a 25 um diam spherical target
must be placed at the center of an /0.7 CO, laser-beam
focus (spot size ~25 um) to an accuracy of = I um in the
transverse CO, directions and +8.5 um in the longitu-
dinal CO, direction. We set up a 45-power microscope
with a 7.5-cm objective lens and verified that it gives
1.5-um resolution using the Rayleigh cr:erion. This

implies that 1| .um centering accuracy should be

achievable. Inchworm translators having 1 in. (2.54 ¢m)
of full travel at 75 A step are being improved and mace
vacuunt compatiblz. We plan to use these translators for
final target positioning.

We plan to begin checkout of the entire syvstem by
shooting plane targets with @ 1 ns pulse. | i0 6 rotational
lines (selectable from ~ 100 lasing CO. hinesj with ~1J
of energy n a spot of ~60 um (f 2). We will idenufy the
target feedback preblems and then examine energy
absorption as a funcuon of laser hne content. first with
two lines and then with three, tour. five. and six hines. at

intensities - 10 W ocm .

Data Acquisition and Computing (R. Pech)

Data acquisition reflected the increasing experimentas,
activity at Helios, Ttas our intentiorn to mahe automatic
data acquisition and reduction as attractine as possibic to
experimenters A scientific programmer now  ads the
expenimenters 'n developmg therr analstie programs
Depending on the skills and interest of each persen. this
aid ranges from consulung 1o complele program wniting.
A data hbranian was hired 1o callect and file films and
other raw data media and to enter manually anyv Gata
that are not vet acyuwred automatically.

Rchability and conmvemence of the PDP 11 70 data
computer were improved by addiions to it~ hardware
We now have a second magnetic tepe drive and a
high speed bine printer. Memory size v now | Miwae,
ample to serve all the terminals in use or on order
without task swapping. Two nore graphics terminais
were connected to serve our experimental and theoretical
groups. A muluplexing serial interface adds 6 serial
hnes for future termynals and network hnks. We obtained
two new types of CAMAC modules. One type. LeCron
Model 2236, 15 a 20 MHz transient digitizer with post
tniggering and internal attenuator. Attenuator setting anJd
other switchable functions mayv be read along with the
data. Another. built locally. contaims sixv 300 MH,
attenuators. whose settings may be read.

As anticipated. the general data acquisition program
has accommodated new data types. new CAMAC
modules. and minor  maodifications  without
changes to the program. The new module types describ
ed here were added and are read along with the older

major

modules.

Data from film sources are managed n the raw -data
base in a manner similar to that from CAMAC modules.
The film raw data base s less structured than that for
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CAMAC data and a disk file 1s defined for each record
of data because data will not arrive in chronological
order. Subroutine GETFLM can be incorporated n
analysis programs to recall film data. and program
LOOK provides a quick examination of any record of
film data without processing. Another extension to the
data base 15 managed by the DETECTORS program.
which contains guanutatine data descriing detectors
and recalls detector information along with raw data.
ceordimmated automatically by data senal number.

The fatest version of the 1AS operating system allows
a program to remap itself during execution. This makes
possible large data arrays that would otherwise cause the
program 1o exceed the maximum address space of 32
kwaords 16 it computer. A of FOR
TR AN callable suoroutines was developed to make use

for a set
of this feature easier for programmers.

Our ma.nemezucs hibrary will now provide program
mers most of the functuons and subroutines that are
available at the Los Alamos Central Computing Facility
(CCF) under the NOS and LTSS operating »>ystems.

l.aser and target information. entered manually
through prozrams PAGE and HPAGE. Secomes the
equivalent of a logging notebook. Anyone with access to
the log. The
hibranan 1s responsible for filling 1n the blanks.

Figure V 20 shows the flow of data through acquist
if they

4 termunal can immediateny  read data
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produce signals suntable for real-ume digiization by
CAMAC modules. now at a 50-MHz sampling rate or
slower. Faster signals must be recorded by fast os
cfloscope cameras and digitized later by the Polaroid
print film reader or the Tektronix graphic tabiet. Some
detectors produce output on film instead of by an
clectrical signal. These films are digiized by micro-
densitoineters. interfaced as shown. Recent digitized data
of all types reside on a dedicated computer disk: oider
data are stored on magnetic tape. Subroutines are
provided so that analysis zrograms may recall raw data
by data ty pe. detector identuication. and dataset number
without concern for other details.

Charged Coupled Device (CCD) Based Oscilloscope
Camera (V. M. Cottles. L. Sprouse)

Vidicon based  oscilloscope cameras are currently
available with magneuc disk and semiconductor memo
ries that allow direct connection to compu'er systems.
they have the disadvantages of spaual in
stabilitiecs and large size. We developed a charged
coupled device-based oscilloscope camera to provide
high spatial stability in a size not much larger than a
standard oscilloscope camera. These cameras shouid
allow the quick analysis of fast pulses observed with
high-speed oscilloscopes (> GHz bandwidth) for such

However.
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Fig. V 20.
Experimental data flow through acquisition and processing to display and storage.
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applications as laser pulse temporal profile measure-
ments and time-of-flight neutron measurements.

First. we monitored the “wriung speed™ of a Tektronix
Model 7904 oscilloscope with a 256 clement Fairchild
Model 100 finear array. The arrangement used for this
measurement i1s shown in Fig. ¥ 2ia. and Fig. V 2Ib
shows a typical output signal. The effective writing speed
of 500 ns ¢cm corresponds to a 40-mV signal above
background. Then we used a 100 x 100 Fairchild Model
202A array to detect a trace contaming information.
This arrangement 1s shown in Frg. V 22. Comparison of
a Polaroid record and a digitzliv stored trace showed a
writing speed of 200 ns ¢m. This setup also demonstrat
ed the feasibhility of such a system and allowed us to
determine various engineering parameters (transfer func
uons for the optics. CCD readout speed range. CCD
mimumum allowable integration ume).

Figure V' 23 shows the configuratuon intended for use
in the laser fusion program. It will be compatible with the
high speed Los Alamos Model 76. 1776, and Tektroniy
AModel 7104 oscilloscopes. We expect wrniting speeds of
-+ 20 ps cm. The oscilloscope camera asscmblies can be
used with or without computer control and readout. The
readout control <ystem for the camera may be expanded
in the future to ailow readout of an array with a video
dynamic range of 300. This would allow 1t to replace film

in some diagnostic applications.

Low-Energy Pulsed Particle Acceleration (V. M. Cottles.
W. Bowman)

The laser fusion program has always lacked proper
calibration of simple 1on monitors (that is. Faraday cups.
ion charge detector) for 1ons of energy <100 keV.
General assumptions of detector efficiency given in the
hiterature and n theoretical predictions are of himited use
because performance 1s often specific for an individual
detector. The method of fabrication of a charge detector
can result 10 its secondary enussion coetficient heing
different from a value determiaed from references. A
facility 1s being developed to cahbrate jor detectors for
energies from 100 200 keV
major characteristics.

[t will have the tollowing

o It will be pulsed. because the Jdetectors to be
cahbrated are all desiened to handie pulsed particle
sOuUrees

@ [1 wiil provide & multituge of 1on species to allow
calthratien as a function of atomic number and

charge state
@ [t will be designed to require mimmum maintenance.
People with imited trazming in accelerator technolo
gy will be able to use 1t
The syvstem wili be developed i two phases. First, we
will develop i source that can produce a 10 mA pulse
with a FWHA duranon iflat toyy of 1 to 10 ms and an
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Characteristics of Tektronix 7904 oscilloscope. (a) Arrangement for monitoring writing speed of the Tektronix 7904
oscilloscope with a 256-clement Fairchild 100 linear array. (b) Typical outrut signal from the oscilloscope.
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Arrangement for digital storage and readout of data from fast oscilloscopes.

energy from = | to 100 keV. (This energy range is that
of poorest calibrations for laser fusion ion diagnostics.)
Second. we will develop an ion source that can reach
higher currents and potentials (that is. 1000 mA at >200
keV) to allow damage-threshold measurements even on
detectors. This advanced system wouid be able to

He')n  reaction. This
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simulate a laser fusion pellet burn (by bunching tech-
niques) with an ion temperature of ~6 keV and a
duration of | ns with a yield of > 10 neutrons by a D(T.
would be
time-dependent neutron diagnostics.

invaluable for



The general design of such a system. shown in Fig.
V 24, uses common accelerator technology. This basic
svstem contains ¢'ements optimized for nuclear ac
celerators that are not designed to simulate nuclear
reactions from laser fusion implosions. At present. Phase
I development 1s centered on developing an ion source
that can be pulsed from a battery supply (ehminating. for
example. 10n source water coohng. »200-keV @ lation
power transformers or plastic rod driven alternators for
lon source power). Figure V 25 shows a test-stand
prototype of a pulse system capable of 50 Hz to
single shot reliable operauon. It produces 10 mA pulses
of He™ " 1ons. The system 1s being tested with line power.
but indications are that it can produce 10* such pulses on
a single battery charging with NiCd batteries. Figure
V' 2615 a group of tracigs showing the performance ot
the unit. The output of the 1on source s intentionally
small to opumize all parameters for efficient pulse
operation without dependence on the pumping speed of
the vacuum syvstem. A chopping svstem 1s being de
veloped to allow a pulse as short as 1 ns FWHM 1o be
chopped from the 10n source output. Using main pulses
of <2 ns duraton for ~1 ms pulses can give ~ 3 x [0
pulses per batters change at 50 pps.

GWTF Target Area (R. Kristal)
The optics for directing the Gigawatt Test Facility

(GWTF) were focused and abgned. and the laser was
fired (at nominal energyv) at surrogate targets in vacuum.

Diagnostics  and  apparatus are being assembled to
characterize the focal spot and to align targets. An ar
microscope with pyroelectric vidicon will be used as part
of this setup.

The optics for main beam focusing were used with the
old single beam laser. and they masy not be opumum for
the present experiment. Specifically. astigmatism. mirror
figure. and pointing errors in the 3X expansion system
may cancel any benefit from the expansion itself. depend
ing on the qualita of the input beam. The focal spot
measurement will (lardy these ssues.

Grazing Incidence Spectrograph (P. Lee)

A 1.Om long grazing incidence spectrograph. shown
m Fig. V 27 was buwlt and tested. A 10 um honizontal it
15 used at the entrance of the spectrograph to obtamn
one dimensional spatial image. A bent microscore shde
focuses the incident radiation through a 10 um vertica:
slit and fills the whole graung. The rest of the arrange
ment 1s an ordinars Rowland mounung scheme. The

angle of incidence on the grating 15 27

10 make use of the
enhanced reflectance of short wavelength radiaton at
grazing ncidence. The grating 18 a 1.0 m Bausch and
Lomb with 389.22 The
wavelength coverage 15 50 to ~00 A.

The instrument was tested by using a Duoplasmatron

concase grating lines mm

source with neon and heltum gas. Figure V 2R shows a
densitometer trace of a helium spectrum. The strong Hel
line at 384 A domumates. The fine structures around the
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Fig. Vv 24.
Ton detector calibration system based on common accelerator technology.
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384 A hine are grating ghosts. The Hel Is I810p s
clearly visible. The plate factor of the spectrograph s 4.6
A mm. Contaminants of mrrogen and oxy gen are evident

in both the hehum and neon spectra

High Precision Wide Dynamic Range Calorimeters (A.

Williams. V. Cottles)

Improvements arce consianthv bemy made i the
performance of calorimeters tor the measurement of CO
laser hight. Earlier we reported' that surtace and volume
calonmeters become nonhinear tor power densities ot
~ 3 10"W em at the calorimeter element surface. An
imverse Knudsen cell design was developed that remanned
fimear tor tocused hght at peak mtensities exceedinig
~ 10" Woem

design that provides high hineanty. large ds nanuc range.

We bult an improved version ot this

and superior resolution

Fig. v 26
Traces illustrating performance of the pulsed sy stem:
itopt keving signal for RFE fonization oscitlator:
center) wn source focusing solenmd keyving signal:
rhottom) 1N source vutput current.

Figure V 29 1v a diagram of a unit that is designed to
accept a focused laser pulse with an f number 1.0 and a
FWHAM ume profile ~0.5 ns. It incorporates the follow
Ing improvements Grer previous models.

® The new unit has 25 thermopile elements that

provide a temperature averaging effect over the
absorhing element. 1n contrast to the prototype.
which uses a single element. Beryvllium oxide
spacers. nickel coated on both sides. are soldered to
the copper calorimeter element. The thermocouple
clements are connected in series and soldered to the
outside faces of the BeO chips. The BeO 15 a good
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Fig. Vv 25
Test stand protots pe of the system shown in Fig. b 24

clectrical isolator snd such a good thermal conduc

tor that the thermai contact of the thermocouples is
within Y0% of what it would be if connected directly
to the copper can. This unit can accept 0 1o 300 J
without damage. It provides a resolution of 0.1 J
and has a dynamic range of 3000 or better.
depending on the mode of data analysis.

The new unit has a high thermal-mass shield that
surrounds the sensor element and acts as a reflector
to return heat radiated by the element and is the
cold junction for the thermopile elements. The BeO
chips are also used as spacers for the cold-junction
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connections o thes shield. Development of g code
that oacdels the calonmeter s not complete. but
cotcanations mdicate that the man heat loss tby g

Crctor of S0 caused by radianon e the shicid as

thermal conduction through  the

osed I

G~ ased as the cold junction. calornimeter

e atn s aery high When the sensing element and

i are i thermal equilibrium. the output s a
soprodacibie zero u Vs Also the decay cunve
~ highlv reproducible. This allows
woovipatation of the curve back to tme sero

e determimanion ot the signal voltage.

® . e o thal surrounds the whole assembiy
oo moaniing and aiectricat connections.

dacacts s thermad shield o asolate the cold
“oonteractions with the ambient tem

coooat ot s cruerdd o the stabiiy of the

<alies nave been periormed Lo determine the

e conmacter element and s equihbranion
somtroctsed c~ 1 na CO - faser pulses from the
oo brzure VO304 shows the placement of three

“ocouples that were used o momitor indadually

coments o determine the equilibrauon ume. which
opedrs o be ~'0 s. The element tested was not a
complete unie aath outer shield. In this test we also tnied
oo ermire how much energy the urat could 1ake before
radure. Bigures 'V 30b and ¢ <how the cesponse of the
caberimeter for an 83 and a 330 J prise. respectnely.
Ihe lower trace s a computer plotted sum of the three

thermocouples and shows the enhancement created by

the thermopile averaging effect. The exhibited 1 e ume of

45 s reflects the fack of the shield elements. The damage

threshold for the urat 1s greater than 320 J. but shots of

Aigher energy using the Henos Jaser ure expected to
determine the true threshold.

The umit does not contatn an electrical caliorator
necause 1 is esigned o provide relative measurements
These

caiorimeters wiil be used with digital pen recorders to

o Laser aght m absorption experiments.
provide preaision measurements of collected scattered
nght in energy paance  experiments. They  will be
calibrated in reterence to the incident light monitor.
Techniques of absoiute c¢alibration are being developed
and the use of an electnical calibration element is not
precluded by the current design.
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ta) Piacement of thermocouples 1 monitor equilibration time,

th) Response for 1 pulse.

{c) A 330 J pulse focused on the calorimeter shown in Fig.
Vo2,

Ultrafast Detectors for Laser Fusion Diagnostics (A.
Williams. T. H. Tan. L-4; P. Lyon. J-14)

General. A aser  fusion target illuminated b,
high intensity subnanosecond laser pulses emits particles
such as photons. ions. and nuclear products in a time
interval comparable to the laser-pulse duration. These
particles carry with them vital information concerning
the mechanisme Hf laser energv absorption. energy
transport. plasma evolution, and the
hydrodvnamic imp osion. For example. the temporal

subseguent



profile of ultrafast ions and hard x rays generated by the
hot elecirons produced during absorption should provide
information on the time history of the laser target
interactions: detection of softer x rays as a function of
time could shed tight on the electron energy transport:
finally. by measuring the neutro~ emission time profile.
che fusion reaction history can. in principle. be de
termined completely.

We developed an ultra-high speed detector assembly
that can <autisfy many specific needs in diagnosing laser
fucion target performance. The assembly consists mainly
of a quenched plastic scintillator coupled to a micro
channel-plate photomultiplier (MCP PMT). Speed and
sensitivity can be tailored to suit a variety of require
ments by the judicious choice of quenching fraction and
MCP gun level

Quenched Scintillators. The technigue of quenching
fast. plastic sanullators with special dopant materials
has been available for several vears.'” An ncrease n
quench level increases the <cantillator speed at the
light
Benzophenone i the most effective quench documented

expense  of  a conunued  decline n output.
for the fast commercial plasuc NET11.™ Figure Vv 21,
plotted from data given in Ref, 16, hows the FWHNM of
light output from NELI1 with three quench matenals,
For 5% levels of bensphenone., a FWHM of ~100 ps
results. Howe.er. the light level for such a large quench
concentration is only ~2% of NE111. Other studies have
concerned spectral properties of quenched NEI1."
excitation of quenched plastics with low -energyv x rays.'”
and dose rate nonlinearity of quenchied plastics.'™

Microchannel Plate Photomultipliers. A fast photo
detector must view the scintillator. It must have nigh
enough photoelectron gain to drive most fast os-
cilloscopes. MCP PMTs provide an ideal matca to ine
scintillator propertics.”” * MCP PMTs provide a sub
nanosecond response with higk peak linear currents. A
schematic of an ITT MCP PMT in a maiched 50 Q
holder is shown in Fig. V-32. Response of a single-stage
(one microchanne! plate gain element) ITT F4126 is
shown in Fig. V-33. A three-stage ITT F4{29 response is
shown in Fig. V 34. The multiple gain stages result in
significant response degradation. Using the bias system
shown in Fig. V-32. the observed performance is given in
Tabie V-V.

MCP PMTs can deliver very large linear currents in
single-pulse opcration: up te 10 A have been observed.

(%)

1 3 Acetophenone
i L Piperigine
| S

T Benzophenone

- TG
: ‘ - ™~
2 \ :
!
po] ! A
= .
- ' N
i
System Ragioie
FWnlt irge
Fig. v 31

Data points <how the ohserved FWHA of quenched NETt]
for various quenches and quench concentrations. An ITT
F4014 diode with a FWHM of 120 ps< was used in the
measurements, The arrows reflect a corrected plastic FWHM
after allowance for the divde response. Plotted from data
published in Ref. 16.
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ITT F4126 MCP PMT in a matched housing. A 5-cm-dian:,
1.3 em thick scintillator is shown coupled to the PMT.
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Fig. V 33. Fig. V-34.
Time response of an ITT F4126 MCP PMT with a single Time response of an ITT F4129 MCP PMT with three MCPs
MCP. The MCP length: diameter (L:D) ratio was 40, gain was (L:D = 40) and G >10°.
~10%
TABLE V-V

SUMMARY OF MCP PMT PARAMETERS

Number
ITT Type of Plates L:D of MCP Gain FWHM (ps)
F4126 1 40 <10’ 300
F4126 1 60 <3 x 10 350
F4127 2¢ 60 10’ 440
F4129 3 40 >10° 460

“With drift space between the plates.

PNo space between plates.

Figure V-35 demonstrates the 10-A output for an F4126
with L/D = 40 (L = MCP thickness, D = microchannel
diameter). Figure V-35 also shows the pulse-rate limita-
tions of an MCP PMT. The high-resistance MCP leads
to long recharge times in the tens-of-milliseconds range.
This long recharge time also implies a definite limit to the
charge available from an MCP in a single pulse. Both the
total charge and the total linear charge were documented
for the F4126 in Ref. 20 to be ~20 nC and 1-3 nC,
respectively. The linear-charge limit for an MCP PMT
must be observed to avoid spurious data, particularly
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where long pulses (several nanoseconds) are being stud-
ted.

MCP PMTs also offer additional benefits in their
insensitivity to magnetic fields’’ and their small size.
Disadvantages include their sensitivity to hard x rays
and possible long-term degradation effects.* In addition,
as discussed in Ref. 23. an ion feedback pulse may be
observed in high-gain operation. This ion pulse follows
the photoelectron pulse by several nanoseconds.

Detector Performance. With MCP PMT responses in
the 300- to 400-ps range, a scintillator FWHM in the
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Fig. Vv 35.
Linearity of ITT F4126 MCP PMT. from Ref. 20.

same range is appropriate. For benzophenone-quenched
plastics. 1-3% quench levels yield this FWHM.

Time responses of several combinations were meas-
ured on an electron lincar accelerator. The linac provided
50-ps electron pulses with energy in the 2- to 20-MeV
range at a repectition rate up to 360 Hz. Data were
recorded with a sampling system and computed from
average transients.

The plastic samples weice coated with black paint on
the sides and on one face to suppress internal reflections.
Sainples were 5 cm in diameter and 1.3 ¢m thick. Linac
measurements were complicated by the generation of
Cerenkov light in the samples and by the sensitivity of
the MCP PMT to any direct electron radiation. To avoid
these problems. tha plastic sample was placed into the
beam with the MCP PMT viewing the sample at an
extreme back angle. Distance between the MCP PMT
and the sample was 25 cm. In addition. a Corning glass
filter  (with transmission peak at 378 nm.
half-transmission wavelengths of 350 nm and 394 nm)
restricted the light reaching the detector to within the
plastic emission band. A linac “background™ was sub-
tracted by inserting a black-painted Lucite sample of
equal dimensions in place of the scintillator. This back-
ground was subtracted from the scintillator raw data.
Typical linac data are shown in Figs. V-36 and -37.
Time-response data are collected in Table V V1. The
estimated +4C-ps uncertainty in FWHM results from
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Fig. v 36.
Time response of an NF!1] plastic quenched with 2%
henzophenome in an ITT F4126 MCP PMT (with L:D  60).
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Fig. v 37
Time response of NEUI plastic with varving fevels of

benrophenone quench in an {TT F4129 MOP PMT (L:0
40. three MCPs). Peak values were normalized o a similar
level.

noise in the data and uncertamty in the Cerernion
subtraction process.

Detector sensitivities were measured on a Co™' source
with the Jdowctor configured as m Fig. V320 The
black-painted plastic samples were used. Sensitivitics are
given in terms A/rad's. For Co™. I R > 2 x 10°
v-MeV/ecm®. Neutron sensitivities for these detectors
have been qualitatively determined fro..1 the laser fusion
experiments. They agree with previous measurements on
other plastic scintillators. which show that division of the
Co™ sensitivity (in A/rad/s) by ~ 0.44 x 10" yields a
detector neutron (nt) sensitivity (in A/nt/cm?®) for
14-MeV neutrons.

Relative sensitivities referenced to NETII should be
compared with Ref. 16, where 1. 2. and 3%
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TABLE V VI

SENSITIVITY (A/rad/s) AND FWHM (ps)
RELATIVE TO NEI11

60/1 MCP"
S«<10" FWHM S x 10" FWHM(ps)'

Plastic Type

NEill 18

NEIIl - 1% Bz 38
NELIL - 2% Bz 23
NEIIl - 3% Bz 14

Bs  Bensopherone quench.
60/ MCP ITT F4126 (L:D
ZMCP ITTF4129.G 3 - 10"

'Ulreertainey, - 40 ps.

benzophenone vielded 240 10, and 6%. respectisely.

W hile the agreement at the 1% fevel 1s good. both the 2
and 3% guench levels provide about 30% more hight
output than the onginal batch of scintillators used in Ref.
I, This suggests @ vanation m sample composiion.
From Fig. V 31, the expeeted FWHM for 1. 2.
bensophenone quenches in NETLL s S30. 35300 and 250

and 3%
ps. respectinvely.

Measurements. Several of these high speed detectors
were used at our CO, Helios facility to mvestigate
hign denasity pellet implosion. Here, we have chosen to
display several examples of neatron tme of flight meas
urementts. Neetron production time in the present gener
aton of laser targets is very short ¢+ 100 ps) and can be
considered @ A tunction for any time spectrum analysis.
Hence. pertinent mformation such as implosion time and
fuel temperature can be readily deduced.

Figure V 38 shows an oscilloscope trace of a neutron
ume ot flight measurement from a DT filled. 20 um
plastic coated GMB target shot. A [ GHz Tektronix
104 oscilloscope 1s used as a recorder and a low loss.
ultrafast coaxial cable is used for signal transmission.
This system provides a neutron response time of < 800 ps
(FWHM). Gain of above 107 is achieved with an F3128
V platc MCP PMT. When the x-ray fiduaial is delayed
so that the time difference with the neutron pulse can be
shortened to allow a 2 ns writing speed. time shifts < 100
ps can be measured. The implosion time is measured as a
delay in excess of the expected prompt-neutron arrival
time. 900 ps in this instance. The delayed time fiducial on
the right records the hard x rays generated by the
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60). G

Z-MCP

1480 770 155
787 180
613 99 75
4607 - 58 66
310

radiation of the ~wprathermal electrons produced during
laser mteracuons. A measured pulse width of 1.35 ns
(EWHMY for the x rays can be deconvolved into an
mmirmsie width of ~ 1.1 ns. which closely tracks the 1 ns
faser pulse.

Figure V 39 shows a neutron time spectrum from
similar target. Here. the apparent width of 1.28 ns can be
decomvolved into an intrinsic neutron pulse width of 1 ns,
which corresponds to a fuel ion temperature of 0.7 keV.

Conclusions. We bave characterized the high speed
particle detectors in great detail. The apparent usefulness
for ultrafast pulse application in laser fusion diagnostics
iy demonstrated. Thus, the capability of these detectors.
it properly exploited. should aid greatly in our quest to
better many sub

understand  the  mechanisms  of

nanosecond interaction phenomiena.
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Fig. V 38.
Oscilloscope trace of a neutron time-of-flight measurement.
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Fig. Vv 19,
Oscilloscope trace of a neutren time spectrum,
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VI. LASER FUSION THEORY AND TARGET DESIGN
(D. B. Henderson)

Qur theoretical support activities are closely related to our experimental efforts. with
the intent of gaining a fundamental understanding of laser-target interactions, particu
larly of the reles ant plasma physics and hydrodynamics. The relationship of theory and
experiments has made it possible to eliminate theories not supported by experiment and
to design more reliable targets for CO laser drivers. In general. basic studies have
shown that the design difficulties associated with long wvelength are less severe than
believed earlier. and that breakeven target designs are attainable even in the presence of
a hot electron spectrum. These results have increased our confidence that scientific

breakeven can be demonstrated with CO

TARGET DESIGN
Introduction

We are contimuing o develop targets for Gemin,
Hehoso and Antares wath the long term goal of attaming
breaheves on Antares Vanous targets are bomng de
signed toanvestigate the accuracy of our design codes in
ditferent pertormance scaimes tomprosve target reliabih
tvoat higher encrgies We are reporting o theoretueal
survey ot explodimg pusher targets tor the Hehlos faser
svatent which, when compared with experimental re
sults, wall allow us o veriy the accuracy ol our codes.
Two dimensional calcutatens of the Sinus B otargets.
which have been tested on Hehoso show that the
ssmmetry of the target or of the Jaser dlumination can be
very  poor hetore target performance s sigmificanty
degraded. This v consistent with the expenimental re

sults.
Exploding Pusher Targets for Helios (W, P. Gula)
We have performed numerous computer

simulations  tor Helios  target

performances. along the iines of a previously published

General.
comparison  with

studr.' The two mamn purposes are to aid in the design
and mterpretaton of expenments on our eight beam CO.
laser system and to update and refine the computer

codes with the expernimental results.

lasers.

Single shedl DT fitled GMBS were chosen tor this
study becatise r Drthey are raativels simples with reiative
Ivtew vanable parameters. 12 they are easy 1o diagnose
eypermmentallv. and 30 the physics ot these explod
ing pusher tvpe targets are well anderstood.

[he simubations were oae donensional calcalations tor
sphernical elass shelis filled toan imital density o 2.4
gamowith oan cgumolar mivture of deuterium and
rrium

Most oi the calcalations were pertormed by using o
pulse ~hape of the torm
Pepexcaatillencr ASRE
where Poooacand oare adiastapic paramceters We Chose
this pulse shepe because 0 provides o good e
Greming's padse shapes Te should also provide a good G
the Hehos pulse shape. ospearally because the Henos
ampiifiers are basicwiy amproved versions of the Gern:
ampifiers. In pracuice. the peak laser power P the laser
risctime (0 100%)7,. and the energy width T b P,
where E s the total energy. are given and the computer

then calculates . 3, and P

Results. bioour vtudy. we vaned the radius and the
thichness ot the glass shell. the DT Al pressure. the peak
laser power  the laser risetime. and the percentage of
neon contamed m the fuel. In some instances we also

varned the enerey width AL



The weneral range of the parameters considered was

Peakh power (TW) S020
Risctime (ps) 100 200
Shelmner radius tum) 50 400
Shell thickness (amy 0.75  1.75
Tt Al pressure tatm) 130
P a pabse shapes used (e the CO, pulse given
BRI and the tnangular equivaient are shown n
o Bore nases Mave the same 0 100% risetime

e rne poan power o8 TW o and the same
oo VT2 showes the resalts of varving
v e sbebsadies tor agnen power A
SOZUNC Prdk power alwans

Cvd o se By

oy e the toangudar pubse for the

vty the O pulse dedivers more

Ceo e same v inn rsetmes O stined
Vrtoazt e D ToRT setime of e two

Cros Uhioas T N eseinme o the CO puse s
T tnan ot e anvuiar pubse bor

Cooceses shovae o b VD the totan energies for twa

Vs AU Ty She e tor dhe S EW S Kb T TW
e T W
e 0 TN e

~boanereas it tor the tiangudar puise was T oal

St cuns v were ditterent tar

he aneray tor chie C0) Pl Was -4

Poo predicted vicld as ootunct:on of tareet radies for

drterent s widthe s shown an b VYA 1k

cesait e o the CO) Geser pulse shape sath o J06 s
cavtme Toee cadcalations were pertormed tor tour
cronps o tae badh pair Bad the same peak power, bad
e apper member of cach parr had twace the energy ot
teeover merber Inwenerals g VET shows that the
more

DCdA OB s important  than  the  total

L mpartant tor most ot the cnergy o

[SRRIUS AN vl ot

arrnve on tareet carly. Although in all cases an increase
in total energy improves the vield. the difference 15 no
substantial except tor the larger targets. which. because
of thar longer runan ume. are able 1o use the erergy
contamed later an the pulse. Note that for targets wo
large tor the pulse enerey. we have. except for the 20 TW
case. the advantage that the higher energy pulse becomes
substantial. This seems 1o occur because the larger
radius needed to take advantage of the energy delivered
Lite i the pulse means that more fuel 1s available to be
heated to fusion temperature and more glass mass to be
exploded (all calealauons were performed for 4 constant
il pressure of 10 atm and a constant glass shell
thichness of T ami. The extra energy at the lower powers
i insutticient to heat the extra fuel.

['he importance of couphling the energy inte -he target
carly n the pulse becomes evident by comparing the
carves tor T TW 200 pssand 3 TW I ns pulses. which
cah have a total energs of = kJ. with the curves for
200 TW 200 psoand 10 TW T ns pulses. which cach have
a total enerey of 10 k). The upper member of each pair
nas twaee the peak power of the fower member. and trom

to 40 tumes the neutron sield for the same target.
However. there are some eaceptions. Figure VI 4 shows
the neutron vield for vanous targets as a funcuon of
pulse risetime. In general. the faster the nisetme the
hetter Howeser, for large targets and higher powers e
siorter risetime evidentls  results o more target
preheat betore the shell eaplosion can compress the tuel
ctlectinely

Freure VIS shows the neutron vield as a function of
laser peak power tor @ given target and pulse width.
These curves emphasize that the vield v highly depen
dent on peak power for exploding pusher targets in this

regimie. exeept tor targets with a radius of - 100 um
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Fig. VI L.

Temporal variation of the two laser pulses used in the evaluation of the exploding pusher target.
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whose slopes are much more gradual. consistent with the
result shown in Fig. 11T S of Ref. 1. These smaller targets
are ~aturated at the power levels investigated. and any
ansorbed extra power (energy) cannot be cenverted
2Tcentds into fuel heating.

Arother variable considered was the initial fill pres
.7z Figurs VI A shows how the neutron yield varied as
won of T pressure for specific targets and laser
Notz tkat the vield at lower powers decreases as
“rew are sull substantial enough (> 10%) to allow
s¢=e a5 -zrificauon. Neutron yield as a function of

. “or selected target diameters and laser
.- .a- .z Fig. VI 7. The 5 and 10-TW curves
ence on shell thickness over the

L2 ¢ p .

range considered. The 10 TW curve shows a broad
maximum. but the 20 TW curves reveal that the max
imum vield as a function of shell thickness also depends
fairly strongly on the target radius. In fact. the most
important considerations seem to be the peak power (or
the total usable energy absorbed) and the mass of the
shell. The 20 TW 200 um curve indicates a maximum at
a shell thickness of 1.25 um. The corresponding maxima
for the 20-TW 200-um. and 20-TW 100-um curves
should be at 0.6 and .0 um. respectively. if we accept
the idea that the shell mass is the important variable. OQur
curves do not contradict this assumption.

The neutron vield as a function of neon content in the
fuel 15 shown n Fig. VI 8 for four different targets and
puises. These rosults are of interest because neon 1s
sometimes added to the DT tuel for diagnostic reasons.
Computer simulations at lower CO, laser powers (« =
TWy rave predicted an increased vield due to neon
addinon. but cvperiments have shown. instead. a de
gradation i vield. For CO laser powers of Sto 153 TW,
the additon of neon either has hittle effect or will degrade
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the vield. However, even the lower vields are above 107
neutrons. and the theoretical findings should be subject

to experimental verification.

Conclusions. The most important result of our sim
ulations 15 the indication that any reasonable explod
ing pusher target should produce mm the Helios laser
sustem at feast 10" peutrons. A well defined and  fabrn
cated target should produce as many as <2 « 107
neutrons at 10 TW,

Fyen somewhat imperfect targets are predicted to
produce measurable amounts of neutrons, and therefore.

our theoretical curves plotting yield as a function of
power. risetime. fill pressure. radius. and neon content in
the fuel can be subject to experimental verification.

Recenthy. five Hehos shots were analyzed for which
the laser pulse was well charactenzed. On an average.
the measured sield was 1.23 umes the predicted vield.
The actual vields were in the range of 1 1o 3 > 10" for
peak powers of 2o 34 TW.

Two Dimensional Calculations of Sirius B Targets (R.
Kopp)

W hether tuel can he compressed o a density 20 imes

that of hgud  depends gready on the rehabihty o1

one dimensional - computer . simulations o1 tareet

pertformance tsee previous reports mr this sertes). These
calvulations assume perfect spherical symmetry of laser
dlummation and targer geometry, o stualion never

A

porfect symmeiry, howeser smalll s expected 1o degrade

reabzed completeh i practice departure from

the performance  To evaluate the anticipated degree ot
this degradaton under pypical expenimental condiions,
quantitatne twe dimengonal (2 Dy amplosion fistories
have been calculated tor o vanety o asymmeincad
faser target configurations.,

Many types of asymmetry are possible ma multibeam
Liser susent such as Hebos boer g pertectlc aligned
system. the fimite size o1 the beam focal spots wiil ensuse
that the target surtace will bel o somie extent. non

This

pamung  and

untormiyv aiuminated norumforminy may be

turther accentuated by fecusIme  errors

among the cicht mdivdaal beams. In addion, e

separate heams willo i general. have varving eneryres.
and they mavy arrive on target at shighthy ditferent tmes
Finads. the warcet atselt may

doguire mpertections

durimg tabnicanon, aither i the form of garge noe
unitormuties o sheil thickness (nenconcentriciy ang or
oblateness of the targety or ~hort scaie length Nuctuations
te.g surface roughness, small density ainhomogenerties.
SUPPOFT structures).

The calculations to be discussed provide onhv a rough
2D

behavior because existing computer codes do not permit

guide to the cettects of asvmmetries on o target

maodeling target implosions e geometrical laser con
figurations as complex g that of the eight beam Hehos
svstem. Certain simphfving  approximations  must  be
made to the actual laser geametry to permit tractable
that sull lead to useful

numerical modehng  studies



gqualitatine  conclusions  regarding  the  sensitivany - of
performance o laser target asymmetries.

Somc
laser tluminaton asymmetries were presented i a pre
TTXX PR). The radwtion

incident on one side of the target was “hemisphericaliy

vious  progress report (LA

unuform.” but was either temporally delayved relative to.
or weaher than. the radiztion stnkimg the other side.
Only small ¢nergy  ditferences between  the opposite
Hemispheres were treated i these carly calculations,

This study has been extended tonclude Targer energy
imbalances between opposite sides ot the peliet. A
betore. the Sinus B targets assumed in these caleulations
cansist of a 100 um radius GMB filled with 100 atm of
cqummolar DT and coated with 100 um ot parviene. The
total kaser energy madent on the target was 5 k) an ol
cases. of which 20% was absorbed  The dlumimanon
asvmmetry s deseribed by the rate R 1 IS
b where Booand Fooare the cnergies madent on
opposite halves of the target.

Fapected neutron vields and tuel compressions are
shownan Table VI or four nonzero values of RO Inali
Suses the burn ume. defined as the incerval between the
Aegining of the faser pubse and maximum  neutron
autput. s 13 s Table VI shows that the performance
ot this class of target begins 1o deterorate nonceably
onhyoat e largest asvmmetries considered. Although
such targe heam energy imbalances cannot be ruled out
i practice. experience has shown that, tor target shots
with all cight beams operating on Hehoso the henn
sphenical asyimmetry index Rorarciy it ever, exceeds 80,
Faenaf one beam fads to fire (b
die to R

Sab cnrrc\pund

0 b4 the degradation i <l fot veny serous

TABLE VI

PERFORMANCE PREDICTIONS WITH
[LASFR ASYMMETRY

Neutron  Max Fuel Density
FF .+ - FE Yield {g/em’)
0 29 .10 6.1
0.04 29 « 107 5.9
0.08 29 . 10 5.7
0.12 2.6 % 10 5.3
0.24 1.1« 10 4.8
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iniial 2 D calculavons on the etfects of

(i better treatment of this case 1s described below). On
the other hand. if two beams misfire in the same
hemisphere (R (.33}, one can expect a substantial
dechne in both vield and compression due to ilumination
assmmetry an - addition to the acgraded performance
resuiting from the reduced total energy on target. which
wis not ancluded inothese calculavons). Again. ex
pericnce on Hebos indicates that,in the 20 times liguid
density experiments. target shots with fewer than seven
beams are not worth detatted analyvsis,

To examine the effect of rarger asvmmetnies. we
considered two situations of interest to the current series
of high compression experiments. In each case. a total
CO laser energy of 4 KkJon the form of a tnangular
temporal pulse with 200 ps risetime and a FWHM of
Hoek pas was ncdent umtormiy over the target. which
was assumed o be @ GMB with 130 um radius filled
with Stoaum of DT and coated with 30 um of parviene.
cThese vaser target parameters represent a closer approx
amation toorecent expertmental arrangements than those
ot presious exampless) In the first case. the parylene
Uprebeat shield™ was mtentionally made § um thicker on
one side than on the other. corresponding 1o a pessimstic
Assamption about current target fabnicaton capabilities.
In the second case. the parslene thickness was uniform.
put the tnickness of the underlyving glass pusher varned
smoothiv trom S umoon one side to 1.3 um on the other
Lz, worst case from the fabricanon standpoint).

Fhe results of these implosion simulations are col
eoted s Fable VT Inall cases the burn ume s ~ 1.1

Aaand maamum fuel compression oceurs about 100 ps

TABLE VI I

PERFORMANCE PREDICTIONS WITH
TARGET ASYMMETRY

Neutron Max Fuel Density
Case Yield (g/em’)
Spherically symmetric 54107 1.99
{1 D)
Asyvmmetrical ablator 1.8 « 10° 1.88
(2 D)
Asymmetrical pusher 4.7 < 10" 1.94

(2 D)




later. Here. too. 1t 1s comforung to observe that the
maximum expected asy mmetries i target structure have
no  substanually  adverse  effect on antcipated
performance.

A third class of 2 1) simulaton addressed specifically
the effect of a Helios beam mustire on target behavior. As
mentioned above. @ sero order representation of this
sttuation may be obtained simply by dimimishing the
energy madent on one hemisphere of the target surface.
However. because this procedure tends to underestimate
the implosion asy mmetry . assumes that the remaiming
three beams in that hemisphere are spread umformls
over the surtace. An opposite extreme (e, an over
estimate of asy mmetry ) may be modeled in axisy mmetric
2 D caleulations simply by turning off the laser source in
a vone of solid angle = 2 centered on the positive 7 axis
(correspondimg to one of the cight beams of Hebos,
while keeping the mtensity unchanged elsewhere on the
target surface. The laser target parameters for this case
were the same as i the preceding example of sheli
nonunformities. except thar = X ot the 4 kJ madent
energy was spread uniformly over T 8 of the target
surface.

A comparison ot 1D and 2 D performance calcu
lavons for the configuration 15 shown i Table VI 11
The first row hists the 1 I predicton of neutron viekd.
fuel compression, and kurn tume for the tull 4 kKJ output
of the laser: the second row gives a similar prediction tor
2.5 k). correspondmg to the energy of seven of the
beams spread evenly over the pellet surface: and the last
row shows the results of the 2 D calculation desenibed
above. A substanual reduction of yvield (factor of 41 and
compression occurs between the 1 D 4 kJ case and the
2 D 3.5 kJ case. about half of which s accounted tor by
the lowering of total energy incident on the ball. and half

TABLE VI I

SIRIUS B PERFORMANCE
WITH MISSING LASER BEAM

Neutron Max Fuel Density
Case Yield (g/cm’)
1 D(4Kk)) 54 . 100 1.99
I D(35k)) 3.0 < 10" 1.75
2D (35K)) .4 - 10 1.24

of which results from the nonuniform distribution of this
reduced energy over the target surface.

Figure VI 9 15 a plot of the Lagrangian mesh used in
the 2 D calculation near the time of peak neutron output
(1.12 ns). The marked departure from sphenical sym
metry in this simulation s probably exaggerated because.
due to some heam overlap. the misfiring of a single beam
will not necessanly feave a section of the target surface

totalhy umlluminated. as depicted here.

THEORETICAL SUPPORT
Introduction

W continued our etforts to understand the underlyirg
physies an the areas of laser energy deposiion and
transport and to develop models of the vanous processes
tfor use in hydrody namies codes o improve the rehabihn
of target calculations, Toward the goal of controihing the
hot electron distnibution. several diferent model caleu
latons of resonance absorpuion have shown that the
shape of the hot electron distribution functior s affected
by the frequency content of the electric tields m the
vty of the critical density rather than just by the
large tieid at the cntical density . We have aiso discovered
the mechanism by which sumulated Brifloun scattering
is sdturated inothe case of mtense 1006 um hghto the
mechanism explains the surprisingly jow observed iese!
of scattermg at 106 um and the surprisingly high
observed level of scattering at 1.06 um.

A more accurate set ol clectron transport eguations
have been dermved and Monte Cuarle calcuiations o
clectron transport have been used 1o compare the relatine
mportance of transport inhibiting mechanisms. Most
imvestigated mechanisms do not vield sigmificant mhsh
non exveept when there are sigmncant densits iroughs

behind the crincai densiiy ~sartace

Modeling of Resonant Absorption (R. Besserides. D.
Forslund. S. Gitomer)

Fxperiments have uneguinvocally  demonstrated  tie
presence of hot clectrons generated by laser matter
interaction at high laser intensities. Particie simulations
have been used 1o study the nature of this heating.
However. very hittle progress has been made in under
standing the details of the heating mechanism. In particu
lar. one cannot vet adentify the microscopic effects
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Fig. V1 9.
L agrangian mesh plat near the tme of maximum neateon vield for a Sicius B target configuration with one Helios beam
misstng. The 7 avas faxis of symunetry) is o the right. and the scale is in micrometers

responsihle tor the veloeny distribution of the hot
clectrons It controlhng features can he discovered. one
may be able o profoundhy affect target design efforts.
In the resonant ahsorption process. the incoming light
wive s himearly converted to oan clectrostatic wave of
arge amphtude. We nave examined the characteristics of
the electrostatic wave by using both 4 one dimensional
natticie simulavon (capacitor model) and a new
test particle caleulauon scheme with the purpose of
Jetermuming what features of the wave electric field are
Jriical to oobtain the observed electron heating. In our
cest particie caleulaton. parteles are loaded into the
-omputational bov exactly as in a self consistent sim
_ation However, the parucles move independently of
¢ anoiner o prescribed  clectrostatic field. The
<+t particic approach was subjected to a consistency
~zon :n wheh  the  electrostatic field from a
st cunsistent simulaton was used. The electron dis
‘rivation tunction obtained in this way was identical with
*»at abtained from the self consistent simulation.
Se-eral calculations have been performed with pre
oo eiectrostatic fields. We have svstematically used

032

tields derived from sell consistent simulations to obtain a
correct spatial field variation whiie providing the ability
to assess vartations of frequency content. In Fig. VI 10.
we show the results for (a) a fully self consistent field: (b)
10 periods from a stored simulation field. replicated in
time to form a full heating cycle (80 periods): and (c) a
single period of a stored simulation field. replicated in
ume to form a full heaung cycle. One conclusion drawn
from these results 1s that purely periodic electrostatic
fields cannot duplicate simulation distribution functions.
Because the assumption of periodic electric fieids is a
fundamental feature in all earlier models of hot-electron
production. this result invalidates such models.

To further characterize the frequency content of
simulation electric fields. we performed a Fourier
analysis in time on E(x.t}) at spatial locations below. at.
and above the critical-density point. Note that the
simulation results are quoted for plasmas with fixed.
linear-ramp density profiles. Results of the Fourier
analysis are presented in Fig. VI-11, which shows that
E(x.t) has frequency components (1) at the laser frequen-
¢y (w=1). (2) at harmonics of the laser frequency
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Distribution functions cal-ulated by test particle method with v arious field madels. The distribution faction is plotted on a

semilogarithmic plot vs enerys.
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Fourier spectra of electric field at three spatial points. The spectral energy is plotted vs normalized frequency (o, 1)

(m=2.3.4.5.0). and (3) at the local plasma frequency
lm=c,.(x)]. A portion of the temporal behavior of E{x.t)
is shown in Fig. V1-12 for the same points at which the
Fig. VI-11 spectra are computed. Subharmonic mod
ulation of the driver is seen above and below the critical
density. whereas a significant amplitude enhancement of
the electric field 's observed at the critical density,

To determine how important heated particles are in
shaping the time character of E(x.t). we have considered
a nonlinear warn fluid model in which the effect of
heated particles is excluded. This model is the nonlinear
extension of Ginzberg's simple thermal convectively
stabilized model.” which is readily solved in terms of
Atry functions.
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Fig. VI 12
Field amplitude plotted vs time at three spatial points.

We start with the one-dimensional fluid equations

av 3v._ e 1 &P
TV T nE o (V1-2)

where v is the electron fluid velocity and P is the electron
fluid pressure given by

aP P, gp v _ 20 (VI1-3)

o

(VI-4)
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Equations (VI-2) and (V!-4) may be combined along

with Poisson’s equation to give

(VI-5)



Here, &x,.t) is the Lagrangiar displacement of a fluid
element in terms of the variables x,(x = x, + &) and
7(t = 1). Note that the convective speed is greatly
enhanced as the wav.-breaking condition is approached.
that is, when | + ¢8/¢x, = 0. Thus. we may expect that
the nonlinear pressure can have a profound effect on
wave saturation.

This model agrees with the linear model of Albritten
and Koch' for smali field amplitudes. At high
amplitudes. field saturation is observed due to the
nonlinear convective term. OQur model predicts field
saturation levels that agree with those from particle
simulations. Furthermore. as shown in Fig. VI 13, we
find subharmonic field moduiations as seen in Fig. VI- 12
for simuiations. Note. however. that the modulations in

vMP= [ 2500E-C) EO= .cuD0E-02 POS:-

ol

Fig. VI 13 are a transient effect. dependent upon the
risetime of the driving ficld and the damping v. In the
simulaticas. this modulation feature appears to be an
intrinsic characteristic of the fields.

In conclusion. ve have discovered that the shape of
the hot electron distribution function s significanthy
affected by the frequency content of the localized fields
near critical dersiiy.

Stimulated Brillouin Scattering (D. Forslund)
Aboul six or seven vears ago sumulated Brilloum

scattering was thought o be extremely importani n
determining the absorption o intense laser light
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Fig. VI-13.
Resuits from nonlinear warm fluid model. Field amplitude plotted v+ time.
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plasmas, However, large scattering was not observed
ssperimentalhyvs and the problem was more or less set
astde 1 the intervenimg vears. With the advent of much
more powertul lasers allowing for long intense laser
pulse. stmutated  Brillown scattering has begun to
feemerze as o major problem for longer pulsed reactor
targets One of the important parts of the puzzie was
why OO dases hght with fts electron oscillating velocity
10 smes ineher than that of Nd:glass lasers for a given
atensia was not producing extremely large sumulated
~eaterime. W have reexamined this problem and have
Jetermrned  the probable mechamsm  that limits  the
stimulated Boitloum scattening for CO. laser light to
neehicible devels. The basie miting mechanism appears
Lo the saturation of the exertedlon wavestoon n < 1.

I thiey suturated  state. fact. Brillown scattering

appears to scate mversely with the savelength tor a fixed
aserantensity and pulse length,
f1oone negiects the noahineanty of the excied ion

woves, the well known gain formula tfor sumulated

DTHIWN seatlernimg s

o r
T — — ¥
v < r'cr ~ (VIE6)
14 = €
c — ,
where v s the osallating veiocty of electrons in the

laser tield. v 15 the square of the electmoun thermal
velocity . which can nclude 1on pressure effects, ng, is the
criical density at which the laser frequency equals the
local plasma trequency: ks the free space laser wove
number: and ¥ m_ is the 1atio of the acoustic dainping
rate to the acoustic frequency. This formula is vahd for
moderate o strong damping on the 1on acoustic waves.
Using the Manley Rowe relations in this same limit. one
can obtain the expression for the ijon wave density
tluctuanons.

(VIT)

where 1 i~ the Jocal reflecuivity. If one restricts an. a to
some level. Egs. (v 6y and (V1 7) give an expression for
the thermal pressure v, . Combining these two equations
with a saturated value 2 of {6n'n)°. we obtain

TV n v
¢ Ve r‘C-" “
fof (VI-8)
AP R V-
'—s vez RS
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Note the 1or low intensities at a fixed n/n_. g, scales as
the wavelength 2. and at high intensities. as 1/2.

For comparison. the reflectivity due to <timulated
Brillouin scattering is shown as a funcuon of intensity
and wavelength in Fig. VI 14 as derived from Eq. (VI-6)
and in Fig. VI 13 as denved from Eq. (VI-7). At long

Fig. VI 14
Stimulated Brillouin reflectivity vs intensity and wavelength

using the gain formula of Eq. (VI 6). Note the extreme degree
of reflectivity at long wavelengths.

JTY

Fig. VI 15.
Stimulated Brillouin reflectivity vs intensity and wavelength
using the gain formula of Eq. (VI-8). Note the large saturation

effect at long wavelengths, which reduces the reflectivity to
tess than that at shorter wavelengths.



wavelengths, note the dramatic change anising from the
onset of saturation at much lower intensities. Apparent
[y, at a given mtensity. an optimal wavelength maximizes
the level of scattering and this fevel of scattering is higher
at higher intensity . Basicalls . this maximum occurs when
the two terms in the denominator of Eq. (VI 8)are about
cqual  For retlectivittes near unity and o ~ 1 8 this
occurs for v v ~ v oL For weak ion wave damping
this muy occur at rather low intensities.

Intense CO.laser hght may have only avery low gan
coefficient for stimulated Brillowin scattering. which is
consistent with the experimental data. This gamn coeth
crent 15 so lowoan fact. that sumulated Brillouin scatter

ing 1 probably not a problem even in reactor targets.

Plasma Transport in the Laser Fusion Regime (H.

Brysk)

Plasma transportin Laser fusion hydrodynamics codes
usually folloss the Braginshu presceripuon. In this ap
proach (based on the Chapman Cowhng desclopment..
the set of hmetic selocs moments ot the Viasos
cyuation s truncated atter the first threeo vieldimg flad
equations for mass tcontinuity  equation). momentun.
and energy . the - tem s closed by modehng approama
tons tor the evaluanon of the terms invohang the next
higher moment and the interspecies colitsions. Caleu
lations with this scheme can produce mordimately large
clectrome fluxes i the daser heated corona. These are
then counteracted by the imposition of an ad hoc
“flux hmuter.” that s, by legislating an upper bound that
the flux s not allowed 10 exceed notsathstandig the
sol. o of the equavons. This bound s classically the
free streaming hnut. thougn argements abound for mak
ing 1t smaller.

The alternatine we adopted s to push on to higher
order in the velocits moment expanston. thus obtaining a
flurd equadaon for the flux. Because this equation includes
retardation. 1t cannot exceed the free streaming limit
automautically. A flu.d equanon for the viscosity tensor iy
also obtamed (formaily of lower order). Closure sull
requires a model for evaluaung the vet higher moments
and the colliston terni«. In the hot underdense corona.
the contributions from interspecies collisions can be
viewed as weak terms. These and the other lugher order
terms have been accordingly calculated expheitly in the
approximation of replacing the particle distribution func
tions by drifting Maxwellians. They have all been
obtained analyucally in closed form. as functions of

density . temperature. and drift velocity (not depending
on the flux explicitly 1. Use of the explicit expressions not
only ensures that the weak terms remain modest in
magnitude. but should also nelp restrain computational
excursions 1n the solution of the Aud equations.

For a  rree dimensional plasma with planar sym
metry. the fluid equations (apart from the conunuity

eyaation) reduce to

enf{< +v, £ YV, ST )-enF=IF .
a a( 8 x| @ x a'a E y e
2 M T, + 1 PRI g
E S\ % s T a a‘a T.;‘: e “at '

. . 18 - : :

- v, — — 5 =V, e - n T —
ma(_L MR IR Fate T3'e T 2 TateTy ‘e
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where the subscript a denotes the parucle species for
vhich the equations are writien. whereas b denotes the
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With these approximations. then. we have obtamed a
«t ot higher order equations that remove the need tor an
Jd o Doy himiter. We hope these will allow a more
dovardte cepresentaton of electron transport phenomena

Tl TN NN

Hot Flectron Transport (R. Mason)

[ Monte Carlo hvbnd clectron transport scheme

oo o the semannual  report
INY 7759 PR as been used to study transport in

ao coomneires. Sample results are collected in Fig.

previous

Vioe T roasare of glass 20 Ty the ons are Hived.

ot cedtron charee density 0o~ i mises from
C e throwgh cnical 1100 cm 1o plateau
<0 i om and then up o s soj

cnacol ~ S 10 em o Laser ight 01,06 amy

DA ORI o1
that return current resistive

. 1
I s oeen established

S weds can provde transient hot electron inhiby

0%

ton in cold targets. Our simulations show that at platcau
densities in giass targets. the inhibition sets in for fived
cold electron temperature (T} below 100 eV. The hot
clectrons are almost totally confined to a region near the
cntical surface (Fig. VI 16a ¢). However. when T s
dllowed ws natwral increase from joule heaung. Coulomb
drag. and conduction. the inhibition from resistivity
“hurns out’” at a rate exceeding 30 um ps. Comparison
of Faigs. VI I6ea and ¢ shows much higher hot electron
density values an the burned out case at. sav. 20 uym
below the critical surtace: the comparauve phiase plots b
and 1 alo demonstrate the reduced retention of the hot
clectrons with burnout. In fact. hot-clectron results of
Fags. VI l6e t are essenually unaltered of we enurely
wppress the B field effects on hot ciectrons for x < 36
unt The burn out tme can be shghtly longer at higher Z
duc to the darger classical cold collision frequency (v ).
and considerably onger at higher density due to high
spectfic heat, But even atno ~ £+ 107'em in S0 we
find that the inlibinon from E s, at most. only equivalent
te that provided by classical hot elecron scattering.
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Fig. VI 16.

Return currem resistive E field calcuiations. Results after 1.8 ps of illumination at 1
absorption with $% deposition into the thermals as inverse bremsstrahlung, n, -
36 um: frames ¢-g: T, may change. A vertical fiducial marks the critical surface. Frames d and

Frames ac: T fixed for x -

S x 10" Wsem’ assuming 35%

T ...y - Initially T, = teV.

n show the transport enhancing effect of the E-field containing high-density cold clectrons when T, = 2 keV initialiy: here

the suprathermal scattering and drag have been suppressed.



Alternatvely. the E feld trom cold pressure gradients
At large density mterfaces can overwhelm the ressstive
clectnie field for sutticienty large I actually enhancing
the suprathermal transport. In steady state. neglecting
source and thermoelectric terms. the momentum equa
von for cold electrons reduces to £~ fZywvmy -
«P o xien. From cntical to soird density. the potential
energy change s Meor ~ T log (5 » 1077107 6.2 T.
Thus. ' T 2 keV. a hot electron gamns 12 keV on
runnming tfrom critical to solid denaty. Figure VI 16d and
hoexhibu the eflects of this acceleration mechamsm.

lon acoustic turbulence 1~ a
mhiison. The Lindman® effectine 1on acouste colhsion
treguency has been used in all our simulations. General
ivo 1t s more than two orders of magnitude below v
tchassicalr Muloplung v by 20 we found no effect on
hot electrons, but multiphcation by 107 provided confine
ment comparable to that shown i Fig. VI Iea ¢

Cold convection and thermoelectric effects. which
have been overlooked. can mhibit the thermal transport.
Neglecting sources and compressive PAV work. the

cnergy equation for cold electrons reduced to

mowinch g.ois thermal diffusion and g 1 the thermocieg
tric heat transter rate. The convection and thermoejectric
terms mose heat toward cnitical density so - that net
thermal inhibition and even tranmsport reversal can exist

when

By guasi ncutrahty nu ~  nou,.. and reversal wili
therefore occur i the presence of large suprathermal
currents. This effect 1s similar 1o Shkarofsky's recent
br Maxwellian results.” but it occurs here at high relative
dnft speed hetween the components. and even in the
absence of collisions.

The conditons for reversal are straightforward under

Hux limitauon. We have g« 0.6 nyv, S
v T moand g, U sowe need

suspected  source of

Note, for example. that tor 20 keV suprather.aals u,

60 pm ps. whereas for 4 ke thermals « A

um ps.
Thus. typicalls. reversed heat flow should oceur tfor u

018, The condiions are less
stringent f the diffuston s unlimited. that s, gt F.
['he mechanmism should be stronger under Nd:glass than

CO dlumimaton. assanung a constant n. by the pon

Il umps or n. n

deromotive toree. because T~ nou, T, and. in general.
TOTY ~ L

tor Nd:giass vielding more inhibiion by conmvecuon.

so o is roughly four umes stronger
Freures VD170 and hodisplas the etfects of the
comvective term. W tind that i practice. significant
inhibition s B al to achieve, Farsi this s true hecause
[N HAN

flo reducy
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Convective and trough inbiition results after 4 ps of Fig.
V1 16 illumination: left boundary a mirror. Frames a and b:
typical density profiles with and without a trough: n,

. Frame c: no trough T profile with joule
heating “on” .and “ofl” : also with the convective
term in (3) “on” and “ofl.” Frame d: T profiles with the
trough . and without it under classical limitation

and under 1 20 classical with the convec.ve term “off”

n.....n



A posahic resofution ot these dithiculties we have

hal Joasien progehs can markedly imtensity the

fea g

coraodher niebimon Troughs have been caleulated”

RSN avperniment. but therr depth remains uncer

o Prooions gecrease the maamum g and ncrease
Pigures VM U70 and d show T “bottled up™ behind
: Inmminen o the cold transport s
SO aie oottt wath b 20 the classical tlus
Toosenee ot troughs Wath g dip to 0.1 n

dcen ™ nsalators, even stopping the
S s s baes VD ey o Thus, strong inkiba
o capenenis may be o sienature for

CET T Taredt density proties

CODE DEVETOPMENT

fntroduction (kA

[n:;:.:a.’f'

ST e Tl e e et oo ety W e

R S R S A S L ST o 23 e NP IS TUN I S USRI Y

SVowert EEN Compater e thie € DO To0 computer. and
At toche CRANY L

deposition pachage with more accurate

As werd as e nciusion of g
Sl Lo e
stoovry powers and o three dunensional beam ray trace.
AR

wodesign capahdity s anbapated i the coming

of these codiny ettoris, a siembecant improse

fon Beam Driven Target Design Capability (G, Bohan

non)

Ao heunr energy depositon calculaton wnitten
Samine s reporung peniod greatly mereases the useful
moss 0 ur design codes tor swudying nonlaser driven
tarzels AR amportant component of this improvemsant is
+ocomputer code. developed by T Mehlhorn at Sandia
Natona: Laboratonies, that gives accurate on stopping
powers tor oowide range of matenials and ion types. The
won heant capabidity includes three dimensional ion beam
rav tracimy as well us beam propagation along zonai grid
nes.

Theoreticalin . several contributions affect the enerey
deposion. such as hound electrons. free clectrons. and
jons. However, the dominant contributions are from
clectrons. and only those contributions are considered

here.
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At fow weloames. the stopping power of bound

clectrons is given by the model of Lindhard et al..*!
NZqZpv

- 1/7€
=Bk a7 —

where s i the penetration depth. N s the bound electron
denaiy. Z0 and 7, are the target and beam nuclear
charges. v s the heam veloaity, and a, is the classical
clectron radius. Also.
273 273,372
vz QZ-I - ZE ) .
and K s aconstant of order umity.,
A1 higher velocities the Bethe!'® stopping theory is

used.

; 4t
(&

arere /s the etfective beam charge. s the 1arget
avragze tonization potential. C s the shell correction
nacior. and moas the electron mass.

Fhe sedoany below which the Lindhard model 15 used
and ahaove which the Bethe theory s applied s easily
defined. In most cases that include shell correction. the
Bethe stopping pouwer imereases sharply at low velocities.
I'he Lindhard value. howeser. s Tinear in velocity and
crosses the Bethe value at only one velocity., The
appropriate stopping power at a partcular velocity s
simply the fower of the two. In the cases where the two
expressions do not cross. the Bethe theory is used also at
low weloaity. This procedure gives excellent agreement
with the phenomenological results of Northcliffe and
Schithng.” who used a large amount of experimental
data m their analysis.

The free electron contribution was given by Butler and
Buckingham.'
s

ds )EE ]

LA

( ¢t ! (Zc”ez}z Gl{x) log ! ,

where N, is the free electron density and log A is a
Coulomb loganthm. The tunction G(x).

G(x) = erf(x) - 2% g=x%

where x v (2kT m)' °. assumes a Maxwellian distribu-

tion of electron velocities: G approaches unity when the



beam velocity s much higher than the mean electron
velocty,

lon beam propagation i the target can be treated in
two wavs i our codes. The simplest is to force the beam
to travel along one or more of the zonal grid lines.
However. in many  cases. especially for complicated
target geometries. this restriction s not acceptable. In

these cases. the beam can be represented by a number of

ravs that travel along straight hines in three dimensions
through the target. This capability was achieved by
modifving the existing three dimensional Jaser ray trace
code.

A with laser beams. the 1on beams can be imually
focused or unfocused when the ray trace opuon i~
selected. An untocused beam s represented by parallel
ravs. For example. an ncadent beam with a circular
cross section of constant diameter can be obtamned by
choosing untocused rasvs parallel to the 7 avis,

Dewgners who have studied laser driven targets wath
design codes should find it no harder to set up simular
ion beam problems. Only one additional instruction i
required. which specifies the beam energs. charge. and
mitss number. Several other parameters may be specified
separately it the designer does not wish to use the detault

values.

FTN Conversion of Laser Fusion Simulation Codes (J.
Peterson. T. Gorman. ;. Bohannon)

General. One objective of the Code Development
Section s to develop and mamtain codes used by target
designers to evaluate targets. To run more and larger
problems more efficiently. our target design codes are
being converted so they will run on the CRAY. The
strategy 15 a two phase efiort. In the first phase. the
conversion will be from CHAT on the 7600 to FTN on
the 7600. In the second phase. the effort will be to
convert from the 7600 FORTRAN to the CRAY
FORTRAN. At present. we are in the first phase.

The first phase comprises three major steps. First. all
svntactical changes were made to replace LRLTRAN
unigue forms with forms acceptable to both CHAT and
FTN. This step. which continued over the past IR
months. enabled us to convert codes and concurrently to
enhance and mamntain them. Then, the codes were
frozen. and in the second step. all other conversions from
LRLTRAN to FORTRAN were made. Thie third step s
to debug the FORTRAN, 7600 versions. The first two
steps are complete and the third is well under way.

During phase [. step 1. the | O was converted from
NLIB76 routines t¢ routines written using ORDERLIB
routines that emulate FTNLIB routines. (FTNLIB will
be available on the CRAY as well as the 7600.) Also.
half word packing and unpacking. bit setting and tesung.
fixed point‘floating pomnt testing logic. and address de
termination changes were made. Changes were abo
made to resolve the zero pass vs one pass DO loop
comventions diflerences of the two complers.

During phase L step 2. the 1 O emulating routines
were deleted. the overlay Joading was changed 1o the
FTN standard form. nuscellaneous word packing and
shifing operations were converted. and the inevitiahic
problems with unresolved externals were solved I
additton. the compiler diagnosties produced by BTN
were cleaned up. We learned about the idiosynerasies o
the codes coupled with FTN and LTSS and worked ous
solutions o those problems. The FTN compiler wus
moditied to allow pomtered vanables. and the concom
tant syntactical changes in the codes were made 1o be i
comphance with the FTN pomter syntav, Fmabiv, the
TVYEOLIB graphics usage was conserte! 1o the TLIB
hibrary. which s mamtaimed at Los Alamos.

FTN Compiler Modification. One of the most sigmiti
cant techmeal advances in the comversion eftort was the
modification of the Los Alamos FTN compifer to allow
dynamic storage aliocaton. an LRLTRAN teature that
v oused extensively i some target design codes. Some
codes are designed for optmum  compettion tor re
sources 1 a Los Alamos Lawrence Liverrsore Natonul
Laboratory job mix environment. One of the most
important techmygues tor obtaiming this pertformance s
through the alfocation of Large Core Memory (L CM)y
execution time. requesting only the exact amount needed
for a given calculation. As compettion tor the hnated
computing resources dt Los Afamos s beconung more
dcute. 1t s necessary to continue tis feature m the FEN
versions. Another less esoterie justfication tor this ettornt
was that it would be nearly impossible to convert some
large codes o FTN and stldl run reasonable designs
without completely rewrnitimg most of the code and logie
structure.

The concept of the application program  allocaung
storage s based on the requirements of the problem
rather than on the largest problem hikely to be run. This
facility 1 especially important in a target design code
because the amount of storag~ required by a given design
varies greatly from design to design. In fact. not enough
coreas available on the 7600 computer to accommodale
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the largest problem that could be run. Moditications to
the compiler were made i such a way that no changes
were needed i the usage of the data vanables. Internal
varibles are treated exactly as deseribed in the FOR
[RAN 68 standard.

The new compiler teature has been valuable in the
conversion etfort and will make 1t possible to convert
other LENT codes at Los Alamos. to maintamn actine
communication between the Laboratones. and to reduce
dupheation in software development. The FTN con
Lersion prowect wis i cooperative effort between the Los

Vo Targer Design Group and Language Group.

Graphies Conversion. The graphies routines used 1in
Cotareen desten codes were comverted e BTN restrue

dod o e ~tandand Los Alamos graphiess and e
st Teabiows turther expansion of certin graphies

Capabiiioss wr ot were somevhar iited in the orninad

AESTRIEIN

Phe sraphics sections were rewnitten tor several

ceasors besis oar codes must become mdependent of

INSOLIBD o TN

mroditicd e operate at Los

araphios pachage that had been
Alamos, but used Los
Viamoes o phincs ardware rather poorby [t would have
oeen possibic oo mantan TVROT IR at Los Afamos. but
s towaste of valusble resources o mamntain several
mhoor eraphios packaees at one mstatlanon Therefore.
we rewrole the wraphios sections m the target design
codes e standard Fos Alamos supported graphies
HANTAN

Second. the basic design of the graphics sections was
Atevble and did not lend aselt to modern rehiable.
srantinable codimg techmgues. Alsol the main graphics
secttons consisted of only two subroutines, one tor
smzalization and one tor graphies output. The output
subroutine was at the mavimum size that can be handled
myothe TRETRAN compiler supported at Los Alamos.
Addime new plots ot interesting parameters was virtually
anpossible wath the carher versions, The graphies see
nons were rewritten to FTN using Los Alamos graphies
pachaze THIB. The secnons were restructured by using
modular programming techmyues that effecrively isolate
the data analssis secuons from the graphies production

sechions

Summary. (Conversion of target design codes to FTN
accomphshed the tollowing objectives.
® The structures of the codes were modified to allow
casier implementation of improved physics models
that better represent Los Alamos targets.

142

e The vodes now  run larger  probiems  more
cost etfectively on CRAY.

o FTN codes will mike contributions and venification
of new physies models easier.

e The

tunctions, and syntav will facihtate use on other

replacement of  system dependent features.
CDC maallanons,

[he exact approach o be used dunng phase I o

comvert the 7600 to the CRAY computer will be defined

during the next reporting penod.
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VII. LASER FUSION TARGET FABRICATION
) (R. Jay Fries)

Our target fabrication effort. supported by extensive theoretical investigations,
supplies thermonuclear fuel containing pellets for laser driven compression and heating
experiments. These targets. which range from simple, deuterated, flat plastic films tc
complex multilayered structures containing cryogenic. solid DT fuel. are optimized for

use with high power CO

lasers. After a target has been designed. we develop the

technologies to preduce the materials. shapes. and properties desired. We fill the target
with thermonuclear DT fuel. assemble the necessary parts. and develop methods to
measure and characterize all these properties. Finally. we insert the target in the target

chamber and position it at the exact laser tocal spot.

INTRODUCTION (N, R. Borch, . H. Farnum. R. J.

Fries)

Onir targei tabneaton effort has two obpectives:

W supply targets of current design to satisfy the
needs of the experimental program. Targets of various
Jdesiens are used s iermonuciear compression targets
for munn sequence experiments. partal and modified
compresston targets tor target essential experiments,
¢ owsde varety ol targets for supporting physics
expermments. and ~everal types ol targets for mulitary
apphicatons experiments. All are arradiated in our
HANCT NANIEMIS.

2 We develop technigues necessary for the fabrication
ot tuture thermonuclear compression  targets en
visaged an the Inertal Fuson Program Plan. Because
these target designs are not fixed, we must continue to
svestigate all matenials that have a high probability
o bemy used o the final designs. We also develop
“rethods to measure and charactenze these materials

2o assemble them into required configurations.

[= addion. we provude micromachining. micro
soemibys and matentals fabricaton services to other

A reoent design tor the Polaris multishell laser {usion
tarowt o~ shownon Figo VIT 1L Laser fusion targets have
wvoowed gradually to this stage. Initial targets. called
S.ro~owere simply (GMBs filled with DT gas at pressures
.o o My atm. In Sirius. this single shell acts as an
sypoding pusher in which the preheated fuel is com-
srewwee znd further heated. Although these designs
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cannot  lead  to high  gams. they  do  produce
thermonuclear reactions and neutrons.  Adiabatic. or
ablation driven. compression is obtained by adding a
S0 um thiuek Taver of plastic. which is vaporized by the
laser  pulse  causimyg  the  glass shell o implode
hy drodynamically. Such a design was used 1in attaiming
our 20 umes ligwd density mitestone. By coating  the
GMB with molybdenum or other high Z metal before
plastic deposition we reduce preheat. and thus. more
nearly approach the desired adiabatic compression.

In our Polaris target. the tugh Z metal coating will he
added as a hot electron shield for the fuel. the ablator
laver will be changed to low density plastic foam to
provide a hyvdrodvnamic cushion. and a second pusher
laver will be added outside the foam.

In our high-performance targets. such as Polaris. the
fue!l will be frozen as a solid laver of DT ice onto the
inside surface of the innermost pusher shell. Calculations
show that this cryogenic modification will improve the
vield substanually. We are developing techniques to
frecze such layers in place within the Helios target
chamber.

For these and other targets of recent design. we are
developing high Z metal shells with diameter and
wall-thickness uniformity deviations of not more than
1% and a surface smoothness tolerance of « 1000 A. as
well as low-density. small-cell plastic foams. thick layers
of plastic loaded with metals of low or high Z, and
smooth metal layers of moderate or low Z. In addition.
we are developing methods to prepare alternative fuels
that are solid at room temperature. which contain fuel



INNER PUSHER, ABSORBER/ABLATOR,
GOLD, i2m THICK PLASTIC, 75pam THICK
MANDREL, GLASS - ~ -~ OUTER PUSHER/SHIELD,
WCROBALLOON, 1um THICK GOLD, 75um THICK
FUEL, DT IiCE, - s e

~0um THICK

Fig. VH 1.
Polaris Prime. a multilay er. multishell laser fusion target
designed for Antares and Helios.

atoms at high density (for example. polyvethylene. lithium
hydr.de. or ammonia borane. in all of which the
hyvdrogen 1y replaced by an equimolar mixture of deu
tenium and tritum). Even though the nonfuel atoms in
thes: compounds dilute the nuclear fuel and reduce
targ et performance. the fact that these materials are sohd
at ;oom lemperature may be an advantage. especially in
designs that require fuel comaimng lasers in the oute
parts of the target.

Because any target must be characternized completehy

1o understand its performance. we have devoted much of

our effort to measuring and documenuing all targets we
deliver and 10 developing new. automated high resolution
methods of characterizing target parts. We are develop
ing a surface acoustic wave resonator driver 1o sort
batches of target shells for diameter and wall uniformuty
using the efficiency (Q value) and frequency at which the
shells bounce as an indicator of quahty. We are also
automating our x ray microradiographic method for
observing defects and nonuniformities in opaque shells.
as well as improving the capabilities of the method.
Finally. we are developing techniques for nondestructive
ly determining the composition and pressure of the fill
gases inside GMBs.

TARGET FABRICATION

General

Our primary assignment is assembly. delivery. and
postshot analysis of targets for our three operating laser
systems. We make whatever effort is required to meel
delivery requests from experimenters on these systems.

In additon. we try to maintain a large and very flexible
inventory of materials and techniques so that we car
respond rapidly to changes in target design or specifica-
tions. As part of target assembly. we also mount and
align the targets on the appropriate target-changing
meonamsm to eliminate any further position adjustment
in the target chamber. It desired. we photograph and
anals ze¢ any remnants to supplement target diagnostics.

The process of target fabrication typically includes the
tollowig steps. A GMB 15 chosen with the desired
drameter. wall thickness. and gas permeation character
istics. High qualitn GMBs are now available from KMS
Fusion. Inc. Suitable GMBs are optically preselected
with an mterference microscope and then filled with DT
or DT:Ne gas nuntures by permeation through the wall
at elevated emperature and pressure. The filled GMBs
are cleaned in cthano) and examined carefully with an
interference microscope. Targets passing optical inspec
non are examuned and measured in three planes. Coat
mgs of metal and or plastic are then applied and
examined i three views by vy ray microradiography to
deternune  coating smoothness and uniformity. often
after cach successive laver has been applied. Some
targets for laser fusion experiments. such as the Polaris
thie VI 1L require addinonal shells of plastic. plastic
toam. or various metals. These shells are fabricated by
coating suitable spherical mandrels with the desired
matenals. cutting the coating in halt with a laser knife
and then leaching out the mandrel. These shells are
assembled around the coated GMB core to complete the
target. We then mount the targets for use in one of our

faser svstems,

Fabrication Activity {S. Butler. B. Cranfill)

We supphied nearly 1000 targets to our three operating
lasers and made nearly 300 other parts for diagnostic
services. We supplied 230 targets for main sequence
experiments. 317 for target essential and supporting
physics experiments. and 439 for military applications
experiments.

Gas Filling and Analysis of Laser Fusion Targets

General. To undersitand the performance of GMB
laser targets we must be able to measure the gas fill with
a high degree of accuracy. Also important are the
permeation rates of deuterium and tritium through thin
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izvers isheils) of a variety of coating materials at various
remperatures. This information will enable us to select
"¢ condittons under which a given target type should be
“llee Permeation data at room temperature and below
wilt aso be important in selecung the best storage

oeperature for targets filled with the desired quanuty of

CoLas

(slow Discharge Analysis (W. L. Bongianni), Current
;o tusion x ray diagnostic experiments require the
wng of GMBs with gases or gas mixtures other than
D' Our current analyvtic technigues require etther a
Conactave gas or a destructive test to determine the
~erposition and quantity of gases present in a GMB. A
woa tecnmigue. glow discharge analvsis (GDA). has been
woocoped durmg this period. This technique permits
nedestructive Jdetermination of the composition and
sressure of the gas inside a GMB for many gas fills.
Pigure VI 2 shows g schematic of the experimental
actegement used in GDA analysis for gas content of
.aser targets. TRz nput consists of an rf source of 20 to
oo kHy o and several kilovolts peak to peak. An ul
“aviolet hight source is used 1o increase the secondary

~ectren emission from the GMB  Inctrumentation re

current bridge to monitor the current waveform. and an
optical spectrum analyvzer to monitor the characteristic
spectrum of the glow discharge.

Idenuty of the gases. as well as impurities introduced
by the blowing agent. can be identified from the spectro
gram. Gas pressure is determined from the breakdown
voltage as shown in Fig. VII-3. which is a plot of the
brecakdown voltage in neon-filled GMBs as a function of
the pressure. Pressure was determined from the size of
bubbles formed when the GMBs were subsequently
broken under water. The theoretical {sold) curve was
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drawn by using the well known Townsend first
wnization coefficient for neon. The 8% deviation from
theoretucal was well within the accuracy of the pressure
measurement. The uncertainty in the breakdown meas-
urement 15 estimated to be : 1.5%. The deviation from
theoretical for the unannealed samples is due to im-
punities associated with the glass-blowing agent. which
apparently can be eliminated by annealing GMBs.

The usefulness of the GDA technique was demoii-
strated in a recent experimental run. Hydrogen sulfide
{(H.S) was placed in targets by the drill. fill. and plug
technique. Of 13 targets submitted to GDA. two were
empty of H.S. four leaked at various rates. and seven
had no measurable leakage over  24-h period. Only
these last targets could be shot with any confidence in
their contents and pressure. The method is simple.
inexpensive. and very fast: it could be easily adapted to
allow a final pressure check just before insertion into the
target chamber.

Quantitative Gas and Chemical Analysis via Laser
Raman Spectroscopy (J. E. Barefield, II, V. Cottles). A
new nondestructive. quantitative method of determining
the gas content in GMBs based on laser Raman
spectroscopy is being developed. This method can also
be used to determine quantitatively the amount of
dissolved gas in the w=!'s of a GMB.' and for identi-
fication of the chemical cont:nt of surfaces (for example.
glass. metal. polymer coatings).”

In general. a laser Raman apparatus consists of an
excitation source (for example. laser. flash lamp) and a
chamber designed to collect the light scattered by the
sample. The underlying principle of the method is that
the light scattered by a sample contains all the informa-
tion neccssary to quantitatively identify the chemical
structure of the sample and its amount. A block diagram
of the laser Raman apparatus. which has been designed
and built. is shown in Fig. VII-4. The excitation source in
our case is an argon ion laser. The scattering chamber
comprises a set of laser focusing optics, a sample. a set of
scattered-light collection optics, a spectrograph. and a
photomultiplier tube (PMT) that measures the intensity
of the scattered light at each frequency. The control unit
generates and records the intensity vs frequency distribu-
tion (spectrum) of the scattered light.

Preliminary experiments designed to test the feasibility
of this nondestructive method of gas analysis in GMBs
have been completed. In this set of experiments, a
Cary-82 laser Raman Spectrometer (a commercial unit)
was used to record the spectrum of D,. DT. and T, from

single GMBs 300 um i diameter. at 9 and 27 atm. An
example of the spectrum obtained for DT appears in Fig.
VIS,

The method is based on the fact that tne integrated
intensity of the spectrum increases witk pressure.
Calibration curves of pressure as a function of integrated
intensity wilt be developed for each size of GMB and
each gas mixture of interest. Analysis for pressure will
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Fig. VII-S.
Raman spectrum of the Q-braich of DT at (a) 9 atm and (b)
27 atm.
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then bucome a rather routine procedure of measuring
and integrating the spectrum and comparing it to the
calibration curves,

Characterization of Laser Fusion Targets

Buckling Failure of Large-Aspect-Ratio GMBs at
Elevated Temperatures (J. V. Milewski). It is important
to know the strength of GMBs used for targets. We need
this information for quality control, to determine design
limitations, and for filling requirements.

Previously we described the mechanicai tensile testing
and room-temperature buckling testing of GMBs.**
Since then we have redesigned the apparatus for buckling
testing at elevated temperatures; Fig. VII-6 shows the
modified sample holder. In operation, a fully character-
ized microshell is placed in a sinall depression near the
end of the 15.7-mm (0.062-in.) -diam brass rod. The
brass rod is inserted into the close-fitting, thick-walled
quartz tube and positioned so that the sphere is near the
center of a 2.54-cm (1-in.) -long heated area of the quartz
tubing. A thermocouple is placed in contact with the
brass rod to record the temperature in the center of the
heated zone within the quartz tubing. Once the test
temperature is reached, argon gas pressure in the system
is increased gradually until the sphere, observed through
a binocular microscope, is seen to fail. The hexagonal
data points in Fig. VII-7 and all the data in Fig. VII-8
were obtained by this procedure, which has been found
to be simple. reliable, and reproducible. Note the good
agreement of the crushing data obtained with argon gas
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Fig. VII-6.
Modified sample hoider for buckling testing of GMBs at
elevated temperature.
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at room temperature and the previously reported data
obtained with mineral oil as the hydraulic fluid, as seen in
Fig. VII-7.

The data recorded at elevated temperature show a
much higher-than-expected strength retention (80% of
room-temperature propertiesy at 673 K for a soda-lime
glass  composition. Also, in the aspect-ratio
(diameter-to-thickness) range of 560 10 580, a strength
retention of 30 and 15%, respectively, was recorded at
773 and 873 K for the same glass composition.

These data are significant because at 673 K, which is
a normal filling temperature for this glass composition,
very little strength loss is recerded. However, these tests
were run in short time intervals of a few minutes.
whereas the filling time generally runs from days to
weeks. It is, therefore, important to also determine the
long-term effects on the strength of shells under sus-
tained pressure at elevated temperatures. The apparatus
is being reworked and instrumented for this task.

Another test that we will be able to run on this
apparatus will be the burst test of internally pressurizcd
GMBs. This wil' be performed by filling a GMB to a
calculated pressure exceeding the burst pressure and then
observing the shell while the supporting background
pressure is released. The tensile strength of the GMB is
directly related to the difference between the internal
pressure and the background pressure at failure.

It will be important to correlate the tensile strength of
GMBs obtained by the above technique with earlier
tensile data we obtained for GMBs by the potting and
pulling technique. If a good correlation exists. the potting
and pulling tensile test can be used for quality control of
GMBs because this type of testing takes only minutes,
whereas the internal pressurization test requires many
days.

Microradiography of Laser Fusion Targets (D.
Stupin). Microradiography is used to measure the wall
thickness and wall-thickness nonuniformity of opaque
microballoons and coatings, although this technique may
also be used for transparent materials,

Whitman® has shown that we can detect
wall-thickness variations as small as 100 A in a
I-um-thick GMB 120 um in diameter if the variations
are due to a Type I defect, i.e., to the nonconcentricity of
spherical inner and outer surfaces. Microradiography is
2.5 times more sensitive than our previous attempts, and
this increase in sensitivity is due to using a one-
dimensional fast-Fourier transform in the computation
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rather than the “difference in density™ method reported
previously.*

Our ability to detect small Type 11l defects such as
warts and dimples is also improved because we are using
a bilinear interpolation algorithm to transform the data
from Cartesian coordinates to polar coordinates instead

of the method we used previously. We can now detect a
0.05-um vanation in the wall thickness over a 5.6- by
5.6-um. or larger, area in a 120-um-diam GMB with
I-um walls. The probability for detecting this defect is
99% or greater. Figure VII-9 plots the minimum defect
area that can be detected at a 99% confidence level as a
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Fig. VI 9.
Delect detection boundary for small defects (such as warts
and dimples in | um thick GMB wails. The curve represents
the Y9y confidence level to find a defect of a given area as a
function of wall thickness.

function of the thickness of the defect. which is expressed
as an average variation from the 1 ym GMB wall
thickness.

A monochromatic x-ray source and a radiographic
analvsis system are being developed to increase our
throughput for microradiography with the above senst
tvities for Type ! snd Type [ defects. The new x-ray
source will focus /5 mA of 2 keV electrons into a
0.4 mm spot. This is nine times brighter than design
specifications. and it will allow us to radiograph micro
halloons in 15 to 20 min. which is 10 to 20 times faster
than with our older monochromatic source. Preliminary
measurements show that about 90% of the x ray photons
are trom the copper L, line.

The radiographic analysis system utilizes a Data
Cienera! Eclipse S230 computer. It has been interfaced to
¥ \ stages. and the early version of the analysis code has
Ucen snodined and run on this machine. Only the
television camera needs to be interfaced to the computer

to complete the analysis system.

150

Nondestructive Examination of the Inside Surfaces of
GMBs (D. Stupin). To completely characterize a GMB
used as a laser target. it may be necessary to examine its
inside surface nondestructively. We have recently shown
that high-voltage electron microscopy (HVEM) operat-
ing in the transmission mode can be used for this
exawmination. Figure VII-10 is a photomicrograph of the
inside surface of a GMB taken with a 1-MeV HVEM
with the electrons passing through its walls and focused
on the inside surface. We have not yet analvzed the data.
but are developing a method that will facilitate a direct
comparison of the same area of the inside surface of a
GMB examined by HVEM in both the reflected and
transmitted modes.

Laser Micromachining (E. Farnum. J. Feuerherd. K.
Moore)

We have purchased and installed a pulsed dye laser
for dnlling holes and cutting small parts. The laser.
which is capable of firing at a rate of 25 Hz is focused by
a microscope onto a computer-controiled table. This
table. which can be positioned within 1 pm. presently
moves along two axes in a plane normal to the focus
direction of the microscope. The table can be controlled
with a microprocessor or with a PDP 1103 com-
puter ‘microprocessor combination. A schematic of the
apparatus is shown in Fig. VII-11. The laser output is a
Gaussian beam with 15 mJ of energy in a pulse length of
200 ns. Because beam divergence is < | mrad. we should
be able to achieve focal spots less than | ym in diameter.

Operating the laser at a wavelength of ~480 nm. we
have drilled holes. scribed. and cut several types of
materials. We have drilled holes less than 1.0 um in
diameter in GMBs either at the top of the GMB or. by
focusing through the sphere. at the bottom. A typical
hole. drilled in a 300-pm-diam GMB. is shown in Fig.
VII-12. The hole size can be varied in diameter from | to
10 um by varying the laser energy. In addition. we have
scribed various geometric figures less than 150 um in
overall size on the surface of 500-um-diam gold-coated
microspheres for alignment experiments. Although the
PDP-1103 computer is not fully operational. we have



Fig. VII-10.

High voltage transmission electron micrograph of the inside surface of a GMB. Details have not yet been analy zed
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151



Fig. VII 12,
Scannmy cleciron micrograph of a dyve laser drilled hole in a GMB. Hole is 1.25 um diam. and was drilied from inside by

focusing faser heam through opposite wall.

driven the stage in simple rectilinear directions and have
simultancously controlled laser firing with the computer.
An example of this type of scribing s shown in Fig.
VIT TR

X Ray Diagnostic Targets (S. Butler, B. Cranfill. M.
Calcote, J. Feuerherd)

A developmental effort has been started to produce
GMB targets filled with gases that do not permeate
through their walls. The immediate use for these targets
is as an x ray diagnostic. However. once we have the
capability to produce such GMBs. we expect they will be
requested also for other experiments and diagnostics.

We are working toward fabrication of several types of
diagnostic targets:

( 1) targets containing up to 2 atm of either pure argon or
another gas containing an element with atomic
number between silicon and argon:

(2) higher pressure D./seed-gas targets in which the seed
gas is one of those used for 1argets of item (1), present
4t a few percent concentration: and

(3) DT/seed-gas targets.

The seed gases so far requested are Cl,. PH,.and H,S or

SO.. Total pressures up tu 60 atm are desired.
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The techimgue we have used to make these targets is
called the drill. fill. and plug (DFP; technique. We
laser drill a hole in the GMB and plug the hole while the
GMB is in an atmosphere of the desired gas composition
and density. For experiments reported here most of the
holes have been drilled with a dye laser and are ~3 ym in

Fig. VII 13,
Laser scribed reference mark on 500 pm-diam gold-coated
GMB. (30X).



diameter. Smaller holes can be drilled. but at present.
larger holes are used to facilitate subsequent operations.
In some cases. holes as large as ~10 um in diameter.
drilied with a ruby laser. have been used.

The first method o plug the GMBs used a “hot-meht™
adhesive. either vinyl acetate or Amscomelt 340. both of
which flow when heated to ~363 K. A small piece of this
material is placed over the hole and the GMB is placed
into & pressure vessel equipped with Lexan viewing port.
heater coil. and feedthroughs for heater leads. The
apparatus 1s evacuated and then back-fitled 1o the desired
gas density and composition. Current i applied to the
heater until the adhesive begins 1o melt while being
viewed through a microscope.

Targets with up to 1.0 atm argon and with a mixture
of 20 atm D,/0.5 atm Ar were produced by this
method and deiivered for laser experiments. Inspection of
these targets by mass spectrometry or by breaking them
under glveerin indicated that. in spite of the local heating
required to melt the sealant. the GMBs were initally
filled to the desired gas densitv. However. they had
sigmificant leak rates. Half lives for their gas fills varied
widely. from a few hours to a few dayvs.

The second method used to fabricate these targets is to
plug the hole with an epoxy. We have used Epon
828 DETA filled to 33% by weight with submicron SiC
whiskers. This epoxy cures in spite of the presence of
reactive gases such as H S, and the filler gives 1t a
workable consistency. In this case. a dab of the epoxy s
applied to the hole and the GMB s loaded into a
pressure vessel. which is evacuated and then back filled.
The entire vessel i1s placed in an oven at 323 K for an
overnight cure (12 to 16 h). Data on the leak rate of .
from two batches of GMBs plugged by this method are
shown in Tables VII-1 and I1. Those listed in Table VI [
were treated with a silating agent (2 aminopropyl
triethyoxy-silane) to prepare the surface for better bond
ing to the epoxy: those in Table VII II were not treated.
In both cases the nominal fill was 17 atm of D.. The
apparent wall-thickness increase after filling. as meas
ured interferometrically. was used to measure the gas
pressure inside the GMB.

The leak rate is much slower than that of the target
plugged with a hot-melt adhesive. but it also varies
widely among this set. No significant difference 15 seen
between the ireated and untreated GMBs: however. they
were treated before the laser-drilling operation. and the
perimeter of the hole may. in effect. have been untreated
in both cases. The initial yield from the two runs was
84%. but several microballoons (for example GMBs 6

and 7 in Table VII-I) were underfilled. Holding the
GMBs under vacuum has no effect on the gas pressure
or leak rate.

With the epoxy seal we can produce targets that have
a slow leak rate for D,. Qualitative experiments indicate
such targets are also quite slow for argon. We have not
vet attempted 1o experimentally control such parameters
as hole size or amount of epoxy applied. In the cases
cited above. the hole was generally several microns in
diameter. and the final epoxy plug was about 5 um high
by 15 um in diameter.

Experiments using Epon 828 DETA or Epon
828 Catalyst Z to plug GMBs filled with more reactive
gases (H.S. Cl.) indicated that a seal 15 formed that is
highly permeable or reactive to these gases but relatively
impermeable to air. These GMBs. nommally filled to 2
atm of a reactive gas. were later found to contain less
than 0.5 atm of the gas.

At present. we are producmg DT argon targets and
seckig an organic or inorganic scalant suttable for use
with more reactive gases. In addiion. we are working
with other projects to develop methods of nondestructive

measurement of the low pressure gas content.

INORGANIC COATINGS DEVELOPMENT

General

Future targets will require shells of metals or plastic.
To enhance our abihity to respond to design requirements
as they occur. we are developing a vanety of methods for
applving vanous metal coatings to several classes of
substrates. The substrates of interest are GMBs and
Solacels. and the coating techmyues include electro and
electroless platng. chermical vapor deposition (CVD).
physical vapor depositon (PVD). and sputter deposition.
We again focused our attention on high quality coatings
and on the recovery of a small number (10 to 100) of
preselected GMBs  specifically  n
20 times ligwid  density targets and the radiochemical

support  of the

diagnostic test targets.

Electroplating (A. Mayer, S. Armstrong)

In support of the 20 umes liquid density target. a
process has been developed for electroplating copper
onto 300 um diam Solaccels using the standard apparatus
for bulk electroplaung of discrete microparticles. The
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TABLE VII-]

RELATIVE PRESSURE LOSS IN DFP GMBs
INITIALLY FILLED TO 17 atm D. (TREATED GMBs)

Time Half-Life
(Days) {Days)
GMB 0 0.3 | 4 7 11 27
i 1.10 1.10 1.00 "
2 1.00 1.04 1.00 0.96 0.92 0.76 0.50 26
3 0.98 0.94 0.98 0.98 0.80 0.84 0.72 49
4 0.04 - -
s 1.00 0.94 0.90 0.78 0.50 0.32 0.18 10
6 0.54 0.46 0.54 : . .
- 0.76 0.66 0.72 0.62 0.62 0.44 0.36 23
b 1.12 1.04 112 0.94 0.94 0.86 0.76 44
9 112 1.04 1.12 1.12 1.04 0.94 0.76 46
10 0.94 0.86 0.94 ! s - :

N loss after 2 h 20 min in vacuum.
Broken under glycerin 17.9 aim.
Broken under ghveerin 8.5 atm.
Broken under ghcerin 158 atm.

TABLE VIl 11

RELATIVE D, PRESSURE LOSS IN DFP GMBs
INITIALLY FILLED TGO 17 atm D, (UNTREATED GMBs)

Time Half-Life
(Days) (Days)
GMB 0 0.2 1 2 7 23

11 -0.32

12 ~0.06
13 1.00 0.86 0.96 0.96 0.90 0.78 56
14 0.98 0.90 0.80 0.76 0.80 0.54 28
15 0.68 0.64 0.60 0.68 0.64 0.46 39
16 0.90 0.82 0.82 0.86 0.86 0.68 55
17 0.94 0.98 0.90 0.90 0.66 0.26 12
18 0.92 0.92 0.92 0.86 0.96 0.74 55
19 0.90 0.90 0.82 0.90 0.68 0.32 15




Solacels must first be immersion-plated with gold to
protect the Solacel wall from chemical attack during the
initial stages of plating. The immersion plate also
enhances the adhesion between the copper and the
Solacel.

Lead-plated Solacels also show promise as the pusher
for the target. A standard lead flucroborate electrolyte,
again in the standard bulk-plating apparatus. produced
very poor thickness uniformity and surface finishes.
which were attributed to poor throwing power. A new
bath. designed to produce higher throwing power. was
prepared. The new bath had excellent throwing power. as
shown by improved thickness uniformity. Unfortunately.
the new bath was a low-metal/high-acid solution that
was so corrosive {0 Solacels that a satisfactory plate
could not be achieved. Lead-plating Solacels by the
bulk plating process does not appear to be practical. It
may be feasible for a stalk-mounted Solacel. and this
possibility wiil be explored.

The first rad-chem target is to be a 300 um-diam
GMB mounted on a stalk. flashed with ~0.5 uym of
copper by physical vapor deposition. and electroplated
with 3 um of copper that has been doped with “"Cu. The
final layer will be 30 pm of parylene. We have developed
an electroplating technique that. we feel. will provide a
satisfactory copper coating on the target and its stalk. A
high-throwing-power copper-sulfate plating bath in
corporating a proprietary brightener was prepared. and a
special constant-current power supply was built for this
purpose. We have found that proper rotation of the
target substrate in the plating bath throughout the
deposition results in uniformities of ~+ 5% (Fig. VII-14).

Electroless-Plating {A. Mayer)

Reproducibly coating GMBs has been. in general.
much more difficult than coating Solacels. The GMBs
seem to be much more difficult to manipulate during the
coating process. Two processes have been used to
metallize and electroless-plate small quantities of pre-
selected GMBs. The first process attempted was metalliz-
ing the GMBs with chemically vapor-deposited (CVD)
nickel followed by electroless-plating. This prucess was
not successful because the GMBs tended to crack during
the plating process. The second approach involved a wet
metallization process that has been quite successful.

Two other CVD metallization processes were also
investigated. In the first case, 300-um-diam KMS
Fusion, Inc. GMBs were ccated with 0.5 um Mo,C.

Fig. vil 14.
Stalk mounted copper electroplated GMB. Copper is 50 . 2.5
um thick. Note that defect in substrate leads to defect in

copper coating. 1175X)

sensitized in SnCl,. activated in PdCl.. and plated with §
um of electroless nickel. No broken parts were found.
and recovery was excellent. There were some rough
spots on the surface due to incomplete activation of the
Mo.C surface. The next CVD metallization process
involved the CVD Mo.C flash. but replaced the wet
activation step with a flash of CVD nickel. About 30 of
these CVD- treated GMBs were plated with electruoless
nickel. The resulting deposit was uniform and the
surfaces smooth. and no breakage occurred during
plating. Figure VII 15 shows the surface guality. The
small bumps are a result of insufficientls clean plating
baths. a circumstance. we feel. that can be corrected
Several plating runs were made in which the GMBs
were sensitized and activated in diute solutons ot
SNC1. and PdCl. before plating. Figure VII 16 shows
the quality of the coatings obtainable by this process.

Chemical Vapor Deposition (G. Vogt. W. McCreary. D.
Carrolt)

In the past. we developed procedures for CVD
precision Mo,C coatings on Solacels from molybdenum
carbonyl. We are now tryving to adapt the procedure 10
coat small numbers of preselected GMBs and have had
some success. To fluidize small numbers of GMBs
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Fig. VII 15
Electroless piated nickel on GMB, first metallized with MO.C and activated with CVD nickel. (300X).

Fig. VII 16.
Electroless coated 22 um thick nickel on GMB activated by wet chemical method. (200X).



requires the use of a carrier bed of particles consistently
sized. but smaller than the particles to be coated. The
carrier bed generally consists of Solacels even when
GMBs are to be coated because the Solacels fluidize
much better. The more buovant GMBs ride higher in the
bed. and thus are above the active coating zone. This
seems Lo increase the number of surface nodules. Particle
muxing in the bed can be improved with lower flow rates.
and we intend to continue this effort.

We have been investigating CVD coatings of nickel.
both to provide metallization lavers onto which an
electroless coating can be added and to coat to full
thickness for the 20 times liquid density  target. The
CVD nickel coatings have been nonadherent and have
had very rough surfaces. but an improved coater design
has improved  the  process  significantly.  Although
zas phase nucleation s sull an obvious problem. we have
significantly improsed the coating quality. The improved
coater design involves replacmy the Pyrex fric diffuser
plate with a plate consisting of a close packed array of
tubes of uniform bore (~ 25 um diam). Gas flow uniform
ity across the plate was increassed. with the result that
small batches of GMBs can be Nuidized for much jonger
periods of time before channeling occurs. Coating pa
rameters can now be properly controlled for longer
periads of time. We will continue these experiments to
further improve our CVD nickel coatings.

CVD tungsten coatings from tungsten hexafluonide
have been perfected for metal substrates. such  as
Solacels. However. GMBs cannot be coated from the
hexafluoride without first flashing them with a protective
laver. kven though the CVD metal deposition from the
metal carbonyl is more complicated chemically than that
from the metal halide. we have begun to investigate CVD
tungsten coating from the carbonyl. A thermodynamic
analvsis of the tungsten carbonyl system was completed
to provide a first order estimate of the proper experimen
tal conditions to obtain carbide and oxide-frec tungsten
coatings. We also performed several experiments to
improve the thermodynamic estimates by factoring in the
reaction kinetics and nonequilibrium conditions of the
fluidized carrier bed.

When the conditions are adjusted to maximize the
metal producuon. the rate of deposition is very low.
Table VII I11 gives the coating conditions for three
experiments. Although the process is too slow at present
to deposit shells in a useful length of time. we have
shown that we can provide a thin protective laver of
tungsten from the carbonyl. which can then be over

coated with tungsten from the hexafluoride at a faster
rate to form the shell.

We are improving the fluidized-bed reactors to provide
more precise and efficient control of the coating parame-
ters. We are also continuing our effort to stabilize and
control GMB Nuidized beds.

Gas Levitation of GMBs During Sputtering (A. Lowe,
C. Hosford)

Gas levitation has been a useful technigue for support-
ing GMBs during sputtering. The technigue provides a
means of continuously moving a GMB during deposition
without damage to the surface of the coating or the
GMB and with less chance of loss of the GMB during
processing. During this period. the deposition rates have
been inereased 10 1400 A mun for gold. Four GMBs are
levitated simultancoushy in separate dimples in a col-
hmated hole structure. as shown in Fig. VII 17,

The apparatus for levitation sputtering has been mod-
ficd 1o dlunmenate and  observe the GMEs  directly
without mirrors. This was necessary to observe non
reflective coatings such as lead. Also. the levitated GMB
1s now absenved on a TV momitoring svsten.

The untformity of gold coatings sputter deposited on
gas levitated GMBs was 1 3% for a 4 um thick coating
and 1+ 3% for a 1 um thick coating. The nonuniformities
arc determined by optical density measurements of a
microradiograph. These nonumformities are thought 1o
be due to a preferential spim of the GMB during the
coating process. To mmprove uniformity. the spin will
cither have to be controlled or eliminated.

The surface vanation s no more than a few percent.
However. the surface s quite granular and appears to
degrade with incruasing thickness. Figure VII 18 is a
scanning electron micrograph of a fractured cross sec
ton of a gas levitated gold sputtered coating on a GMB.
The columnar growth of the coating s clearly shown.

The surface texture of gold sputter “eposited on a
levitated sphere 15 quite different from that on a sta
tuonary sphere tFig. VIE19), There seem to be many
more nucleation sites for the levitated GMBs. which
vields a finer gramed deposit.

Mandrel Development (S. Butler. M. Thomas)

We are continuing our effort to produce solid micro
spheres suitable for use as mandrels for praduetion of
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TABLE VII-III

SUMMARY OF EXPERIMENTAL CONDITIGNS
FOR THREE TEST RUNS FOR W(CO), CVD

Bed volume (m¢)*
Bed weight (g)*

Vapor generator
temperature (K)

vapor transport”
rate {ug/min)

Max W deposited®
(mg)

H./W(CO), ratio
Ar/W(CO), ratio

Inlet pressure
(torr)

Reaction
temperature (K)

Duration of
experiment (h)

Actual amount
of W deposited {mg)

Experimental Runs

WC06-2 WC06-3 WCo06-4
~4.5 2.55 + 0.05 2.65 + 0.03
0.350 0.189 0.203
314 + 0.5 323 £+ 05 333+ 05
18.2 42.2 141
5.3 320 130.9
16 600 7100 to 17 800 1600 to 4810
11 500 9900 4450
150 + 10 150 + 10 150 + 10
595 + 50 555 + 40 555 + 40
94 24.2 20.6

~102

"Before coating. The volume measurement was for free-fall packing.

"Averaged over entire run.

metal microballoons. A new droplet generator has been
fabricated. New features of the apparatus include a
larger volume to allow longer experiment time with each
fill. better heating capacity and better insulation to allow
faster heating and higher temperature capability. The
apparatus is now mounted in a column exhausted to a
fume hood to allow the use of a wider range of materials.
The nozzle design remained unchanged: the shaker is
mounted to a vertical shaft terminating with a modified
Swagelok fitting that holds the orifice. The inter-
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changeable orifices are holes electron-discharge-
machined (EDM) in foils mounted on a Swagelok back
ferrule.

After initial experiments with water. some drops of
molten potassium thiocyanate (KSCN) were produced.
This substance was chosen because it is a low-
melting-point inorganic (448 10 452 K) with a small AV,
(<10%) and a high temperature of decomposition (773
K). However. it is too corrosive. and present plans are to
continue work with NaNO. and other materials.



Fig. VII-17.
Collimated hole structure used to PVD coat four gas-levitated GMBs simultaneously. (8X).

ORGANIC COATINGS DEVELOPMENT
General

Many of our multilavered laser fusion targets use an
outer shell of low-density low-Z material as an absorb-
er ablator laver. This laver absorbs energy from the
incident laser. is heated and vaporized. and streams
away from the pusher shell causing the pusher shell to
implode via the rocket reaction forces. For target pellets
that do not depend on the strength of this absorb-
er/ablator to contain the fuel-gas pressure, we generally
use plastic. We also provide free-standing cylindrical and
spherical shells of plastic as targets and for special
diagnostic measurements. These latter specimens are
generally fabricated by coating appropriate mandrels,
which arc then dissolved in acid to leave freestanding
plastic shells. We are also trying to make plastic shells by
using a droplet generator. Finally. we are developing
techmyues for making low density small-cell-size plastic

Fig. VII-18. _ ! ng low
Scanning electron micrograph of fractured gas-levitated foam in the form of spherical shells that can be placed
PVD-gold-coated GMB. Note columnar growth of gold around target cores.

coating. {5000X).
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Fig. VII 19.
Scanning electron micrograph comparison of PYD gold coatings produced statically and by gas levitation on GMBs. Gas
levitated PV D gold coating is much smoother. (2500X).

Gas-Phase Coatings (R. Liepins. M. Campbell. J. Cle-
ments)

General. Important requirements for coatings on laser
fusion targets are sphericity and wall-thickness vari-
ations of less than 5% and surface smoothness deviations
of less than r1 pm. We have achieved these require-
ments with both the low-pressure plasma (LPP) and the
vapor-phase pyrolysis (VPP) processes. In addition. we
can now coat a single GMB or many individually
separated and characterized GMBs by LPP. We can also
now deposit coatings with thicknesses exceeding 100 um
using the multiple-coatings approach. These develop-
ments represent important new capabilities. We have
also made the first density determinations on the LPP
polvip xviene) coatings and are investigating the
maorphology of multiple coatings.

Low Pressure Plasma Process (LPP).
Inrroduction. In previous work we demonstrated the

zer ooz oas few as eight GMBs, We have now
s Centraques to coatl a single GMB oor many

ul

individually characterized GMBs. A study. which cor-
rclated the ionization potential of the organic species and
that of the background gas with the deposition rate, was
also used as basis for obtaining a multilayer coating
more than 100 pm thick. We are developing a technicue
to provide accurate (to within 0.1 g/cm®) density in-
formation for the plastic coatings on actual laser targets.

Coating a Single GM B and Many Individual, Charac-
terized GMBs. The previously developed capability to
coat as few as eight GMBs has been refined to allow
coating either a single GMB or several individually
characterized GMBs. This technique requires strict con-
trol of the thickness of the plastic precoat on the
aluminum plate electrodes. We modified the bottom
clectrode. as shown in Fig. V1I-20. to be able to keep
many individually characterized GMBs separate during
coating and thus to keep track of their identities.

Thick Coatings. The effects caused by the ionization
potential (IP) of the background gas and the monomer,
described in the last semiannual report.' have been
investigated further and have been used to deposit thick
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Fig. VII 20.
PP coater with lower basepiate modified for simultaneous coating of individuaily characterized GMBs.

LPP coatings. For example. the effect of the back
ground-gas ionization potential upon the maximum coat
ing thickness obtainable in a typical run is summarized
below.

Maximum
Background Coating
Gas IP(V) Thickness (m)
None 7
Argon 15.8 8
Krypton 13.9 10.6
Xenon 12.1 13.6

With the use of xenon as the background gas and
exchange of the electrodes afier each maximum coating
thickness obtainable. we have deposited multiple coat-
ings in excess of 100 um thick.

Coating of Metallic Microballoons (MMB). Recently
we have been required to coat metallic (nickel) micro-
balloons. We fund that the MMBs could not be made to
bounce by themselves for any extended period of time.
The solution was to mix the MMBs with GMBs and to
find the appropriate shaker frequency. We can now
deposit uniform 7- to 8-um-thick coatings on MMBs.

Density of Poly(p-Xvlene) Coatings. The density of a
typical polv(p-xylene) coating on a GMB was de-
termined by measuring the weight and the volume of the
coating. We usad eight solid glass microspheres with a
glass density in the 2.19- to 2.44-g/cm’ range for this
determination. The weight obtained on a
CAHN-4700 microbalance with a 0.1-pg sensitivity. and
the volume was calculated from the radiographic meas-
urements of the uncoated and coated microspheres. The
pertinent data are summarized in Table VII-1V. The
densities for the eight samples ranged from 0.78 to 1.03
g/cm*® with an average density for the eight coatings of
0.92 g/cm'. This is a rather low density for a polvmer
containing aromatic units in its structure.

was

LPP Coating ar Temperatures Above Ambient. To
obtain supersmooth (< 100-A imperfections) coating sur-
faces we are exploring various approaches such as
coating at temperatures above ambient. Our initial work
consisted of heating the lower electrode (which supports
the GMBs) to 50, 75. or 110°C (323. 548. or 383 K) for
about 30 min before coating. The lower electrode was
then maintained at the temperature throughout the run.
Deposition of the coating at 50°C showed no difference
in surface smoothness from that deposited at room
temperature. However. deposition at 75°C and. especiai-
ly. at 110°C produced marked improvements in surface
smoothness.

161



TABLE VII-IV

DATA ON LPP COATINGS ON SOLID GLASS MICROSPHERES

Upcoated Coated Coating Density of

Microsphere Radivs Weight Radius Weight Thickness Weight Coating

No. (um; (ug) (um) (ug) (um) (ug) (8/cm’)
3 191.1 71.1 202.2 76.0 11.1 4.9 0.91
6 204.0 88.6 214.6 94.0 10.6 5.4 0.93
7 197.0 77.5 207.8 82.4 10.8 4.9 0.88
8 201.9 83.3 212.4 88.4 10.5 5.1 0.90
10 183.5 63.0 194.5 67.8 110 4.8 0.97
14 130.0 22.4 141.0 24.4 11.0 2.0 0.78
15 131.6 24.5 142.0 26.9 10.4 2.4 0.98
16 167.3 47.6 179.1 52.2 11.8 4.6 1.03

Morphology of Multiple-Layer Coatings. For multi-
ple-laver coatings. in which possibilities for layer separa-
tion or delamination exist, good mechanical properties
and good aging characteristics are important. To obtain
hetter control of these properties we are investigating the
morphology of the coatings and how it is affected by
changes in substrate and other experimental parameters.

The coatings are fractured by compression in a
micrometer at room temperature. A {racture of a 5-layer

coating is illustrated in Fig. VI1I-21. The fracture shows
that the adhesion between the first four lavers was poorer
than that between the fourth and the fifth layers. The
work of correlating experimental parameters with
adhesion characteristics between the layers is continuing.

Fracture of a multilayer coating also showed that,
although all of the coating deposition parameters were
nominally the same. different layers apparently had

Fig. VIL-21.
Fracture of a five-layer LPP coating on a GMB exhibiting differences in adhesion between layers. (2000X).
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different struciures. as evidenced by differences in frac-
ture patterns. Parameters responsible for these dif-
ferences need to be investigated further because they
have a direct bearing upon the mechanical strength and
long-term stability of the coatings.

In the investigation of the effect of the substrate upon
the surface smoothness of the coatings. major d Terences
were observed between the LPP and VPP processes. In
the LPP process. rough as well as smooth substrate
surfaces give equally rough surfaces at coating thick-
nesses above | um. Presumably. at coating thicknesses
below 1 um. the surface structure of the substrate is
coated conformally. In the VPP process. rough sub-
strates always produce coatings with rough surfaces. and
smooth substrates produce coatings with smooth surfac-
es. Furthermore. the surface energy of the substrate
appears to have no effect upon the coating surface
smoothness obtainable in the LPP process. In the VPP
process. high-energy surfaces (metals) lead to smooth
coatings and low energy surfaces (glass) lead to rough
coatings. In addition. the coating deposition rate in the
LPP process appears to have a minimal effect upon the
surface smoothness obtainable. In the VPP process. high
deposition rates ( » 1000 Asmin) produce rough surfaces.
and low deposition rates (< 1000 & min) produce smooth

surfaces.
YPP Process.

Introduction. To cxtend our capabilities in the prepa
ration of thick coatings with precise control of coating
thickness and surface smoothness we have developed the
VPP process. In principle. the process has no coat-
ing-thickness limitation and inherently leads to a con-
formal coating of high surface smoothness and uniform
ity. The p-xylvlene VPP coating possesses high mechani-
cal strength. good thermal stability. and high resistance
to most solvents and chemicals.

In previous work. we demonstrated the ability to
deposit coatings on GMBs to thicknesses greater than
350 um with surface smoothness approaching 100 nm.
During this reporting period. we have concentrated on
producing coatings with smooth surfaces (<10 nm) that
also are transparent. We have further developed the
technique of coating levitated GMBs in the VPP process
and we can now levitate five GMBs at once. We have
deposited coatings as thick as 19 um on single GMBs.

Smooth, Transparent Coatings. Deposition rate has a
direct effect upon the coating surface smoothness—the
higher the rate the rougher the surface. By using
deposition rates of less than 50 nm/min. the surface
roughness decreased from +1.0 to < +0.05 um. with one
or two of 20 GMBs having a transparent coating. The
transparent coatings always had the smoothest surfaces
(< £0.05 um). The transparent coating formation was
first noticed when we started using a smalil copper screen
(3-cm-diam. 20-mcsh) in front of the monomer exit tube
to induce a more turbulent monomer flow pattern in the
cold chamber. Additional experimentation with various
sizes and types of screens and their locations in the
chamber has revealed a way to consistently produce
smooth transparent coatings in more than 90% of the
GMBs coated. A tvpical 36 um thick transparent coat
ing is illustrated in Fig. VII 22. Note how clearly the
glass stalk glue line to the GMB can be seen through the
coated GMB.

Plastic Coatings on Levitated GMBs (with A. [.owe and
C. Hosford). To coat VPP plastic on GMBs for
20-times-liquid-density targets. we must mount the GMB
on an aramid fiber. apply the coating. and then machine
the coated fiber off 10 produce a smooth. spherical
target. This is a difficult. time-consuming process. which.
at best. only marginally meets target specifications for
sphericity and coating uniformity.

During the previous reporting pericd. we installed a
gas levitator in our VPP cold chamber and applied a
S-um-thick coating to a single. levitated GMB. We have
extended this technique and can now gas levitate and
coat five GMBs simultaneously. We have also increased
the coating thickness to 19 pym and. with additionai
refinements in the hardware. do not foresee anyv prob
lems in depositing much thicker coatings on multipie
GMBs. A report detailing this techmque and imual
results has been written.”

Chemical Analysis of Plastic Films and Coatings.

Fourier Transform IR Spectroscopy of Plastic
Films. Perdeuterated polyethyvlene (PE,,)} films are used
as either laser fusion diagnostic targets themselves or as
components in more complex target structures. In the
fabrication of PE,, films the possibility of deuterium
exchange for hydrogen exists. and therefore. a quick
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Fig. VI 22
[ransparent S6 am thick p wwisvlene coating on 200 um diam GMB. Note clarity of glue line at stalk. (160X,

analviical techmgue tor estimating the extent of deu
terium exchange was o anterest. We cnose o develop

this intrared  spectroscons Tiuny Dedduse of s
I i

inherent simpliciny and caion=oss, W nave devejoped

cner OH or - CD

standard  curves :
stretching vibration absorptior ~ard areas o 1mm thick

ness and mole pereent deoter.on or mvdrogen in the
sample. Now with these curves. we can run the specirum
on the unknown, measure the appropriate absorp
ton band area and read the mole percent deuterium or
havdrogen trom the curves. A report has been written
givng the details of this techngue.”

Oxyveen Content of 1.PP Coarings. LLPP coaungs are
extremely reactive because they have a high free radical
content. and as a result. they onadize when exposed to
H.O vapor and oxvgen. Oxveen s undesirable in these
coatings on laser targets. The LPP coatings are highly
stressed as deposited. and the combination of stress and
oxidation causes the coatings to crack and to peel off.
Annealing at 30=C (323 K) was tried m an attempt 1o
stabilize the coatings. but it only delavs the cracking. An
LPP coating. analvzed about nne week after it wis
formed. had picked up 2.3 mol% oxyvgen from exposure
to ambient air.

We reported previously' that extremely smooth {200
to 4G9 A imperfections) LPP coatings were produced by
intermittently admutting air (pulsing) to the argon back
ground gas during coating. This technigue preoxidizes
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the coating and may solve the cracking problem. The
oxaeen content of @ Upulsed” coanng was ~3.5 mol%

atter abour one week exposure to ambient air.

POLYMER FOAM DEVELOPMENT
Creneral

Low density CH foam s a highly desirable option as
an amplosion buffer in many target designs. This foam
should have a density of 0.05 g cm’ with a very
uniform small cell size ¢ 1 umy.

Low Density Plastic Foams {R. Liepins)

The lower the density of the plastic the easier it should
be to fabricate the low density (< 0.05 grem’) microfoam.
regardless of the fabricaton technique. The two com
mercially lowest density are
polyethvlene (PE) and polypropylene (PP). Depending
upon the crystallinity content. PE may have a density of
0.94 g em’. or PP. a density of 0.90 g/em®. Most other
plastics have densities in the L1 to 2.3-g/cm’ range.
However. a literature survey reveals that polymers with
densities below 0.90 g.cm’ have been prepared. There

available plastics  of

appears to be a direct relationship between the density of
the polymer and the length and the bulk of the pendant
group in the repeating unit of the polvmer chain. This is



llustrated in Table VII V. which shows the crystalhne
densities of a series of polymers. By extrapolating this
density structure relationship. we predict that the prepa
ration of polymer structures with densities below (.8
g cm' should not be difficult. Because of the wide
applicability of this type of material in laser fusion target
design. we  have  undertaken  to
low density plastics. The mitial work has ivolved syn
thesis of the monomer 3,5 dimethyl 1 hexene.

synthesize  sech

Thermally Induced Phase Separation in a Perfect
Polymer Solution Approach to Foams (A. Castro,

ARMAK Research Laboratory)

ARMAK has a new proprietars technique for toam
generation that 1s based on “thermally induced phase
separation” in a perfect polymer solution. They have
made foams with densities as low as 0.1 g em’ and
foams with average cell size as fow as 1 um. We have
recently contracted with ARMAK 1o develop foams to
our specifications.

CRYOGENIC TARGET DEVELOPMENT
General

Laser fusion targets tueled with cryogenic. hquid. o
solid DT offer the adyvantage of high mitial fuel denaty
without the disadvantage of diluent atoms bemg present
as they are in room temperature solids having a high
hydrogen density  [for example. lithwum o LT
carbon in (CDT),. or boron and nitrogen in NH . BH ..
In addition. calculations indicate that the vields from
targets fueled with liguid or solid DT can be considerably
higher than those from targets of the same design. but
fueled with high pressure DT gas. Therefore. we are
developing cryogenic targets. despite the signmificant
experimental complications encountered in their fabn
cation and in their use in laser target interaction experi
ments. We are currently testing the prototspe cryvogenic
processing mechanism for loading and freezing these
targets in the Helios target chamber.

Helios Cryogenic Target-Producing Prototype (J. R.
Miller. J. T. Murphy. C. E. Cummings, R. D. Day, J. B.
Van Marter)

Further tests have been conducted on the experimental
apparatus desigined to produce cryogenic targets in the
Helios Taser system. As described previously® targets at
room temperature will be ioaded into the target chamber.
processed by using the fast sothermal freezing (FIF)
technique. and then uncosered through rapid retraction
of the crvogenie processing shroud just before laser
rradiatiom. W2 have completed tests on the cryogenic
shroud retracbon subsystem. We are testing a new
techmgue for thermath wolaung the targer mount from
room temperature. and  have demonstrated that this
technique abso provides an adequate exchange-pas seal
between the eryogenie shroud and the target mount.

The ~hroud ree wcton subsystem, designed on the
basis al g sugeeston from Do Musinski. KMS Fusion.
Inc . rehes on atmospheric pressure to rapidly collapse
an evicuated. welded metar bellows. The bellows. initial
o magnencally fatched imats extended position., collapses
when the hotding clectromagnets are de energized. Fig
ure VI 23 08 o schematic of the test shroud retraction
subsvatem

New. hydraulic shock absorbers were installed on the
shroud retracuon subsyctem. Retractor position vs time
was measured by using high speed motion pictures or
multiliash stroboscopie pictures. The data are shown in
Fig, VIT 240 Atter release from the holding magnets. the
retriactor decelerates with ~25 o0 The target begins to
recenne room temperature black body radiation exposure
RINAY P omoand aty o 4.5 emu the shroud s clear of
the Helies laser beams and irradiation of the target can
aceur. Betore the shroud s clear of the beams. the target

-

s eaposed o 200 K radiauon for 6 o 7 mis. too short a
ume to perturh the umtorm. sohid DT laver in a tvpical
target. The retractor velocty at contact with the shock
absorber s~ mosoand ~2.5 ¢moas available for the
shock absorber to decelerate the retractor to a stop.
Although the shock absorbers do not uniformly de
celerate the rapidly moving shroud. this deficiency is not

a  problem  from a  mechameal fatigue  or  a
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minimize the mass and 1o optimize the geometry.



As currently designed. the tarzet mount 18 cooled
through contact with the hiquid hehum cooled target
processing shroud. This procedure elininates the com
phcavons introduced with independent cooling of the
target mount. However, we have encountered difficulties
in cooling the target mount sufficientls with this tech
nique. In the previous configuration. the shroud could be
cooled to 7 K. and the target mount to 39 K. By u~ing
three re entrant fiber glass tubes that were drlled to
produce a 0% cross sectional area reduction nstead of
the single fiber glass tube. the target mount could be
cooled 10 25 K. This 1& K temperature difference does
not gne the uniform temperature environment around
the target needed to produce unitorm sohd DT layers.

Because further increases m the thermal solaton of
the target mount will almost certainhy lead to a corre
sponding decrease in the mechanical rigidity and stability
of the target mount. and because no casy solution 1~
available to reduce the thermal contact resistance be
tween the shroud and mount. we have taken & new

approach. This approach. suggested by G. Stewart of

NBS. uses contact resistance iue thermal solation. In
addition, this technigue provides a gas scal between the
cryogenic shroud and the target mount. The modified
target mount. shown m Fig. VI 25, contams i ~tack o
thin aluminized Mylar washers (super nsulatoni in
terleaved with paper. The eftective thermal conductivity
of such an arrangement s < 1 uW ¢cm K." Because the
washer 1n contace with the shroud has a low mass and i~
well isolated thermally  from roam  temperatuce.  the
shroud exchange gas should cool this washer adequately
and should provide a umiform temperature around the
target. We are tesung this thermal isolanon techmque

In additon 10 standoft, this
stacked-washer scheme also provides the exchange gas
seal between the crvogenic shroud and the target mount.
This is attained by gluing the top washer to the target
mount. The shroud face. lapped to provide 2 smooth
mating surface. is loaded against the washer stack. The
exchange-gas admitted into the cryvogenic shroud s
contained by this scaling system. Figure VII 26 shows
the seal leak rate vs exchange gas pressure tor two
contact forces. With a force of 0.9 N on the seal (0.2 Ib)
and 1000 mtorr exchange gas pressure in the shroud. the
leak rate is ~10 * atm cm’ s. Because the imposed limut
on the helium leak rate into the Helios chamber s 10
atm cm’ s. the detachable-seal problem is solved.

providimg  thermal
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VIIl. APPLICATIONS OF LASER FUSION—FEASIBILITY AND
SYSTEMS STUDIES
(L. A. Booth)

Our feasibility and systems studies are being performed to analyze the technical
feasibility and ecconomic aspects of various commercial and military applications of
lasers and laser fusion. Commercial applications include electric power generation.
fissile fuel production from fusion fission hybrid reactors. and production of synthetic
fuels such as hydrogen. Our studies also include assessment of advanced technologies
that require development for the ultimate commercialization of laser fusion. These latter
studies emphasize the CO. laser driver. The general objectives of these studies are the
conceptualization and preliminary engineering assessment of laser fusion reactors and
other energy production subsystems. the development of computer models of integrated
plant systems for economic and technology tradeoff and comparison studies. and the
identification of critical technology areas requiring long term development efforts.

REACTOR DESIGN STUDIES

Introduction

Our reactor design studies determine the fundamental
engineering feasibihty of reactor design concepts and
establish scahng laws for the sizing of reactors in
integrated ;iant designs tor energy production applica
tons. In converting pellet output energy to useful forms.
two primary design considerations prevail: (1) protectior
of the reactor chamber structural wall from x rayvs and

1on debris generated by the pellet. and (2) conversion of

these energy forms and of the high energy neutrons to
useful energy  while producing the fuel constituent.
tritium.

In general. these design considerations are essentially
independent of each other. Because ~80% of the peliet
output is in the form of high energy neutrons, this energy
1s most convenizntly comverted 1o thermal energy in a
“blanket” surrounding the cavity and comtaining lithium
or lithium compounds for tritium breeding: the design of
this blanket s essenually not dependent upon the
first wall protection scheme. Likewise. means of protect
ing the first wall are generally not dependent upon the
blanket design. Therefore. a variety of blanket designs
can be incorporated with a particmiar wall protecticen

scheme and vice versa.

W are studving three methods of first wall protec
von: chea nthium wetted walle (20 a vacuum cavity with
a fow 7 saentical hiner and magnete deflection of ion
debris from the iner. and (3 o gas filled cavity with and
without magnetic fickds tor deflection of 1on debris. In the
ithium wetted wall concept. the v rayv output and 1on
debris are absorbea by the ablavon of a thin film of
lithrum that coats the inside surface of the first wall. In
the second concept. the on debris s ducted out the ends
of g cvhindrnics contiguration wnere the 1wons are either
collecred on large surtace areas or are slowed by MHD
decelerators, The v ray enerey s absorbed by ablatuon of
small amounts o1 the tow Z sacniticial hner. In the third
concept. v ray and ion debris energies are attenuated by
interaction with the background gas and. with the
magnetic detlecnion option. 1ons are ducted out the ends
ot a cyvlinder. as above.
blanket  concepts
fow temperature (- 1000 K} hquid hthium blanket for
electric power generation. (2) a high temperature (1300
to 2000 K) boiling lithwm blanket for high efficiency
electric power generation and as a high temperature

Our  studies of melude (1) a

process-heat source for hydrogen producuon. and (2) a
lithium cooled array of elements containing ferule *'*U
and or ““Th for the production of fissile fuel and
electricity as a byproduct.

Tov



Reported below are results of our studies on the
magnetically  protected  wall concept. on the
Migh temperature boting lithium blanket concept. and on
@ ow power density tissile fuel production  blanket

chvhrds coneepl

Magnetically Protected Wall Phenomena Modeling (1. O.
Bohacheveky. Do Q. Dickman. J. C. Goldstein)

OFAG FORE i 10%gyne)

Our conunuing studies of inertial confinement fusion

IO reactor cavities with magnetically protected cvim e i 104
Sovws owalls toand of possibiliies of using ENERGY (keV)

Lobatomie rumber gases for protection from xoravs’

<« tothe tor nulaton of a new plasma model” and to the Fig. VI 1.

dUvetopment of g numerical code. LIFE B, which solves Dirag force regarding motion of tungsten ions through argon.

Cicogoverne ditterenual equavons and  thus modeis

cavity pheromend. In this section. ve present results

shtaned waith this code and indicate directions of current Vo - .

Crvestigations., - .
Currently, modeled i the LIFE B code are the tem

pural evolution of the electromagnetic field and of the

state of the wonized cavity medium fcontinuum) propaga

ton of tuel pellet debris wons. and the interaction of these r - - _
wns with the continuum  through clectromagnetic and
mechameal (riction) forees. Typical dependence of the T

trictonal drag foree that retards the motion of a tungsten

ENERGY SINK

1w through argon at a densits of 10 % g ¢m’ on the won
energy speedy s shown i Figo VIIT L. Expressions
modeling this hehavior have been derived in the form of
analyuc approximations to experimentally  determined

+ DEBRIS
FRONT

stopping power data and have been incorporated into the
code,

Figure VIIT 2 shows. from the muidplane of the cavity.

INTENSITY

CYLINDER

the computed distribution of the magneue field strength
tintensity + after expansion of fuel pellet debris. Notice
able is the formation ol a “bubble™ in the field and the

FIELD

correlation between the cxpanding debris front and the

ridge in the field intensity: this result agrees with our

previous simphfied computations.®

Figure VI 3 iilustrates the pressure increase in the
background medium associated with the arnival of peliet T IME = 10 S
Jdebris viewed from the conical end of the cavity.

After we established the feasibility of using MHD
seocierators in place of energy sinks to thermalize the

Fig. VHI 2.
. ) Debris expansion after peilet explosion and bubble formation
- 2= «nergy debris 1ons and to convert part of their in the magnetic field.
. -w . emergy nto electricity.” we initiated parametric
2 to the determination of specific cavity
20 -+ znd conditions compatible with these

s neowooes o~ mare result is shown in Fig. VI 41t
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shows the axial velocity of the cavity medium at an early
stage of pellet expansion. The velocity is predominantly
positive, that is. out of the cavity. and concentrated along
the ovinder axis. hence. suitable for driving MHD
Jecvierators,

v additon to the parametric studies. we are in
vestigating  the effects of won recombination on  the
reasibility of magnenc wall protection. We have esti
crated recombination rates for multiply charged ions
g eadrapolations of theoretically  determined  and
aocrimentally veritied rates for singly charged ions.
Prominary results indieate that at the anueipated oper
ne condiions, the rates of radiative and three body
processes will be comparable. and that their combined
cHect sl reduce an ron’s charge by two or three units
Jurtag the on dwell me in the cavity. We intend to
coprtmue anvestizating the relevant reaction rates o
Petter model the crucaly important chermical Kineties
phenomenya and  to ncorporate the appropriate ex

aressions e the LIFE B code.

High Temperature Boiling Lithium Blanket Concept (J.
H. Pendergrass)

Most studies o ponelectric applications of fusion
energy. for example, as a high temperature heat source
for svnthetic  tuel  production by electrolytic  or
thermochemical water splitting. for steelmaking. or for
mitrogen fixation. have considered only the generation of
heat by neutron cenergy deposition in blankets that
deliver heat to separate process streams.  Although
offering potential efficiency and capital cost advantages.
direct nuclear heating of process streams is infrequently
considered because of neutron-induced or plasma radio-
activity contamination. If tritium breeding is restricted to
lower lemperature blanket regions. either in series or in
parallel with high temperature process heat zones. only
~20 1o 40% of total fusion reactor energy release can be
delivered at high temperature if tritium breeding ratios
greater than one are mandated.” ' However, both high
fractional delivery of fusion energy at high temperature
and tritium fuel cycle self-sufficiency are apparently
important for economic viability of fusion reactors as
process-heat sources.

The highly promising Los Alamos boiling-lithium
concept'' for simultaneous delivery of a majority of
fusion reactor energy release as high-temperature heat

and breeding of tritium at ratios substantially greater

than one offers many advantages. for example:

® [t is self'pumping with gravity return of the con-

densate:

® Thermal energy is delivered as latent heat and.

hence, at maximum temperature:

® The concept is mechanically simple. operating pres-

sures are low. and blanket temperatures are uni-
form:

® Shockwave overpressures resulting from pulsed neu

tron energy  deposition characteristic of inertial
confinement fusion are effectively damped by vapor
bubbles.

However, the average vapor volume fraction. a func
tion of svolumetric energy deposition and operating
pressure. can rise to over 0.5 at the tops of boil-
ing lithium blankets. resulting in greater than usual
blanket thicknesses with potential economic penalties.
Also. the primary coolant loop piping sizes for similar
loop thermal capacitics may be modestly decreased if the
primary loop involves heat transport by liquid lithium
rather +han by vapor.

Therefore. we have developed an alternative inertial
confinement fusion reactor blanket concept that promis
es

® pgreater compactness than boiling-lithium blankets.

® delivery of similar fractions of fusion reactor energy

release as high temperature heat. and

® achievement of similar tritium breeding ratos at the

cost of

® some increase in mechanicz! complexity.

® higher operating pressures, «nd

® elimination of any possibility of self-pumping.
for applications in which thermal energy delivery as
sensible heat over a reasonable remperature range is
acceptable.

The concept. illustrated schematically in Fig. VIII-S.
involves pressurization of liquid lithiam tritium-breeding
material and primary-coolant lithium to prevent boiling.
The pressurized lithium is circulated through proc-
ess-heal exchangers by electromagnetic pumps. Materi-
als of construction and some design details were adapted
from the boiling-lithium concept., and in addition. the
new concept involves some design refinements that
appear suitable for incorporation into the boiling-lithium
concept.

For a modest neutron kinetic energy first-wall loading
of 2 MW/m? and a liquid lithjum thickness of 1 m. we
calculate a tritium breeding ratio of | 18 and a detailed
total blanket thermal-power distribution of 73.5% de-
posited in high-temperature lithium, 10.2% appearing in
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Pressurized high temperature liguid lithium blanket concept.

730 to 800 K lithwum structural coolante and 16.3%
removed by 730 to 800 K hehum used tor msulaton
pressurization. The fower temperature heat can be con
verted to electric power and used either for power plant
needs or sold as a product.

The pressure required 1o suppress bothing at 1600 K s
only about 1 atm (0.1 MPa): a design value of ~30 atm
(3 MPa) was selected to match blanket pressure to the
Los Alamos bismuth sulfate cvele™ process stream pres
sure to minimize loading on heat exchanger transfer
surfaces.

Materials and design features adapted from the Los
Alamos boiling-lithium concept are the use of thin (1 1o
2 mm) liners of TZM for resistance to attack by hat
lithium and the support of these liners by insulation
capable of transmitting pressure loads to steel structures
at 750 1o 800 K. Experiments with TZM (0.5 wt% Ti.
0.08 w1% Zr. balance Mo). with highly purified (few ppm
oxvgen) refluxing lthium show no attack in 1000 h
experiments at up to 1923 K. Becausc TZM has
inadequate creep resistance at the upper end of the
indicated iemperature range. only thin (I to 2-mm)

[ZM hiners are used. They are supported by insulation,
for example. carbon or ceramie toams or by multlaver
refractory metal tails. A new design teature provides
further support for the TZM hner by pressurizing the
insulation with hehum e match the blanket operating
pressure. The hehum s aireulated for trivum removal
and thermal energy recovery at 730 to 800 K maximum.
Recent tests of heat exchanger tubes consisting of metal
Imers supported by ceramics o control creep at high
temperatures’ ' and of molybdenum coated ceramic heat
exchangers™ lend credibility w0 this approach (o
hot fithium containment.

Roughly exponential decrease in energy deposition
density in the hithium with increase i outward distance
from the first wall results in a requirement of radially
outwardly directed flow in the case of either spherical or
cvhindrical blankets or more rapid axial flow near the
first wall with cvhndrical blanket geometry. Internal
structure is required for this purpose in the pressurized-
lithium concept. but not in the boiling-lithium concept.
This structure consists of ceramics or graphite encased in
TZM and is cooled by the primary coolant so that



enerpy deposited it s recovered at blanket tem
periures.

Although the mean coetficient of thermal expansion of
I'ZM s only ibout half that of steels. the temperature
range over wheeh the TZM diner s heated 1s more than
twice that of the steel structure. and hence. allewance for
ditferential thermal expansion s important. Such aliow
ance s provided by designing the liner to be undersized
at ambient tmperature and to just fit at blanket
operating temperature. Simiarly . mterleaved insulavon
pancis have joints that gust close at operating tem
peristure Accordion pleats in the liner are provided to
tarther accommodate differential thermal expansion at
Sl pomts, tor exampled in piping. or at Hanges. Liner
sreeity s ensured by seal welding liner seams protrud

trom tlanged. bolted joints required for ready dis
assemhiv necessary tor first wall replacement. Similar
COMSEFICHON 1~ tsed 1or primary coolant loop piping and
primary heat exchangers

Ine st wali msulation presents an interesting design
problem. Because of substanual energy deposition within
“peonsulanon and tow thermal conductivity. the mas
oam e time averaged temperature anywhere within the
reactor structure may oceur an the first wall insulaton,
Phuss relatnely thin msulation with low thermai conduc
vy and high masaimum  operating temperature limits
will he required. Promising materials are carbon foams.'”
porous ceramics.'” and mululaver refractory metal toils
separaied By orefractor - metal fibers.'” all of which have
thermal conductvities of ~0.00F W cm K. However. we
have no experimental confirmation of suitable behavior
under pulsed 14 MeV neutron irradiation and. therefore.
have not settled on any of these alternatives.

For bred tritium recovery., (naa) generated helium, and
other impurity removal. a small sidestream of  the
primary coolant hthium can be flashed and distilled, as
described  previously in connection  with  the  boil
mg ithium cancept.'' First-wall protection schemes that
do not interpose massive lavers of matter between the
fusion neutron source and the blanket can be used with
either the new blanket concept or the boiling lithium
concept: neither the wetted-wall nor the magnetic de
flection protection schemes significantly affect blanket
performance. Therefore. we have rot concentrated on
this aspect of reactor design., but have selected the
wetted-wall scheme for illustrative purposes.

A new heat-exchanger concept to be used with either
the boiling-lithium concept or the new pressurized
lithium concept for coupling to the Los Alamos bismuth
sulfate thermochemical cycle has also been developed.
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This new concept appears to offer significant advantages
regarding reliabihity. fabricability. and efficiency in com-
parison to the previously described shell-and tube heat
exchanger concept. The new heat exchanger concept,
dlustrated in Fig. VIII 6. is a plate-type exchanger
contained 1n a shell of cooled steel structure with
helium pressurized Plate
construction permits ready assembly. reliability with low

load transmitting  insulation.

seal length to-transfer area ratios. reliable scaling. and
simple allowance for thermal expansion. The plates are
assembled with cooled. insulated bolts. Primary loop
lithium Aows through TZM-lined passages separated by
helium swept. pressure equalizing  tritium barrier gaps
from foad bearing oxide-ceramic foam (for resistance o
attack by the oxidizing streams) gas flow passages that
are sealed with impermeable surface lavers of the same
ceramie. Development programs for ceramic foam heat
capable of  sustained high
temperature operation with improved gas heat transfer

exchangers  thar  are

coefficients have recentdy been described.'™ and our
calculations indicate that such helium swept gaps make
effective tritum permeation barriers. The process gas
stream makes two  passes and the dithium  coolant
channels are single pass.

The new  high temperature concept and the  boil
ing lithium concept also offer the possibility: ol more
ctficient  clectric power  peneravon.  provided  a
cost effective conLersion cyvele can be found that takes
advantage of he high temperature capabitity  of the

concept. Gas turbines and potassium Rankine cyeles or

HELIUM CHANNEL

FORTRITIUM

SWEEPING
CERAMIC FOAM PROCESS
GAS PASSAGE

CERAMIC FOAM

WATER COOLED
INSULATED BOLTS

TZM TUBE SHEET

TIM LINED LITHIUM
PASSAGE

CUTAWAY VIEW OF HEAT EXCHANGER

Fig. VII-6,
Plate type heat exchanger for coupling lithium boiler blanket
to Los Alamos bismuth sulfate cycle.



thermionic devices topping conventional steam cycles
appear to be the most promising approaches.

Fusion-Fission Hybrid Reactor Studies (W. A. Reupke,
H. S. Cullingford)

Our studies of hybrid fusion-fission applications of
mertial confinement fusion have considered fis:
sion-boosted. central-station power/fissile-fuel factory
blankets' and unboosted fissile-fuel factory blankets,*”
cach using cither the wetted-wall or the magnetic-wall
first-wall protection scheme. Economics and systems
studies are being performed to evaluate preliminary
conceptual designs of each approach and to select the
most promising for & complete study. We describe here
our latest wetted wall. unboosted fissile-fuel factory
concept.

Engincering feasibility studies were performed to con
ceptuahze the low-power-density fissile-fuel factory. Our
results have demonstrated a structurally feasible. remote-
Iy refueled and maintained. lithium-cooled. and mod-
ularized spherical cavity/blanket system.

Design objcctives for the blanket system were

e a4 modularized approach for simplicity. reliability.

ease of maintenance. and increased reactor avail-
ability:

® a spherical reaction cavity 4 m1 in diameter:

e the use of the wetted-wall concept for first-wall

protection:

o tritium breeding in the lithium coolant:

® use of the existing fission-technology base:

@ production of *"'U from ***Th in metallic form: and

e the selection of structural materials for design

simplicity. system compatibility, and economy.

Figure VIII-7 shows the cross-sectional view of a
blanket module of generic design. The truncated oc-
tahedron geometry was selected as the basis of a
cavity/blanket configuration in which each blanket mod-
ule is independently cooled by lithium. refueled. and
maintained. Each blanket module houses an array of fuel
elements containing fertile **Th for **U production.
Tritium self-sufficiency is achieved with breeding in the
circulating liquid lithium coolant.”® Figure VIII-8 shows
the beginning-of-cycle ***U production profile of a
graphite-reflected blanket module.

The low-power-density hybrid concept allows the use
of low-velocity (<1 m/s) lithium for cooling the blanket
pin elements. This feature significantly reduces cor-
rosion. erosion. cavitation, and flow-induced vibration

problems as well as pumping power requirements (<150
kW). Table VIII-I summarizes the pertinent parametars
of the blanket thermal-hydraulic analysis. including
Peclet number (Pe). Reynolds number (Re). temperature
rise (AT ). and pressure drop (AP) for an unreflected
blanket.

Moderate lithium temperatures (<800 K) enhance the
structural life by reducing the corrosion. thermal fatigue.
and creep rates. Figure VIII-9 shows the fuel-element
temperature profiles for the highest power case analyzed
(unreflected). Overall. the blanket design is not limited by
heat-transfer and fluid-flow concerns for a 100-MJ
fusion core.

Twelve promising materials were studied for structural
adequacy. fabricability, lithium compaiibility. tritium
containment. state of technology. and availability. Aus
tenitic stainless steels and zirconium are primary choices.
but the low-alloy ferritic steels show greater promise
because of bhetter lithium compatibility. A double-wall
design was selected for blanket-vessel and
lithium-coolant lines. This feature is recommended for
safetv and maintenance. both in handling the liquid
lithium and in containing the bred tritium.

Our studies have demonstrated the feasibility of a
blanket svstem in which fissile-fuel production is max-
imized while tritium and electric self-sufficiency are
attained. This preliminary engineering effort. sup
piemented by build-up ana depletion calculations of
blanket performance. will be used in systems and
tradeofl  studies of various approaches to I[CF
fusion fission hybrid power generation.

INTEGRATED PLANT DESIGN STUDIES
Introduction

We are studying three conimercial applicaticins of
laser fusion: (1) electric power generation. (2) synthetic
fuel (hydrogen) production. and (3) fissile-fuel prod
uction. Integrated plant systems for these applications
are described by a computer model. TROFAN. in which
plant subsvstems are described analyvtically and impor-
tant parameters may be varied for design tradeoff and
optimization studies.

We previously defined preliminary electric generating
plant concepts® based on lithium wetted-wall and mag-
netic deflection reactor concepts. We have essentially
completed the updating of TROFAN with more de-
finitive analytical models of reactor concepts and electric
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U production profile of graphite-reflected fusion-fission
hybrid reactor blanket module.

generating plant subsystems, and have incorporated a
capital-cost data base developed under contract by
Burns and Roe. Inc.. an architect-engineering-

construction firm.
Gur hydrogen production studies are coordinated with

a parallel study, supported by the Office of Fusion
Energy, on thermochemical hydrogen production using a
tandem-mirror reactor as a fusion energy source. This
study is further supported at Los Alamos by the Division
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TABLE VIII-I

ANALYSIS OF MODULARIZED BLANKET CORE
OF FUSION-FISSION HYBRID REACTORS

\ AT, AP
(m/s) Pe Re (K) (Pa)
0.47 56 1210 10.0 1636
0.57 68 1463 8.0 1984
0.82 98 2100 5.7 2854
1.00 120 2575 4.7 3481
1.25 150 3219 3.8 4351

of Energy Storage for experimental verification of our
bismuth oxide electrothermochemical cycle. Our studies
include integration of the electrothermochemical process
with the high-temperature lithium blanket concepts, and
the production of hydrogen by high-temperature elec-
trolysis.

Repor-ed below are results from our studies of electric
power generation and hydrogen production.
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Axial temperature profiies for fuel element in low power
fissile fuel factory:

T,.: Fuel centerline temperature.

T,: Cladding surface temperature.

T_: Lithium bulk temperature.

Electric Power Generation (E. M. Leonard, J. H. Pend-
ergrass, L. A. Booth})

General. Preliminary assessments indicate that ad-
vanced-technology eleciric power production costs will
be dominated by capital cost recovery and debt servicing
so that accurate capital cost projections are essential to
power production cost estimation. Advanced technology
cost estimates have often been developed only for
comparison of alternative concepts within a single tech-
nology. with no attempt at absolute costing. Even when
such attempts were made, data bases were often inade-
quate with respect to accuracy, completeness. scaling
laws for costs as functions of, for example. size and
capacity and/or relationship to construction-code re-
quirements. We report here a joint Los Alamos/Burns
and Roe, Inc. (B&R) project to develop a capital-cost
data base for capital-cost estimation for laser fusion to
permit meaningful comparisons with other technolcgies.
The primary goal is a data base that, when inzorporated
in our laser fusion systems code TROFAN, addresses
the special requirements of tradeoff and parameter
studies and the unique characteristics of laser fusion. For
enhanced credibility, another data base is also provided
by an independent organization that has considerable
experience in costing unconventional industrial and cur-
rent nuclear power-plant technology.

TROFAN. The laser fusion systems code TROFAN
has been modified extensively and now allows inclusion
of svstem scaling laws developed in part by B&R. This
svstem  studies model can indicate the sensitivity of
electric power cost 1o numerous other _ystem parameters
in a laser fusion electricity generating station. Two laser
fusion cancepts incorporated arc the wetted-wall and the
magr.eticilly protected wall concepts. with several point
designs considered for each.

TROFAN is basically a process model. which. based
on certain input parameters. calculates the system
performance and the capital cost of the system. The
capital cost. along with a calculation of interest during
construction, is used in a levelized cost calculation that
simulates  the lifetime economic performance of the
power plant,

A laser encrgy on target is specified by the user. This
information, along with pellet gain curves. is used to
determine pellet vield. which. in turn. specifies the size of
the reactor cavity. The size of the cavity. as well as
cavity material and first wall lifetimes. are all considered
in the cost calculations.

The circulating-power requirements of the plant along
with plant efficicncy and pellet vield determine the net
clectrical energy generated per pulse (EOUT). The user
then specifies the net power output of the generating
station (PWR). The necessary laser pulse rate (PRNRC)
is given by PRNRC . PWR/EOQUT. Outside considera
tions are used to determine the allowable cavity pulse
rate (PR). However. because the cavity must be evac
uated between laser pulses. this procedure is the limiting
consideration on the reactor pulse rate. The necessary
number of reactor cavities (NRC) is determined thus:

NRC == Integer (PRNRC/PR) + 1.

Due to the physical requirement that the number of
cavities be an integer. the net power output must now be
recalculated. The code also has an option whereby the
number of reactor cavities can be specified with the net
power output allowed to float.

The size of the laser system. and thus the cost of the
system. is determined by the size of the laser pulse on
target (ar. input quantity) and by the laser pulse rate (a
calculated value). At present the system is designed for a
particular laser configuration. The size of the laser
amplifiers can be varied 1o give the necessary laser pulse.
Scaling laws have been devised to calculate the system
cost as the laser pulse requirement varies. Another laser



svstem consideration 1s the pulse rate. which attects the
cooling requirement. and thus the compressor and other
desunriied costs.

Two steam eyveles are incorporated into TROFAN as
dser options. One is a suberitical cycle with an nlet
winperatire of 16 K (430-F) and an outlet temperature
and pressure of 730 K (8553°F) and 2270 psia. The
wecand s wosupercrtical evele with an inlet wemperature
o A3 K SO0 Fy and an exit temperature and pressure
of M0 K 1000 - F) and 3300 psia. The lithium inlet and
exit temperatures in the suberitical case are 735K
(900 ) and 388K (600 F). respectively. In the super
criveal case these temperatures are 836K (1043 1) and
6y K (743°F) The steam generators are rated at either
700 or 730 MW and are of a special double walled
design with water on the inside and hithium on the
ottside. Either wet or dry cooling towers may be chosen
and the appropriate efficiencies have been calculated for
the selected steam ¢y dies, Appropriate turbine generator
systems are also included in the overall svstem design.

If the size and number of cavities change. the as
soctated  piping. duct work. containment buildings.
number and tvpe of steam generators and turbines. and
other associated equipment change accordingly.

The Data Base. The usefulness of the B&R data base
has been cnsured by adherence. where possible. to the
following principles.

® I(s structure is designed to facilitate incorporation
into TROFAN and its format to permit ready
updating with newer cost data and new concepls or
plant systems. It includes relationships permitting
scaling of costs with, for example. size and capacity.
over reasonabl: ranges for several reference cases:
for many plant systems it includes alternatives, and
the number of parameters that must be specified for
each system is reduced to a minimum consistent
with accuracy and flexibility.

® The cost data are the most recent and all are valid
for the same time interval. that is. mid-1978.

e Unconventional materials of construction. for exam
ple. refractory metal alloys. graphites, and ceramics,
may offer significant capital. operating. and/or
maintenance cost advantages for some plant sys-
tems. and the data base includes costs for some
alternative materials.

® The data base is more detailed for plant systems
unique to laser fusion and for interfaces of such
systems with more conventional systems. and is less
detailed for the more conventional systems.
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e Onlv commercial plants for baseload operation in a
mature laser fusion economy. with all R&D costs
embedded In equipment or contract costs. aie
considered and a 40 year plant lifetime 1s specified.

@ Costs for all components. such as wiring. controls.
and piping. of cach plant system are associated with
that svstem to facilitate parametric and design
tradeoft studies where possible. although arbitrary
decisions as to location of system boundaries are
imolved and lumping together of such generic items
is more typical of industrial practice.

e Redundant components required at  startup to

ensure acceptable plant availability and major re-
placement components are capitalized and their
costs are associsted with the appropriate systems.

In general. only power plant equipment and struc-
tures made of conventional materials and based on
established technology meet current code require-
ments. and due consideration was given to future
regulatory requirements in developing the data base.
Cosi data for laser beam transport. and pellet
fabrication. injection. and tracking systems are

provided. and parallel studies concerned with such

svstems  conducted  elsewhere. for example. by

Aveo Everett Laboratories (AEL) and United Tech-

nologies Research Center (UTRC). whose results

are incorporated into the data base. will provide
additional cost data. The scope of the data base.
with examples of cost scaling laws. includes

e Los Alamos wetted-wall and magnetically pro-
wected wall reactors with respective repetition
rates of 1 and 10 Hz and thermal powers of 150
to 3000 and 1400 to 5600 MWt for plants
containing | to 20 reactors [magnetically pro-
tected wall reactor vessel (Nb-1% Zr) cost =
$28.5 x 10" (pellet yield/150 M3)"7).

e Liquid-lithium tritium-breeding blanket and pri-
mary ceolant loops with no intermediate heat
exchangers. but double wall tube and tube-sheet
steam generators similar to those currently under
development by Westinghouse. and tritiun* win-
dows for tritium recovery |primary-coolant-loop
piping cost = $74.4 x 10 (gross plant thermal
power/5600 MWU)*#; steam generator cost =
$14.0 x 10° (thermal power/750 MW{)* ™.

® CO, laser amaplifiers with total pulse energies
from 1 to 5 MJ with repetition rates of 1 to 40 Hz
and pellet yields in the 150- to 3000-MJ range
[CO? laser systera (10 Hz) cost = $150.0 x 10°
{total optical energy/1 MJ)*|.



e A 730 K (855°) 2270-psi and an 810 K
(10007F). 3500 psia steam cycle of respective
overall efficiencies of 37% (42%) and 39% (44%
with dry (wet) cooling towers and with several
turbine options  [turbine generator
(tandem compound up to 1600 MWe and
1000°F. 3500-psia. 25 in. Hg backpressure tur
bine) cost = $49.3 x 10" (gross clectric power
output. 1050 Mwe)'"  « 1.4 x 10"
(MWe/ 1050)"" with additional $6.0 x 10" (gross
electric output, [050 MWwe)"*
pound (up to 2200 MWe): dry cooling tower cost

$33.0 x 10" (heat rate 2000

MW"
Plamt Layouts. Plant layouts. buildings. and the bal
ance of plant systems for commercial fusion electric

generator

for cross com

rejection

power plants have generally received limited attention in
systems studies. Apparent reasons include a widespread
pereeption that oniy present technology or its near term
extrapolation is involved and that knowledge concerning
the special characteristics of fusion energy sources is
limited. However. for many fusion power plants. struc
tures and the balance of plant equipment are estimated to
constitute more than half the capital cost. whose re
covery and debt servicing is projected 1o represent a
majority of fusion energy production cost. In addition.
the special characteristics of fusion reactors and their
maintenance requirements are projected to have signifi
cant impacts on plaat layouts and on the capital costs of
structures and balance-of-plant equipment. Therefore.
more realistic studies of plant layout. balance-of-plant
systems, and plant structures are necessary for accurate
estimation of unit fusion energy production costs. We
concentrate herein on recent developments in our under-
standing of the economic impacts of balance of plant.
laser and laser beam transport and on reactor equipment
and structures characteristics and costs on laser fusion
plant layout. Fundamental considerations in laser fusion
plant layout include
® separation of plant portions that require elaborate
containment and/or snielding for safety reasons
from those that do not and minimization of such
requirements;
® laser and beam transport systems isolation from
feedback of pulsed inertial-confinement-reactor me-
chanical vibration, radiation fields, and parasitic
optical oscillations;
® no laser beam tunnels under reactor cells, pipe
chases, steam-generator cells, and turbine building;

® ready overhead crane access 1o all heavy equipment
requiring repair. maintenance. and transport o
appropriate facilities:

e minimization of primary coolant loop runs for cost

and safety reasons: and

e minimization of ¢levation and direction changes for

laser beam transport systems to minimize optical
clement cuosts.

Figure VI 10 contains an example that ilfustrates the
lavout of @ generic plant and the above principles. Other
information obtamed trom Avco Everett Rescarch Labo
ratory has identified these characterisues of CO. laser
and bcam transport svstems. Same of them are i
lustrated in Frgs. VIIT 10 and 11 Figure VI
Wustrates some narticular pomnts 1 the design parameter
space ot COL laser amplifier systems upon which the
lacer and beam transport system favouts m Fig. VI 10
are based The circular arrangement is for elimination ot
pressure arops due o sharp bends. and the expansion
and contractions are for reducuon of pressure drops in
the heat exchanger sectons. The minimum diameter of
the laser amplifier ring can be determined by either the
dimensions in Fig. VI 11 or by the requirement of ~40
m for multipassing optical systems. necessary for achies
ing the assumed 10% overall laser efficiency. on either
side of the laser amplifier ring plus ~ 10 m {or the central
mirror system. Thus, the minimum outer diameter of the
laser amphfier complex is ~180 m. If the minimum
diameter of the Liser amplifier ring is smaller. there will
be blank sections of CO. piping. and. if larger than about
twice that dimenwion, stacked amplifier rings would be

used.

Synthetic Fuel Hydrogen Prodi-~tion {J. H. Pendergrass)

Ve have developed a conceptual process design for
the most promising of the Los Alamos faniy of bismuth
sulfate hybrid thermochemical cyeles for hydrogen prod-
uction by water splitting. Preliminary energy balances
indicate encouraging overall cvele efliciencies (percen-
tage of primary source energy converted to stored
chemical encrgy) of ~50% at a primary energy source
temperature of 1300 K, The laser fusion reactor blanket
coneepts described in preceding sections and this cycle
permit svnthetic fuel produstion with no clectric power
eXport.

The chemistry of this family of cycles can be sum-
marized as follows.
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(HSOag) - 2H .0
-+ HL.SOagy - Huaw
clectrical energy
(2 H.SO (aq) Bi.O XSO,
= Bi,O, y50¢s) + H.O)
(3) Bi,0, 280s) = Bi,0(s}
heat
+ SO(s) - SOy
(4) SO,(g) = SO,
heat

tlow temperature

electroly sis)

{low temperature
and exothermic)

thigh temperature
and endothermic)
1:2 0,g) (high temperature
and endothermic)

The chemistry of the member of this family of cycles
that we have previously designated as a reference cycle is
defined by respective values of O and 3 for x and v.
The alternative cycle discussed herein is defined by
respective values of I and 2 for x and y and was selected
because the previous reference cycle

e involves the production of a molten salt with its

attendant materials compatibility problems,

® requires the production of sulfuric acid at higher

concentrations. and hence. higher electrolysis volt-
ages and higher electrical energy expenditures per
unit of product,

e requires a greater thermal-energy expeniditure for

solids decomposition per unit of hydrogen pro-
duced.

The principal disadvantage of the present alternatinve
cyele relatne to the previous reference ey ele s mcreased
materials processimg per umit of hydrogen produced.
be  described

hricfls in terms of the principal process steps llustrated

Our conceptual process design can
schematically in a highly simplified manner in Fig.
VI 120 Energy flows are further summarized in Table
VI Included in Fig. VIH 12 38 @ summary of the
cyvele energy balance for an assumed set of operating
conditions (electrobysis at 0.45 Voand 15 wi% acid. S mol
water entramed mol of solids. 1250 K maximum for
solids decomposition. and 1475 K maximum for sulfur
trioxide decomposition). These coditions are based on
parameter studics using limited thermodynamic. kinetic.
and cost Jata and appear to be nearly optimal. The
following discussion is also based on this assumed set of
operating conditions. We show only the main energy
flows and materials streams in Fig. VIII-12 and not all
the complex thermal-energy recuperation loops. minor
maternials-handling requirements. and recycle
streams required by incomplete reactions and srpara-
tions. In particular. a chemical heat-pipe schcme that
may offer significant efficiency and capitai-cost benefits
(if kinetic studies confirm its practicality) is not il-
lustrated. This scheme involves endothermic decomposi-
tion of SO,(g) to give SO.(g) and O.(g) at high tem-

work
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Schematic of most promising members of Los Alamos bismuth sullfte hybrid thermochemical cycle for hydrogen

production hy water splitting.

perature o eacess  of that required to close the
thermachemical eyvele. and exothermic recombination to
give up heat where required elsewhere in ihe cyvele, The
use of this scheme. which is not mandatory for cycle
operation. permits efficient direct-contact gas-to solids
heat transfer using an efficient thermal energy carrier.
that 1s. heat of reaction plus sensible heat rather than
sensible heat alone. and a single interface between the
fusion energy source and the thermochemical cycle.
Thus. we show only the erergy flows associated with
decomposition of SO, required for cycle closure. Also,
we do not show a direct-coatact loop (using oxygen) for
sensible-heat recuperation from solids. All work terms
are expressed as thermal cnergy equivalents assuming
conversion to electrical energy at an efficiency of 0.38,
and the energy flows and material flows are all nor-
malizzd to 1.0 mole of product.

Process Step A in the high-temperature portion of the

cvcle involves evaporation of water (~4.89 mol/mol H,
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produced in the exampie) from 1S wi% agueous sulfuric
acid solution entrained by finely divided Bi,Q, 250 (s}
{~0.98 mol) and hcating of the dried solid. As the
concentration of sulfuric acid in the entrained solution
increases. the sulfuric acid (~0.!6 mol} reacts ex-
othermally to produce ~0.16 mol of Bi,0, 3S0,(s) and
H.O(¢) and to reduce the heat required for solution
evaporation and solid heating 1o ~337 kJ. Vapor recom-
pression from 30 to 40 aum and countercurrent con-
densation and cooling of the evaporated water provide
248 kJ of this heat requirement. The thermal equivalent
(at 38% conversion efficiency) of the compression work
is ~23 kJ. Exothermic reaction of undissociated SO,
(~0.14 mol) with water removed from the solid provides
an additional ~606 kJ/mo! H,. and ~16 kJ are provided
by countercurrent cooling of the SO,/0,/SO, stream
entering process Step D in the low-temperature portion
of the cycle. Thus. the net thermal energy requirement in
Step A is ~7 kJ.



TABLE VII-II

ENERGY BALANCE SUMMARY

T _ - T
Heat : Heat ' Heat Work® Work*
Required | Available Rejected Required Available
. (kJ/mol H)) C(kJ/mol H.) (kJ/mol H.) (kJ/mo! H,) - (kJ/mol H.)

U - . U U

-

High Temperature Portion

Step A—Solids Dewatering
I. Slurry Heating. water evaporation, 337

acid reaction with Bi,O. 280,
. Vapor recompression
Condensation, cooling 248
. Cooling of SO..0..SO 16
SO, reaction of H.SO, 66

ET 7 (0) 23

w9
| 9]
tas

oo

.

Step B—Solids Decomposition

1. Solids heating 171

2. Soiids decomposition 196

3. Solids cooling 170

'

|

I

| _ e e e e s
|

|

NET : 197 (0

Step C—SO. Decomposition
1. SO, heating 16

2. SO, decomposition 99 .

3. SO..0..S0, cooling ‘ - 70
4. Gas compression {circulation)

NET B ; 45 (0) ‘ 25

R T S ‘T- - - e - 4 . L - 1o - —
: .

,}.

Low-Temperature Portion

Step D—SO. /0, Separation
1. Acid heating 25
2. Oxygen heating 20
3. Turbine expansion
4. SO, compression

NET 45 (55) -7

w;
<h
fad
n

Step E—Electrolyzer !
1. Electrolyzer 54 228 ‘

NET (54) 228

Step F—Solids/Acid Reactor
1. Reactor 38

NET (38)

TOTALS (NET) 294 269

“Heat-to-Work Conversion = 0.38.
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Step B as tllustrated involves heating and thermal
decomposition (~367 kJ) of the mixture of Bi,O, 2SO..
and Bi.OQ . 380, 10 release SO,(g) and produce Bi,O,(s)
and recuperation of sensible heat {~170 kJ) of the hot
B1.O. SO.(s) tor a net thermal-energy requirement of
~197 kJ. Process Step C includes heating and decom
posttion {~ 115 kJ) of the SO (g) (~1.14 mol) releasec in
Step B. fTollowed by recuperation of the sensible heat
(~70 kJ)of 1.0 mol of SO.(g). 0.3 mol of O.(g). and ~16
mol  of  undissociated  SO(g).  Thus. the net
thermal energy requirement for this process step is ~45
hJ. Also arbitrarily associated with this process step is
~25 kJ of work thermal equivalent used to drive the
main compressor used for circulation of the gases in the
chenucal heat pipe scheme and in the rest of the
high temperature portion of the eycle.

Step C in the low temperature portion of the cvcle
includes absorption of SO,{g) in incoming H,O(f) and
dilute H,SO ,(ay) for separation from O,(g) with rejection
of ~55 kJ of low temperature heat to cooling water.
Also. ~20 kJ of high-temperature heat is transferred to
the high -pressure O.(g) byproduct stream, which is then
expanded through a turbine to produce ~42 kJ thermal
equivalent of electric power. About 35 kJ (thermal
equivalent of work) is needed for compressior of SO, (g)
flashed from the anolyte to permit use of the anolyte for
SO.(g) absorption in Step D and for SO,-free catholyte
production leaving a net surplus of ~7 kJ thermal
equivalent of work for this to produce 15 wt%
H.SO,{aq) and release H.(g).

Step E involves electroly:'« combination of SO.(aq)
and 2 H,O(() at a cell potential of 0.45 V. This step
requires ~228 kJ thermal equivalent of electrical energy
and rejects ~54 kJ of low-temperature heat resulting
from cell overvoltage to cooling water. The final process
step. Step F. involves only exothermic reaction of
Bi.0,SO.(s) and H,SO,(aq) to give Bi,0,-250,(s) and
H,O(¢) with rejection of ~38 kJ of waste heat to cooling
water.

Summation of net thermal energy inputs and work
thermal energy equivalent inputs per unit of product and
division of the result into the higher heating value of 1.0
mol of H.(g), 286 kJ. leads to a cycle efficiency of
~50.8% for this example. Neglected minor energy re-
quirements will result in decrease in cycle efficiency by
1.0% or so. Parameter studies indicate that

e moderate decreases in cycle efficiency accorapany

increases in aqueous sulfuric acid entrainment by

Bi,O,-2S0; leaving process Step F;
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® variation in pressure level on the high-temperature
side of the process has only small effects on cycle
efficiency. but substantial effects on required proc-
ess equipment capacitics: and

® variations in maximum cycle temperature. in proc-
ess Step C. have only small effects on cycle
efficiency for temperatures above 1200 K. but
substantial increases in process equipment capaci-
ties are required below ~1400 K.
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IX. RESOURCES, FACILITIES, AND OPERATIONAL SAFETY

The design and construction of Antares facilities continued. Operational safety
policies and procedures continued to be applied successfully to minimize the hazards of
operating high-power lasers. The Final Safety Analysis Report (FSAR) for the Laser
Fusion Laboratory was prepared for final draft approvals.

MANPOWER DISTRIBUTION

The distribution of employees assigned to the various
categories of the DOE-supported Inertial Fusion Re-
scarch Program is shown below,

APPROXIMATE STAFFING LEVEL
OF INERTIAL FUSION PROGRAM

June 30, 1979
Direct
Tasks Employees

CO, laser development 65
CO, laser experiments 115
Target design 32
Target fabrication 43
Diagnostics development 42
Systems and applications studies 4
Advanced techrology 3
Weapons application 9

Total 313

FACILITIES

High-Energy Gas Laser Facility (HEGLF)
Construction Package [, including the laser building,

the mechanical building, the office building, and a

warehouse is 62% complete, with a scheduled comple-

tion date of February 1980.
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Construction Package 1, including the target building.
the power-transmission system, and miscellaneous other
construction is 66% complete with a scheduled comple-
tion date of December 1979.

In the interest of continuity, we have presented details
on HEGLF Design and Construction in Sec. II.

Construction of New Laboratories

The High-Voltage and Optical-Evaluation Labora-
tories were completed and have been occupied for
several months.

Proposed Target Fabrication Facility

A conceptual design report and Schedule 44 Con-
struction Draft Data Sheet have been prepared for a new
Target Fabrication Facility. This facility will provide
target-fabrication development and assembiy labora-
tories and office space urgently needed to support the
expanded requirements of the target experimental pro-
gram for Helios and in preparation for Antares.

The proposed construction consists of a new labora-
tory-office facility of ~53 000 square feet—30 000
square feet of target fabrication laboratory area, and
23 000 square feet of office area. Conceptual plans cail
for a two-story structure sited on sloping terrain im-
mediately to the west of the Antares CG, laser facility.
The target fabrication laburatory area will occupy the
ground floor with entrance from the north, and the office
area will occupy the second floor with entrance on the
south at grade. The target fabrication laboratory will
include a clean-room area on an isolated foundation of
~12 000 square feet. Half this area will be devoted t>
target assembly operaticns. The other half will consist of



measurement and characterization laboratories. Other
laboratories will be devoted to fabrication technology
development. A special laboratory for filling laser-fusion
targets with D-T gas will be provided with
tritium-handling dry boxes. Another special laboratory
complex will be equipped for the development of
cryogenic targets. The entire fabrication laboratory will
be supported by a machine shop. In addition, a special
laboratory will be equipped for micromachining of laser
fusion target elements.

This project is being submitted for consideration as an
FY-80 line item for completion in the third quarter of
FY-82 with a total estimated cost of $14.0M.

OPERATIONAL SAFETY
General

The excellent lost-time injury rate continued during
this period with no serious accidents reported.

Laser Fusion Facility Final Safety Analysis Report
(FSAR)

The final draft of the Laser
(eight-beam Helios system) Final Safety Analysis Report
was prepared for approval. Release of the report is
anticipated in September 1979.

Fusion Facility
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X. PATENTS, PUBLICATIONS, AND PRESENTATIONS

PATENTS

Serial numbers, filing dates. patent numbers. and issue
dates may not be shown for several months after they are
assigned. Therefore, for any given period. cases may be
missing from these listings if patent activity occurred
later in the reporting period.

The following applications were filed in the U. S.
Patent Office.

*Fusion Reaction Chamber Magnetic Wall
Protection,” Joseph J. Devaney, David A.
Freiwald. Thurman G. Frank, and Thomas
J. Merson, filed February [, 1979.
“Radiation Source,” Lester E. Thode, filed
February 5. 1979.

“Device and Method for Imploding a Mi-
crosphere with a Fast Liner,” Lester E.
Thode. filed February 5, 1979.

“Device and Method for Relativistic Elec-
tron Beam Heating of a High-Density
Plasma 10 Drive Fast Liners,” Lester E.
Thode. filed February 5, 1979.

“Laser Beam Alignment Apparatus and
Method,” Charles R. Gruhn and Robert B.
Hammond, filed May 10, 1979.

S.N. 8.721

S.N. 9.70t

S.N. 9.702

S.N.9.703

S.N. 37.982

PUBLICATIONS

This list of publications is prepared from a stored
computer data base. This listing also includes late 1978
publications.

C. A. Anderson, J. C. Biery. L. M. Carruthers, K. E.
Cox. F. T. Finch. S. H. Nelson, R. G. Palmer. J. H.
Pendergrass. E. E. Stark, and J. K. Stutz, **Production of
Synthetic Gas from Nuclear Energy Sources.” Los
Alamos National Laboratory report LA-7592-MS

(1979).
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R. F. Benjamin and G. T. Schappert. “"Prepulse Damage
1o Targets and Alignment Verification,”™ J. Appl. Phys.
50. 7 10 (1979).

R. F. Benjamin. G. H. McCall. and W. A. Ehler.
“Measurement of Return Current in a Laser-Produced
Plasma.”™ Phvs. Rev. Lett. 42, 890-3 (1979).

S. Chow and I. O. Bohachevsky. “MHD Deceleration of
Fusion Reaction Products.™ Los Alamos National Labo-
ratory report LA-7778-MS (1979).

S. J. Czuchlewski. E. J. McClellan. J. F. Figueira, E.
Foley. C. E. Knapp. and J. A. Webb. “High-Power
(10-GW) Short-Pulse (Less Than 1 Nanosecond)
Carbon Dioxide TEA Amplitier.,” Lasers *78 Interna-
tional Confcrence Proc.. V. J. Corcoran. Ed.. Orlando.
Florida (1979). pp. 498-505.

J. J. Devaney. “Existence and Lifetime of Laser Fusion
Pellets Containing Tritium.” Los Alamos National Lab-
oratory report LA-7695-MS (1979).

J. J. Devaney. "Cooling of DT and T2 Cryogenic Pellets
Within Very Low-Density Plastics by Helium 2.” Los
Alamos National Laboratory LA-7790-MS
(1979).

report

E. E. Fenimore, T. M. Cannon. D. B. VanHulsteyn, and
P. Lee. "Uniformly Redundant Array Imaging of Laser
Driven Compressions. Preliminary Results,” Appl. Opt.
18. 945-7 (1979).

R. A. Fisher and B. J. Feldman, “On-Resonant
Phase-Conjugate Reflection and Amplification at 10.6
Micrometers in Inverted Carbon Dioxide.” Opt. Lett 4,
140-2 (1979).

D. W. F-sslund, J. M. Kindel, K. Lee, and B. S.
Godfrey, “Collapse of Very Large Amplitude Ion
Waves.” Phys. Fluids 22, 462-5 (1979).



S. J. Gitomer and D. B. Henderson. "Reexamination of
Strongly Flux Limited Thermal Conduction in Laser
Produced Plasmas.”™ Phys. Fluids 22. 364 § (1979).

R. A. Hardekopf. R. F. Haglund. Jr.. G. G. Ohlsen, and
L. R. Veeser. ~Polarized Triton Elastic Scattering Data.”
Los Alamos National Laboratory report LA-7863

(1979),

A. Hemmendinger. C. E. Ragan. and J. M. Wallace.
“Tritium Production in a Sphere of (6) Lithium Deu
terium Irradiated by 14-MeV Neutrons.” Nucl Sci. Eng.
70. 274-80 (1979).

S. S. Johnsen. T. Crane. and G. Eccleston. “Savannah
River Plant Californium-252 Shuffler Software Manual.”
Los Alamos National Laboratory report LA 7717-M
(1979).

A. T. Lowe and C. Hosford. "Magnctron Sputter
Coating of Microspherical Substrates.” J. Vac. Sci.
Technol. 16. 197 9 (1979).

R. J. Mason. ~"Double-Diffusion Hot-Electron Transport
in Self Consistent E and B Fields.” Phys. Rev. Lett. 42.
239 43 (1979).

R. J. Mason. R. J. Fries. and E. H. Farnum. ~“Conical
Targets for Implosion Studies with a Carbon Dioxide
Laser.” Appl. Phys. Lett. 34 14 6 (1979).

K. B. Mitchell. D. B. VanHulsteyn. G. H. McCall. P.
Lee. and H. R. Griem. “Compression Measurements of
Neon-Seeded Glass Microballoons Irradiated by Carbon
Dioxide-Laser Light.” Phys. Rev. Lett. 42, 232-5(1979).

J. E. Sollid. S. J. Thomas. and C. R. Phipps. Jr..
“Damage Threshold Variation with Spot Size at 10.6
Micrometers for Kalvar and Polaroid Films.” Appl. Opt.
18. 424 (1979).

G. A. Rinker: Jr.. "Static and Dynamic Muonic-Atom
Codes-MUON and RURP.” Comput. Phys. Commun.
16. 221-242 (1979).

D. B. VanHulsteyn. P. Lee. and K. B. Mitchell,
“Two Dimensional Monochromatic X-Ray Imaging of
Laser-Produced Plasmas.” Opt. Lett. 4. 126-8 (1979},

H. C. Volkin. Calculation of Short-Pulse Propagation
in a Large Carbon Dioxide-Laser Amplifier.” J. Appl.
Phvs. 50. 1179-88 (1979).

R. L. Whitman. R. H. Day. R. P. Kruger. and D. M.
Stupin, “Microradiographs of Laser Fusion Targets.
Two-Dimensional Modeling and Analysis.”™ Appl. Opt.
18. 1266 74 (1979).

D. C. Winbwurn. “Laser Safety Evewear Update.” Electro
Op. Syvs. Des. 10. No. 1. 30-35 (1978).

S. J. Guomer., A Fast Fourier Transform Technique
Applied to Subnanosecond Laser Fusion Diagnostics.™
IEEE Trans. Plasma Science PS7. 135 136 (1979).

S. J. Gitomer and W. S, Hall. "X -Ray Streak Camera
Electrode Design Using a Plasma Simulation Code.”
Nucl. Instrum. Mecthods 159, 331-335 (1979).

PRESENTATIONS

The following presentations were made at the 1EEE
International Conference on Plasma Science. Montreal.
Canada. June 3—6. 1979,

L. A. Booth. ~Inertial Confinement Fusion  Reactor
Technology.™

R. J. Mason, ~Severe Thermal Transport Inhibition Due
to Suprathermal Electron Currents in Laser Produced
Plasmas.”

“Electron Effects in

R. J. Muson.

Laser Produced Plasmas.™

Transport

W. P. Gula. "The Effect of Nonuniform Laser Deposi-
tion on Exploding Pusher Targets.”

S. J. Gitomer. E. J. Linnebur. and G. H. McCall.
“Analysis of Lateral Thermal Conduction in Laser
Produced Plasmas.™

S. J. Gitomer. "A Fast Fourier Transform Technigue
Applied to Subnanosecond Laser Fusion Diagnostics.™

D. W. Forslund. “Important Nonlinear Laser Fusion
Plasma Problems Solved by Numerical Simulation.™
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H. Brysk and A. J. Scannapicce, “Absorption by a
Spherical Target vs Laser Focal Shifts.”

K. B. Riepe. J. Jansen, and G. Allen, “Energy Storage
for the Antares 100-kJ Laser Fusion Experiment.”

T. H. Tan, A. W. Williams, and G. H. McCall, “Fast
Particle Measurements and Laser Fusion.”

D. B. VanHulsteyn. R. A. Kopp. W. Priedhorsky. and
G. H. McCall, **Pinhole Photographs from LASL Helios
Experiments.™

P. B. Lyons. T. H. Tan. A. Williams, L. P. Hocker, D.
Simmons. and P. A. Zagarino. “High Speed Detectors
for Plasma Diagnostics.”

The following presentations were made at the 9th
Annual Conference on Anomalous Absorption of Elec-
tromagnetic Waves, Rochester. New Yoik, May 15-18.
1979.

R. J. Mason. “Electron Transport in Laser Produced
Plasmas.”

D. W. Forslund, " The Absence of Significant Stimulated
Brillouin Scattering in CQ, Laser-Produced Plasmas.”

B. Bezzerides. D. W. Forslund. and S. J. Gitomer.
“Resonant Absorption—Model Fields and Electron
Heating.”

T. H. Tan and G. H. McCall. “Fast-lon Measurement
and Hot-Electron Temperature.”

The following presentations were made at the Los
Alamos Scientific Conference on Optics "79. Los
Alamos. New Mexico. May 23-25. 1979.

H. C. Volkin and E. E. Stark. “Muitipulse Energy
Extraction in CO, Laser Amplifiers.”

R. F. Benjamin and J. Riffle, “Optical Measurements of
Lateral Energy Flow and Plasma Motion in
Laser-Produced Plasmas.™

G. Lawrence (University of Arizona), and P. N. Wolfe,

~Application of the LOTS Computer Code to Laser
Fusion Systems, and Other Physical Optics Problems.”
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A. C. Saxman, T. Swann, W. C. Sweatt, and Q. Appert,
“Antares Beam Alignment System.”

C. I. Silvernail and K. C. Jones (EG&%), “Antares
Power Amplifier Optical System.”

T. F. Stratton, “Optical Design Considerations in CO,
Laser Fusion Systems.™

J. E. Sollid. *“Single-Point Diamond-Turned Mirror
Performance Before and After Polishing.”

R. Williamson. “Polishing Large NaCl Windows on a
Continuous Polisher.™

P. N. Wolfe. A. C. Saxman, and G. Lawrence (Univer-
sity of Arizona). “LOTS Analysis of Optical Diffraction
in Antares.”

W. C. Sweatt. "Mirror Quality Required by the Antares
Laser System.™

J. C. Goldstein, “Calculation of Small Signal Gain
Coefficients in CO,.”

The following presentations were made at the First
Topical Meeting on Fusion Reactor Materials. Miami
Beach. Florida. January 29-31. 1979.

J. R. Miller and W. Press. ** Crvogenic Laser Fusion
Target Materials.™

E. H. Farnum. R. J. Fries. and James Barefield. II.
“Materials Problems with Inertial Confinement Fusion
Targets.™

J. R. Miller. “Cryogenic Laser Fusion Target Materials.”

The following presentations were made at the Third
Annual Conference on Transport Process in Laser
Plasmas. Traverse City. Michigan. June 18-21, 1979,

R. F. Benjamin. A. W. Ehler. and G. H. McCall.
“Measurement of Return Current in a Laser Plasma.™

D. Giovanieili. “Hot-Electron Transport and Energy
Losses in CO, Heated Plasmas.”

T. H. Tan. G. H. McCall. and D. Giovanielli, “Fast-lon
Measurement and Hot-Electron Temperature.™



The following presentations were made at the 1979
IEEE/OSA Conference on Laser Engineering and Ap-
plications. Washington. DC, May 30-June 1, 1979.

B. J. Feldman. R. A. Fisher, 1. J. Bigio. and E. E.
Bergmann. “Intracavity Technigques for High-Reflec:
tivity Phase Conjugation in Germanium and Inverted
CcO,.”

D. E. Watkins. C. R. Phipps. Jr.. and S. J. Thomas.
~Ellipse Rotation in Germanjum.”

J. B. Marling and I. P. Hermal (LLNL). and S. J.
Thomas (Los Alamos), “*Separation of Deuterium and
Other Isotopes by CO, Laser Multiple-Photon Absorp-
tion and Subsequent Reaction.”

E. Lindman. Jr.. “Inertial Confinement Fusion Target
Concepts and Design Considerations.”

T. F. Stratton and A. C. Saxman. “Optics and Align
ment in Large CO. Systems for Fusion Research.

H. J. Jansen. "Review and Status of Antares.”

K. B. Riepe. K. J. Bickford. J. Jansen. and W. C. Turner.
*300-kJ. 200-kA Marx Module for Antares.”™

R. D. Stine. G. F. Ross. and C. Silvernail, " The Antares
Laser Power Amplifier.”

W. R. Scarlett. K. Andrews, and J. Jansen. A
Large-Area Cold Cathode Grid-Controlled Electron
Gun for Antares.”

The following presentations were made at the ANS
1979 Annual Meeting. Atlanta. Georgia. June 3-8. 1979,

W. A. Reupke. H. S. Cullingford. T. G. Frank. and L. A.
Booth. “Wetted Wall ICF Fissile Fuel Factory Studies.”™

1. O. Bohachevsky and S. Chow. “MHD Decelerators
for ICF Reactors.™

J. H. Pendergrass and S. A. W. Gerstl. “The Lithium
Boiler: A High-Temperature Fusion Reactor Blanket.™

In addition, the following presentations were made at
various institutions.

W. A. Reupke. H. S. Cullingford, T. G. Frank.and L. A.
Booth. “US/USSR Symposium on Fusion-Fission
{Hybrid) Reactors. Princeton Plasma Physics Labora-
tory. Princeton. New Jersey. January 22—26. 1979.

The following presentations were made at IEEE.
Texas Tech Universitv. Lubbock. Texas. June 12-14.
1979,

R. Liepins. M. J. Campbell. and R. J. Fries. ""Plastic
Coatings for Laser Fusion Targets.” Symposium on
New Concepts in Coatings and Plastics. Honoluiu,
Hawail. April 1-6. 1979,

P. Lee. "X-Ruy Spectroscopy of CO. Laser Produced
Plasma.” Physics Seminar. University of Hawaii. Hon
olulu. Hawaii. May 1519, 1979,

K. B. Mitchell. " X-Ray Spectroscopy of Laser Produced
High Density Plasmas.” US-Japan Seminar on Plasma
Spectroscopy. Japan. May & 11. 1979,

R. F. Benjamin. G. H. McCall. and A. W. Ehler.
“Measurement of Return Current in a Laser Plasma.”
Conference on Transport Processes in Laser Plasmas.
Sleeping Bear Dunes Natwonal Lakeshore Park. Michi
gan. June I8 21,1979,

D. W. Forslund. “Important Nonlinear Laser Plasma
Interaction Problems.” New Yerk University Courant

Institute. Mayv 15,1979,

J. F. Figueira. R. K. Ahrenkiel, and D. Dunlavy, ~“The
Nonlinear Properties of the Perrhenate lon in KC1.” The
23rd Annual Technical Symposium. San Diego. Califor
ma. August 27 30. 1979,

J. F. Figueira. “Gas Lascrs for Fusion  Science and
Engincering.” Physics Seminar. Lehigh University, Beth
lechem. Pennsylvania. May 1979.

R. A. Fisher. B. J. Feldman. R. G. Tercovich. I. J. Bigio.
and E. E. Bergmann. “Infrared Phase Conjugation via
Degenerate Four-Wzave Mixing.” Conference on Physics
of Quantum Electronics. Snowbird, Utah. January 19,
1979.
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B. J. Feldman. R. A. Fisher. I. J. Bigio, and E. E.
Bergmann, “Phase Conjugation: The Wave of the
Future.” Colloquium, Massachusetts Institute of Tech-
nology. Cambridge. Massachusetts, February 15, 1979,

B. J. Feldman. R. A. Fisher. 1. J. Bigio. and E. E.
Bergmann. “Phase Conjugate Reflection via Light-by-
Light Scatiering and Four-Wave Mixing.” Seminar.
Lincoln Laboratory. Lexington. Massachusetts. Febru-
ary i6, 1979.

R. A. Fisher znd B. J. Feldman. “Infrared Phase
Conjugation.”” Seminar. Westinghouse Research Labora-
tory. Pittsburgh. Pennsylvania. May 16. 197¢.

E. E. Stark, “The CO, Laser Fusion Program at Los
Alamos.” 14th Annual Symposium. Idaho Section of the
ASME. Idaho Falls. Idaho. April 19, 1979.

J. L. Munroe, “CO, Fusion Optics at Los Alamos.”
Tutorial seminar (Laser-Onptics 1), University of Lowell,
Lowell. Massachusetts. May 9-10. 1979.

T. F. Stratton. “Carbon Dioxide Laser for Inertial
Fusion.” Press Release at the American Physical Society
Meeting. Chicago. Illinois. March 1923, 1979,
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W. H. Reichelt. “Antares, a 100 kJ CO, Laser Fusion
System.” American Vacuum Society Meeting, l.os An-
geles. California. February 20. 1979.

N. G. Wilson. "*Vacuum System Design Alternative for a
25.000-Liter Laser Fusion Target Chamber.” 8th An-
nual Symposium on Applied Vacuum Science and
Technology. sponsored by the American Vacuum Socie-
ty. Tampa. Florida. February 12— 14, 1979.

J. L. Munroe and G. Woodfin. ""An Optical Evaluation
Laboratory for Laser Fusion.” SPIE Los Angeles Tech-
nical Symposium. Optical Components: Manufacture
and Evaluation. North Hollywood. California. January
22 23,1979,

D. Blevins and J. L. Munroe. “"Plated Copper Substrates
for the LASL Antares CO, Laser System.” SPIE Los
Angeles Technical Symposium. Optical Components:
Manufacture and Evailuation. North Hollywood. Califor-
ma. January 22-23. 1979.

W. C. Priedhorsky and K. B. Mitchell. “CO, Laser
Generated Silicon X Ray Line Scaiing.” Conference on
Atomic Processes in High Temperature Plasmas.
Boulder. Colorado. January 17 19. 1979,



