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by

The Inertial Fusion Program Staff

ABSTRACT

This report describesprogress in the developmentof high-energy,short-pulseCOZ
laser systemsfor fusionresearch. Improvementsin the Heliosand Geminilasers led to
increased shot rates, higher output energies, and greater reliability.All buildingsfor
Antares, the nextgenerationCOZlaser,have been completed,and installationof front-
end, power amplifier,and target-systemcomponentsis on schedule.

Target experiments(1)investigatedthe partitionof absorbedenergyinto fast ionsand
backscatteredlight,(2) measuredthe energyand transport of electronsproducedin the
interaction,and (3)developeda vacuuminsulationtechniqueto inhibithigh-energy,hot-
electrontransport (preheat)into the target.

The theory effortanalyzedgenerationof high harmonicsof incidentlaser lightin the
plasma, studied the effects of electric field saturation on resonance absorption, and
developedmodels for electron transport that explain the apparent anomalous flux-
Ihnitingphenomena.Usingthe implicit-momentmethod,a newcode,VENUS, performs
two-dimensionalplasma simulations.

Diagnostic developmentcontinued to emphasizex-ray spectral measurementsand
imaging systems because they provide information on hot-electron generation and
transport. Mass spectroscopytechniqueswereextendedto characterizethe plasma’sion
spectra; ion calorimetrywas developedto measurethe total ion energy in the plasma.

Target fabricationaddressed specialprocessesto fabricate microspheretargets and
to developnondestructivemethodsof target parameter characterization.

The advanced laser technologydevelopmentprogram produced and characterized
high-damage-threshold optical materials for the ultraviolet. Saturable-absorber
mechanisms in this wavelengthregion were analyzed and several candidates were
identified.Nonlinearphase conjugationat 248 nm was demonstrated.

Progress in investigationsof accelerators, magnetic focusing systems, and target
design for ion-beam drivers is summarized, and various phenomena expected in
moditiedwetted-wall,magneticallyprotected,and fusion-fissionhybrid inertialconfine-
ment reactors are discussed.

—.——__———.——.——.——



SUMMARY
(InertialFusion St@

INTRODUCTION

The goal of the Inertial ConfinementFusion (ICF)
program at Los Alamos is to determinethe feasibilityof
using Coz lasers as fusion drivers, that is, whether
energy at a 10.6-~mwavelengthcan be coupled to a
target, transported, and converted to useful hydro-
dynamic energy for compressingand heating a fusion
fuel pellet.

We use two very reliableand well-characterizedhigh-
energy, short-pulseCOZlasers, Helios and Gemini,for
our laser/plasma interaction studies. Generating high-
energy,hot electronsin this interactionhas the detrimen-
tal effect of preheatingthe fuel and thus increasingthe
energy requirementto compress and heat the target to
the desired conditions.In experimentaland theoretical
effortswe have thereforeconcentratedon theseproblems
and havesignificantlyadvancedour understandingof the
complex phenomena involved. We have developed a
wide array of diagnostic techniques for these experi-
ments. Our target fabrication effort, in addition to
producing targets of specificdesign, has improved the
techniquesfor assessingthe qualityof the targets.

Significantprogress has been made on Antares, the
next generation high-power laser system. Antares is
expectedto becomeoperationalin 1983and willgreatly
extend our capability to investigate the problems of
target physicsat significantlyincreasedenergylevels.

OPERATING COZLASER SYSTEMS

Helios

Helios, the eight-beam COZ laser, operated at an
increased shot rate, output energy, and reliability in
support of our ICF program. The systemwas fued 673
times in support of target experiments.Important ac-
complishmentsinclude

●

●

●
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improvementof the operatingscheduleto increase
the target shot rate,
installation and use of the movable Hartmann
target-alignmentsphere, and
successfuldemonstration of 4-GHz data-channel
recordingin the controlroom area.

Gemini

Geminiwas operated in supportof ICF target experi-
ments that required 632 target shots. Noteworthy ac-
complishmentsinclude

●

●

installationand use of a new front-end oscillator
and preamplifiersystem,and
installationand use of machinemodificationsthat
increasedthe energyon target.

ANTARES—HIGH ENERGY GAS LASER
FACILITY

The Antares front end is in place and operational.
Electron-guntestingand preliminarypoweramplifiertest
data compare favorably with calculations.We installed
and checked the target vacuum and optical support
system. Alignment systems have been tested in the
Optical Evaluation Laboratory (OEL), and the second
power amplifiermodule (PAM) was used as an optical
test bed (OTB). Calorimeters critical to beam
characterizationare in production,and controlsfor the
energy storage and power amplifiersystemshave been
implemented.

Front End

The Antares front-end system is in its final location;
all hardware, includingb.vodriver amplifiers,is on site.
We have measured 90-J, I-ns output pulsesand solved
all postpulseproblems.

Power Amplifier

The fust power amplifierhas beeninstalledcompletely
and has passed its initial mechanical and electrical
shakedown tests. Electrical performance, measured at
reduced operating voltage, was as expected. The
amplifierhad to be tested at less than design voltage
because of electrical breakdown problems in the elec-
tron-beamgun. A considerableeffort has been made to
improveelectron-beamgun operation.



The second power amplitierwas installedwithout its
electricalcomponents;it willserveas a test-bedto check
optical componentsand automaticalignmentsystems.

significantlymore effectivefor high-Z target materials
than we had thought.

PLASMA PHYSICS AND TARGET DESIGN
Target System

The target vacuum system (TVS) has been installed
and successfullycheckedout. The large space frame on
which all optical components and target diagnostic
instrumentationare mountedin the vacuumchamberhas
been completedand installed.

Alignmentand Diagnostics

The alignment and diagnostics systems have been
prototype, improved, and installed into the OTB
amplifier.

Controls

The control systemsfor the energystorage and power
amplitlersystems are operational.Automatic alignment
controls,a criticalfeature,are beinginstalledand willbe
completedin 1982.

TARGET EXPERIMENTS

Target experimentsin 1981significantlyimprovedour
understandingof COZlaser/target interactions and the
subsequent transport of energy within targets. From
experiments at Helios we learned that hot-electron
temperatures produced by the interaction of 10.6-~m
light with matter are considerably higher than we
expected—as high as 300-400 keV in high-intensity
experiments.These hot electronsappear to be produced
throughout the laser pulse. On Gemini, absorption
measurementswere extended to an incident energy of
nearly 1 kJ, and measurementsof direct backscatter at
Helios (with limited solid angle) indicate roughly con-
stant absorptionthroughoutthe laser pulse.

We studied the promising technique for controlling
preheat by vacuuminsulationin whichhot electronsare
constrained from crossing a vacuum gap by space-
charge effects.After an extensiveseriesof experiments,
analysis of the data clearly demonstrates the desired
effectof vacuuminsulationand indicatesthat it may be

Our theoreticaleffort continues to address primarily
laser/target coupling with COZ light. The absence of
equally good lasers at shorter wavelengthsmakes it
imperativethat we accuratelyassessthisproblemand its
effect on target designs.Recent work has examined in
detail the generationand transport of hot electrons.

Harmonicsgeneratedduring resonant absorptionin a
steep densitychangehave been calculated.The observa-
tion of harmonicsas highas the 46th in C02 experiments
is further evidence that resonant absorption plays an
importantrole. We used a Lagrangianwarm-fluidmodel
to study saturation of the critical electric field in
wavebreakingand connectivelystabilizedregimes.

Calculationsof electron transport show that the need
for severe flux-limiters arises from deficiencies in
classicaldiffusionmodelingof heat flow.Wedevelopeda
new Monte Carlo electron-transport code to perform
these calculations correctly. Modelingof COZ experi-
ments with LASNEX shows that we need electron
source temperaturesof 350 keVto generatemeasuredx-
ray temperaturesof 200 keV.

Calculationsof collisionalelectron thermal transport
in the presenceof a laser fieldshoweffectsthat mightbe
interpreted as flux-limitingor reduced thermal conduc-
tivity. These calculations are relevant to short-
wavelengthlasers such as KrF. In addition,we wrote a
new code, VENUS, that uses implicit techniques to
extend significantlythe range of particlesimulation.

DIAGNOSTICS DEVELOPMENT

We continuedto developa widerange of diagnostics
that meet the experimental requirements of the ICF
program. The state of the art has been advanced in
severalareas. We deployedx-ray streak cameras with a
time resolutionof 15 ps to study plasma dynamics.We
also emphasizedthe developmentof time-resolvedhard
x-ray detection systems because these instrumentscan
provide informationon the important problemsof hot-
electron characterization. A high-resolution,time-inte-
grated, soft x-ray grazing-incidencespectrograph,which
also provides spatial resolution, was developed ~d
deployed for detailed investigationof the laser/plasma

3



interaction phenomena. Finally, we developed a tech-
niquebased on the excitationby high-energyelectronsof
the K. x rays in nickeldetectors to provideinformation
on the electron-transportprocess.

saturable-absorberprocesses and materials for use at
short wavelengthsand identifiedone promisingmaterial.

We successfullyextended to the uv region nonlinear
phase-conjugationtechniquesthat had been demonstra-
ted previouslyat 10.6-vmwavelength.

LASER FUSION TARGET FABRICATION
HEAVY-ION FUSION DRIVER DEVELOPMENT

Target Fabrication

About two-thirdsof oureffortwasdevotedto fabricat-
ing targets for experiments.Becauseof this emphasison
target fabrication, we either reduced significantlyor
postponed development of advanced materials and
technologies.Cryogenicfueldevelopmenthas beenpost-
poned indefinitely,and the staff has been reassignedto
target fabricationand characterization.

A state-of-the-artprecisionmicromachininglathe for
air/vacuum bearings was designedand built from com-
mercially obtainable parts. This lathe will allow us to
fabricate machinedhemisphereswith surface finishesof
<0.025 ym and maintainsphericityto within 1 ~m.

We have developed a technique to fabricate free-
standingvery thin-walled(-l-yin) shellsof tungstenand
gold.

PolymerScience

We can now fabricate very thin, uniformly thick
(within + 10%) high-oxygen-contentfilms for use as x-
ray fluorescentmaterialsand filters.These fdmscontain
up to 54 wt?40oxygen and have been fabricated in
thicknessesof 0.32, 0.63, and 1.26~m.

Target Characterization

We developeda method to measure the thicknessof
thin fdms by x-ray peak ratioingin a scanningelectron
microscope(SEM) to an estimated accuracy of 5°10on
submicrometerfilms.

ADVANCED LASER TECHNOLOGY

Optical damage studies on materials and coatings
continuedand were extendedto the ultravioletregionto
providebasic informationfor designinglaser systemsto
operate at those wavelengths.We characterizedvarious

4

An inertial fusion driver for commercialand power
productionmust be durable,reliable,and etllcient;it also
must be capable of performingat high average power.
High-energyion accelerator technologycan meet these
requirements and therefore holds high promise as a
commercialICF driver.Los Alamoshas the lead rolefor
developing heavy-ion fusion (HIF) accelerator tech-
nology and conducts important research in accelerator
development,designof magneticfocusingsystems,and
target design.

Productionof very intenseion beams is criticalto the
successof ion-beaminertialfusion.The radio frequency
quadruple (RFQ) and octupoleacceleratorsystemswe
are developingare particularlywell suited to generating
intense beams. These beams, emerging from the ac-
celerator, must be focused onto the target; we are
designingmagnetic lens systems for this purpose. Fi-
nally,ICF targetsmust be especiallysuitedfor ion-beam
drivers;therefore,we are studyingtarget performanceas
a function of ion-beam parameters such as power,
energy,ion range, and uniformityof illumination.

SYSTEMSAND APPLICATIONS STUDIES OF
INERTIAL FUSION

Our systems and applications studies encompass
conceptual designs of specific devices to realize ICF
applicationsand constructionof mathematicalmodelsto
analyzethe feasibilityand performanceof ICF systems.
These analyses include both technical and economic
aspects of different ICF applications.Specifically,we
concentratedon

●

●

the responseof liquidlithiumlayersto neutronand
x-ray pulses;our results show that these responses
will not pose severe design problems for the
modiiledwetted-wallICF reactor cavity.
plasma behavior in magneticallyprotected ICF
reactor cavities;we did not find any fundamental
physicalobstacleto magneticwall protection.



● cyclic temperature excursions and thermal-stress In the past year we have seen significantprogressin
fluctuations in fusion reactors, including fusion- all areas of ICF investigations.In the future, we will
fissionhybrids;our explicitresultsprovidea quan- concentrateon studiesof hot-electronphysicsand target
titative basis for tradeoff studies of technical and designsthat make use of thesephenomena.
economicperformancecharacteristics.

5



I. OPERATING C02 LASER SYSTEMS
(J. P. Carpenter)

Two high-energy,short-pulse COZ laser systems are operating routinely at Los
Alamosin supportof the targetexperimentalprogram:Helios,whichfirstdemonstrated
a 10-kJ, I-ns output in June 1978,operates at -15 TW on target in a subnanosecond
pulse;Gemini,a two-beamsystemthat servedas a prototypefor Helios,operatesat 1.4
kJ on target in a nanosecondpulse.

HELIOS LASER SYSTEM

Introduction(E. L. Jolly)

Helios,our eight-beam,high-energy,short-pulselaser
system, is the most powerfuland important COZlaser
facility committed to ICF research. A movable target
beam-alignmentspherewas installedearly in 1981and is
used to irradiate new typesof targets. Systemoperation
was characterizedby increasedshot rates, higheroutput
energies,and improvedreliability.The Heliossystemhas
been describedin detail.1

Operations(E. L. Jolly)

We tried different modes of system operation to
identify one that combines maximum target shot rate
with minimum stress on operating personnel. Such a
mode schedules target-shootingoperations on 4 or 5
days/weekbetween7:00a.m. and 5:00 p.m.;preparation
and installationof target diagnosticsas well as target-
chamber pumpdown are performed the precedingeve-
ning. This mode of operation began in April 1981; it
increasedthe shot rate to a levellimitedonly by the rate
of target fabrication(Fig. I-I).

We fired a record 673 shots in support of the
experimentalprogram. The facility was operational 6
days/week during December 1980 and January and
February 1981 to accommodate an accelerated test
schedule.

OpticalAlignment(E. L. Jolly,B. Kortegaard, D. Stahl)

We developedthe ability to align each target beam
independentlyto provide sphericallysymmetric target
illuminationand to vary the focus with regard to the
target overa rangeof 1mm witha resolutionof -50 ~m,
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Fig.I-L Heliosoperationalrecordfor 1981.
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This flexibility is made possible by the movable
Hartmann alignment system that is now in routine
operation.

The electromechanicalHartmann system accurately
positionsan alignmentsphere at the center of the target
chamber. Because our Hartmann alignmenttechnique
resultsin a beamthat ispointedand focusedat the center
of the alignmentsphere,we can, by movingthe sphere,
correspondinglymove the beam focal points.Figure I-2
shows the movable alignment sphere, its translation
stages, and its steppingmotors. This assemblyis trans-
ported into the target chamber and cinematicallyposi-
tioned by the same mechanism that transports and
positions the target. The microprocessor-basedcontrol
system accepts and stores positioncoordinates from a
user’s terminal. Simple commands can recall these
positionsand transportthe sphereto the desiredposition.

MuhigigahertzDiagnosticsSystem(R. L. Carlson)

We installeda 4-GHz data-recordingchanneladjacent
to the Helioscontrolroom to demonstratethe feasibility
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Fig. I-2. ElectromechanicalHartmanntarget-alignmentsystem.

of recordingmultigigahertzdata at distancesup to 38 m
from the target chamber and beam-diagnosticsarea.
Advantagesof remote data recordingincludeless severe
x-ray and electromagneticinterference(EM1) environ-
ment, centralizedoperation,and easy accessto recording
instruments; it also releases valuable laser hall floor
space that is presentlyoccupied by our data-recording
system. The demonstration channel successfully re-
corded a laser beam pulseshape (-700 PSFWHM).

This channelincorporateda 1- by l-mm pyroelectric
detectordrivinga 38-mfoamflexcoaxialcable,a passive
microstrip equalization network, one 5-GHz B8cH
amplifier,and a Los Alamos Model 1776 oscilloscope.
The oscilloscopereads with a digitizingcamera that
transmits data to the central computer system. The
computer system, given the network transform for the
detector, cable, equalizer,and oscilloscope,deconvolves
the data to 4 GHz.

GEMINI LASER SYSTEM

Introduction(J. Hayden, V. Romero)

Geminioperationswere performedmainly in support
of laser/target interaction experiments;however, shots
were also performed to test new target diagnostic
instruments. A total of 632 shots were provided for
experimentsand an additional151 shots were made for
systemtests and development.

New Front End (V. Romero)

We installedand placed in operation a new front end
that consists of a multilinemaster oscillatorand triple
switchout similar to the one used in Helios. Its advan-
tages over the old mode-lockedfront end include a
multilineoutput, better time synchronizationwith ex-
ternal systems,shorterpulsewidth,and simplifiedopera-
tion.

AmplifierOptic Path (J. McLeod,V. Romero)

A major upgrade of the power amplifieroptic path
providesa saturable-absorbergas cell betweenpasses 2
and 3 within the power amplifier,similarto the Helios
system. When mounted in this position,the gas cell is
much more effectivein suppressingparasiticoscillations.
This installation increased the maximum output beam
energy from 400 to 700 J/beam.
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OVERVIEW

II. ANTARES—HIGH ENERGY GAS LASER FACILITY
(H. Jansen)

The Antares COZlaser systemrepresentsthe nextgenerationof COZlasersneededto
investigatethe feasibilityof laserdriven ICF. The Antares project was redirected in
1979from a six-beam,100-IcJsystemto the presentAntaresconfigurationof two 20-kJ
power amplifiersthat willdeliver40 TW on target in late 1983, 1year earlierthan the
fulldesign.

AND STATUS (H. Jansen)

The Antares short-pulse COZ laser system was
originallydesignedto deliver 100kJ in a I-ns pulseto a
target using six large amplifiers.In 1979 we decidedto
reduce the initial system configurationfrom six to two
amplifiers.The two-amplifierconfiguration, delivering
35-40 kJ to a target, wouldbe completedin 1983under
present anticipated funding, 1 year earlier than the
originaldate for the fullsystem.

All buildingfacilitieshave been completed(Fig. II-1).
The complex consists of a main Laser Hall, a Target
Buildingthat houses the TVS, and an Ofilce Support
Facility.Hardware for the two amplifiersis in place(Fig.
H-2).The first amplifieris used as an electricalcheckout

system, without the complexityof the optical train to
check out the operation of the energy storage and
associated control system, as well as for small-signal
gain measurements.The second amplifieris used as an
OTB to check out the optical alignmentand controls
system without the complexityof the electricalsystem.
We expectto completeconstructionin late 1983.

FRONT-END SYSTEM(R. Gibson)

Introduction

The front end of the Antares system (Fig. II-3) will
deliver 90 J in a l-ns pulse to each of the two power

~+- -. !. -..
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Fig.II-1.AntaresmainLaserHallat left,TargetBuildinginrightbackground,andOffIce
SupportFacilityforeground.
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Fig.II-2.AntaresLaserHa[lwithtwoamplifiersinplace.Thegreen amplifieris being used
as a test bed for electricalcheckout.Thebrownisusedasa teatbedforopticalcheckout.

amplifiers. (90 J is the required input to the power
amplifiers for optimum energy extraction.) The short
front-end pulse is generated in a single oscillator; the
beam is then split into two and each is amplifiedto 90 J
in separatedriveramplifiers.The output to the amplifiers
is an annular pulse of -15-cm o.d. The front end has
been prototype in a fiial cordiguration and subse-
quentlymovedto its Antares location.

Description

We installed the prototype front-end beamlineat its
permanent location in the basement of the Laser Hall.
The system is operational and will be used in initial
energy-extractionexperiments.An advanced multiline
oscillatorwillbe completedin later stagesof the Antares
project.

The front end is a three-stageassemblyconsistingof a
tunable multilineoscillator, a preamplifier(triple-pass
Lumonics602), and two driveramplifiers(triple-pass15-
by 15- by 200-cm electron-beam-controlleddischarge
arnplifler),one for each bearnline.

Tests on the prototype beamlirterevealed a major
problem that required the reconfiguration of some

parts-diffraction coupling occurred between passes
through the optics of the Cassegraintelescopesthat are
used in both the preamplifierand driver amplifiers.This
couplinggeneratedpostpulsesof considerablemagnitude
in both amplifiers.The postpulsesmay not reduce the
initial energy delivered to the target, but they do
complicate the interpretation of experimental results;
physical processes occur that are diflicult to separate
from those caused by the first pulse.

We changed the preamplifier optics to a simple
nonexpandirtgtriple-pass configurationthat eliminates
the couplingproblem and still providesadequate drive
for two beamlines.Diffractioncouplingin the driverwas
suppressedby maskingunusedportionsof the telescope
mirrors and optimizingthe gain and saturable-absorber
pressure.

Results

With only one pulsefrom the driveramplifier,we can
produce the required90 J.of energyin a l-ns pulsewith
the driverMarx bank chargedto only 55 kVdc,whichis
two-thirds of the maximum design voltage. Thus, we
demonstrated that the front-end amplifierscan easily

9
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delivera single I-ns 90-J pulseto each of the two power
amplifiers.

ELECTRON-BEAM GUN (C. Mansfield,G. Allen)

Assemblyand Testing

To control the discharge in the 48 chambers of the
power amplifier,we need 48 large-area electron beams
with an electronenergyof -500 keV and an intensityof
-50 mA/cm2.These beams are produced by a broad-
area coaxial electron gun. The electrongun for the fist
power amplifier has been assembled (Fig. II-4) and
electricallytested in a dedicatedtest facility,

The facilityconsistsof a main room with appropriate
x-ray shielding,a control room, and an EMI-shielded
data-acquisitionroom. All data links to a DEC 11/60
computer comprise electro-optical transmitters, fiber-
optic cables, opto-electrical receivers, and transient
digitizers.During testing of the gun, we gathered con-
siderable experience that will be applied to the final
Antares data-collectionsystem.

We routinelymonitoredthe major variables:cathode
voltage,cathode current, grid voltage,grid current, total

return current, Marx charge voltage,and return current
via the electron-gunshell.Variablesthat weremonitored
occasionally were total Marx voltage and cathode-to-
grid differentialvoltage.

PreliminaryTest Results(C. Mansfield)

Operating Parameters. Major operationalparameters
of the electrongun with a grid resistanceof 180C!are

peak cathodevoltage(kV)450
vacuum load impedance(~) -15
lengthof time cathode remainsabove350 kV (US)-2
output current density(mA/cm2)-60
variationof current density(%)

window-to-window<~ 20
shot-to-shot<+20.

High-VoltageLimitation.During the test program, it
became rapidly apparent that the gun in its original
configurationand assembly did not reliably reach the
required operating voltage of -500 keV. We believe
electron energies of 500 keV or more are required to
prevent streamer formation at the anode of the gas

Fig.II-4.Antareselectrongunon fmturein test facility.The copper-coloredsectionsare
the foilaperturesfortheelecwongun.
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discharge (the electrons enter the discharge volume
through the cathode foilwindow).

Vacuum arcs begin to form during the electron-gun
high-voltage pulse. Their onset depends on voltage
amplitude.These arcs are of no operationalconsequence
if they occur after the maximum laser gain has been
reached in the discharge,whichis typicallythe case. The
problem arises from the amount of destructiveenergy
that the arcs can depositin the electronfoilwindow.The
higherthe numberof arc shots,the shorterthe meantime
betweenfailuresof the gun.

Consideringthe design value of the average electric
field (-30 kV/cm) between gun grid and anode or
cathode and minimalfield enhancementin areas other
than the emitter blades, the reasons for arc formation
includesurface contamination,choice of materials, in-
ductive arcing at strategically important points, local
vacuumleaks,or the traveling-wavenatureof the applied
voltage.

We achieveddramaticimprovementsin preventingarc
formation through cleanliness during assembly,
especially by avoiding the formation of my
hydrocarbon-basedsurfacefilms.The fact that arcs tend
to strike the bottom of the electron-gun shell is the
primary indicatorthat cleanlinessis criticallyimportant.
We also found that dc conditioningis an important
method to significantlyincreasethe voltage.

In addition to cleaning and dc conditioning, we
introduced a diverter spark gap in the Marx generator.
This gap does not prevent arc formation,but it shunts
the Marx energy, thus reducing the arc energy and
increasingthe mean timebetweenfailuresof the gun.We
are completinga detailedanalysisof gun operationfrom
an electricalcircuitpointof view.This analysis,coupled
with future improved diagnostics, will help us decide
whether the relativelycomplextransmissionline of the
gun may be at the heart of the problem.

Reliablegun operationat 450 kV is now possible(600
shots in one test sequence)and gives some indication
that self-conditioningduringoperation may have moved
this point closerto 500 kV.

Diagnostic Improvements. Initial diagnostics con-
sisted only of current and voltagemeasurementsin the
Marx tank. Because a number of questionsrelating to
gun operationimplythat at least somegun problemsare
electrodynamics,that set of existing diagnostics was
inadequate. Several new diagnostic tools have been
developed to gain a more complete understanding of
electron-gunoperation.

Cerenkov Current Density Measurements. The in-
tensityof the Cerenkovradiationemittedby electronsin
the design energy range is nearly linear with current
density. By placing 6-mm-thick lucite plates over the
windowsand photographingthe light emittedwhen the
beam of electrons hits the plate, we obtained a time-
integrated high-spatial-resolutionrecording of current
density.

Faraday Current Density Probes. Faraday cup cur-
rent-densityprobes were developedto measure the time
structure of the current density through the gun win-
dows. Becausethese probeshad to intercepta consider-
able (lOO-cmz)area of beam to developa usablesignal,
they provideonlya limitedmeasureof spatialresolution.

The probe designis very simple.A collectingplate is
mounted perpendicularlyto the electron-beamflux on
ceramic standoffs from an aluminum base plate. The
base plate, in turn, is mounted both electrically and
mechanicallyto the outsideof the electron-gunshell.A
standard current-monitor transformer (dB/dt probe)
measures the current. The output of the current trans-
former is connecteddirectlyto the transientdigitizersin
the screen room. Extreme caution in grounding the
coaxial cables and avoidingground loops preventedthe
pickupof unwantednoiseby the data-acquisitionsystem.

Through the use of collectorprobesand the Cerenkov
detectors, we found that the current density along the
openingin the gun was nearly constant.Current probes,
in addition to the Faraday technique, were used suc-
cessfullyto characterizethe gun.

Gun Pressure Measurements. An ionizationvacuum
gauge that sensespressurevariationsin the gun after a
shot is one of the most important indicatorsof shot-to-
shot gun performance.During a shot, electron and ion
bombardmentof interiorgun walls results in a pressure
pulse within the gun. A standard ionization vacuum
gauge will not respond fast enough to followthe initial
pressuresurge;however,the responseis proportionalto
the pressuresurge.We use the pressuregaugemainlyto
indicate impending major arcing in the gun. When a
major arc occurs, the pressuremay surgeby threeorders
of magnitudeover those seen in normaloperation.

The pressurerecordingsalsoexplainwhy thegun may
not be tired faster at a givenrate. A finitetime (several
minutes)is requiredfor the vacuumpumpsto return the
gun pressureto a levelat whichit can be tired withouta
gaseous arc developing.

12



Photometric Recording. A considerable amount of
light is generated insidethe electron gun during opera-
tion. We installedwindowsat the ends of the gun, each
windowlocated so that the emissionbladescan be seen
through a hole in the grid. Photographs taken through
these windows gave an early indication of the arc
location. Later, mirrors were placed to provide a wide-
angleviewof the regionbetweenthe grid and the shell.

A photomultiplierplaced at the end windowsprovided
information about the timing of major arcing occur-
rences. We found a definitecorrelationbetweenvisible
arcs and the Marx currentand voltagetraces. By proper
groundingand shielding,such a high-impedancedevice
offersconsiderablepromisefor future use of high-speed
spectroscopy as a diagnostic tool for understanding
electron-gunbehavior.

Vacuum Diagnostic Port. We built a vacuum
diagnosticport that can be attached to the electrongun
in place of an electron-beamwindow.This port has a
15.24-cm(6-in.)gate valvethroughwhichwe can sample
a relativelylarge area of the electronbeam. Althoughwe
have only used this port to photographemissionsiteson
the emissionblades, in the future we will also measure
electronenergydistributionsand soft x-ray spectra.

Direct Current Conditioning.High-voltagecondition-
ing is an important factor in obtainingproper operation
of high-voltageequipment. Conditioning combines at
least two phenomena:burningoffpotentialemissionsites
and outgassingsurfacesby heating.Our initialcondition-
ing efforts in pulsed mode involvedshortingthe grid to
the cathode and pulsingthe gun at high voltage.Later,
we found that better results can be obtainedby connect-
ing a dc (250-kV)supply to the cathode with a series-
limitingresistor.After 1 to 2 h of operationwithcurrents
of 1-3mA, this treatmentresultedin drasticallylowered
gun pressuresand increasedhold-offvoltages.

DiverterGap (G. Allen).Gun arcingusuallyoccurs at
late times, 5-6 USafter the pulse begins and energy is
depositedin the laser gas. Such arcs do not affect the
laser operation; however,they ultimately(after several
arcs in the same location) destroy electron-gun foil
windows.The obviousprotectionagainst this damage is
to divert the remaining energy stored in the Marx
generator from the gun.

The two approaches we investigatedwere a nontrig-
geredwater gap and a triggeredgas gap. The formerhad
the advantageof being automatic.As soon as the Marx

generator is erected, streamer formation begins in the
water; gap closure is timed by the spacing of the gap.
However,shock waves willeventuallydestroy the water
gap, and residual arc resistance competes with the
impedanceof the arc in the gun. A triggered,pressurized
gas gap does not exhibitthese problems,but triggering
such devicesin the high-EMIenvironmentof the Marx
generator presents well-knownditliculties.Fiber-optic
decoupling overcame EMI-induced ditlicultiesso that
this approach was successful.

Vacuum Pump Studies(C. Winkelman)

The initialdesignof the electron-gunvacuum system
incorporated a turbomolecular pump as the principal
vacuum pump. This systemwas functionallytested and
installedon the first electrongun for performancetests.
The performanceof this pumpingsystemwas considered
satisfactoryuntil the turbomolecularpump disintegrated
during electron-gun testing. Other problems and less
dramatic failuresalso occurred,and a tightenedprogram
schedulenecessitatedan alternativepumpingsystem.As
a result, we redesignedthe electron-gunvacuum system
and incorporatedcryogenicpumps.

Hardware. The turbomolecularpumping system in-
corporated the TMP-3500 as the principal vacuum
pump.The TMP-3500is a 50-cm(20-in.)diam through-
put pump with a pumping speed for air (at 293 K) of
3500 L/s.

The cryogenic pumping system, on the other hand,
incorporatesthe Cryo Torr 400 as the principalvacuum
pump, which, at 40-cm (16-in.) throughput, has a
pumpingspeed for air (at 293 K) of 5000 L/s and is a
capture pump.A WS150roots blowerpumpsthe system
from the 10-3-torr roughing vacuum to the 10-5-torr
crossover at which the Cryo Torr pump is turned on.
The D60A backs the blower, which is also used to
regeneratethe Cryo pump when it reaches its gas load
limits.

Test Results. The electrongun is 1.52m in diameter
by 9.14 m long (-5 ft by 30 ft). The pumped volumeis
-20 OOOL and the requiredpressure is <2 x 10-6torr
after 24 h of pumpingfrom ambient.

Tests to date have covered’awidevarietyof electron-
gun operational conditions.The Cryo Torr-based sys-
tem’sultimatepressurewas -4.0 x 10-7torr, compared
to the -5.0 x 10-6 of the turbopump vacuum system.
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Two electron-gunfoilwindowfailuresduring cryopump
testing did not damage the Cryo Torr 400 pump. The
TMP-3500 pump could have failed as a result of the
huge inrush of 3-atmlasergas into the vacuumchamber
through the puncturedfoilwindow.

A typical pumpdown of the electron gun with the
turbomolecularpumpingsystemis plottedin Fig. II-5; a
similarcurve for the Cryo pumpingsystemis shown in
Fig. II-6. The passive,safe,and satisfactoryoperationof
the cryogenicpumpsrecommendtheirusein theelectron
gun.

TARGET SYSTEM(P. Wolfe)

Overview

The target systemincludes
● a mechanismfor insertingand preciselyholdinga

fusion targeb
. 72 opticalmirrorsfor directingand focusingthe 12

laser beamletsfrom each of the two Antares power
amplifiersonto the target,
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Fig.II-6.Electron-gunpumpdowntimewithcryogenicpump,

● a vacuum enclosureand pumps to providethe 2 x

1O-G-torrenvironment required by the charged-
particle diagnostics,and

● a buildinghousingthe system.
The system also requires massive,rigid support stands
for the mirrors, the target positioner,and the orthogonal
pair of telemicroscopesto aid in positioningtargets and
auxiliaryopticalalignmentdevices.

In 1981, we completed the vacuum system and the
Target Buildingthat houses it. In addition,the target-
chamber space frame was erected and installed,and all
other support stands were received.Mirrors and posi-
tioners are being fabricated within the Antares large-
optics system and are scheduled for installationwith
their support structures in spring 1982.We held a final
design reviewof the target-insertionmechanismlate in
1981. The mechanism will be completed and installed
with the mirrors in time for end-to-endtests of the laser
systemthat are scheduledfor summer 1983.Becauseof
funding limitations, the telemicroscopeswill not be
fabricated until 1983.Our subcontractor,Questar Cor-
poration, completed the optical design of this system,



and we are proceedingwith the mechanicaldesign.The
physical arrangement of the 7-mdiam Antares target
chamberwillmakethesethe world’slargestmicroscopes.

Target Vacuum System(TVS)

To minimizecosts and optical aberrations, there is
only a singlesalt windowin each bearrdetpath between
the Antares power amplifiergain regionsand the target.
Thus, the vacuum system extendsall the way from the
Target Buildingto the power ampliiieroutput windows
in the Laser Hall, through a beam tube, which is 1.5 to
1.8 m in diameter and -50 m in total length.Addition-
ally, the vacuum enclosure must be large enough to
housethe reflectiveopticsthat illuminatethe target. This
consideration, rather than the space required for the
experimentsthemselves,dictates the size of the target
chamber,a cylindricalvessel,about 7 m in diameterand
7 m long. It is designedto accommodatethe 72 plane
folding and 72 f/6 parabolic focusing mirrors for the
original6-beamAntares. (Each Antaresbeam is actually
an annular array of 12 beamlets,each of which has an
independentset of optics.)In additionto the large target
chamber, each beam tube has a 3-m-diam, 3-m-tall
turning-mirrorchamberthat housesan array of 12plane
turning mirrors. These chambers are arranged in two
groups in the Target Hall, at the two ends of the target
chamber. They direct the Antares beams from their
parallelconfigurationas they leavethe Laser Hall to the
two-endedarrangementrequired by the target-chamber
optical layout.

Late in 1978,a contract was awarded to Pittsburgh-
Des MoinesSteelCompany (PDM) to design,fabricate,
erect, and start up the entirevacuumsystem.By the end
of 1979, the six beam tubes connecting the power
amphflersin the Laser Hall with the turningchambersin
the Target Buildinghad been installed,and three of the
six turningchamberswere in place.

At that time, the Antares project plan changed to
permit early target experimentswith only two power
ampliilers.This redirectionsimplifiedthe TVS because
only one beam tube and one turning chamber were
needed at each end of the target chamber. However,
most potential savings were offset by the need to
redesignthe target-chamberheads and relocate some of
the pumps from unused beam tubes. In addition,almost
all parts for the original six-beam arrangement had
already been made, and some unneededparts had been
installed.

We completedconstructionof the system by the end
of 1980,and vacuum tests began with good results. By
mid-1981, almost all contracted tasks were completed,
including(1) comprehensiveleak testing; (2) finalizing
plans; (3) carrying out the acceptancetest program; (4)
adding a port to the target chamber for one of the
telemicroscopes;(5) extensivecleaningand painting of
the systemexteriorand the Target Buildinginterior;(6)
installingadditional lighting,power outlets, and signal
conduitsat the target chamber; and (7) trainingAntares
personnel in system operation and handling.The com-
pletedsystemis shownin Fig. II-7.

Vacuum performance of the TVS is noteworthy, in
view of its -lOOO-mzinterior surface of stainless steel
and its 600-m3volume.The roughing-pumppackage, a
2400-L/sblowerwith two mechanicalbackers, takes the
system from atmosphericpressure to 10–3torr in less
than 2 h. Six cryogenic pumps, each with a speed of
-15 OOOL/s for room-air constituents,reducepressure
to the specifiedoperatinglevel,2 x 10–6torr, in lessthan
3 additionalhours. Base pressures of 10-7 torr can be
held in the empty systemwith only two of the cryogenic
pumps operating.When the target-chamberspace frame
was fwstinstalled(in not particularlyclean condition),a
pressure of 5 x 10-7 torr was achievedin 8 h, starting
from atmospheric pressure. This performance is well
withinsystemspecification.

Target-ChamberSpace Frame

This complex stainless steel structure (Fig. II-8)
mounts the target-insertionsystem and all its precisely
located opticalcomponentsand experimentalapparatus.
The general design for the six-beamversionof Antares
was completedearly in 1979and was wellon its way to
implementationwhen we shifted to the two-beam ver-
sion.Accordingly,our redesignof the two-beamsystem
changed the space frame as littleas possible.

Final design and fabricationof the space frame were
doneby PDM, who heldthe contract for TVS. Extensive
cross checking of the Antares and PDM designs was
required beforebeginningfabricationat PDM’s plant in
Provo, Utah, in mid-1980.The Antares optical-tooling
team monitoredthe correct placementof criticalmount-
ing surfaces.

Final assemblyof the space frame in the Target Hall
was completedin June 1981.Airpads and a runout table
will move the 1l-ton space”frame out of the target
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Fig.II-7.AntaresTargetHallwiththe targetchamber,connectingtube,andturning
chamber.The turning-mirrorchamberand the beam-transporttubesshownin beige
conductthebeamto thetargetcbamber.
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Fig.II-8.Antarestargetchamberandspaceframe.



chamber for componentinstallationand service.We will
installthe major support structure and mirror in 1982.

OPTICAL BEAM MANAGEMENT (Q. Appert)

Beam Alignment

Most of the Antares automatic alignment system
hardware and concepts were tested successfullyon the
prototype beamline in the OEL and the OTB. The
prototypebeamlinehas been in operationfor more than
a year and was fully instrumented for the tests. The
OTB, in Power Amplifier5, consistedof one sector of
optics that was installedearly in the fiscalyear, and of
the assembledand alignedalignmentstation.

AlignmentSystemDescription

Antares requires beam centering on mirrors with
accuraciesequivalentto +0.1 mm at a distanceof 22 m
(4.5 x 10-’ rad) and beam pointingat the target position
within45 ~m (25 x 10-6rad).

A singlealignmentstation performs automatic align-
ment for each bearnline. Intense, visible-point light
sources are positionedat the desiredbeam centersalong
the beamlineand are viewedby a telescope/TVcamera
from the alignmentstation (Fig. II-9). A video tracker
determinesthe centroidsof the lightspots and generates
error signals,which cause the computer control system
to move appropriate mirrors in a closed-loopsystem.
The video tracker overcomes distraction limits when
viewingdown the beamlineby resolvingthe diffraction
spots to about 1 part in 10. We have achieved an
accuracy of 0.03 mm at 22 m (1.5 x 1O-srad) in 100
video frame samples (with a 3-s average). Averaging
removes errors caused by scintillationand vibration.

Final alignment at the ultimate target position is
accomplishedwith a COZlaser located at the alignment
station and an aperture/detectorcombination.The detec-
tor aperture (or, equivalently,the pointing mirrors) is
(are) moved under computer control to maximize the
energy through the aperture. This final alignment re-
moveserror that resultsfrom dispersionin salt windows
betweenvisibleand 10.6-~mlight.

Prototype Beamlineand AlignmentSystem

The system (Fig. 11-10)providedthe f~st test of the
overall alignmentconcept in the OEL. The prototype
beamline substitutes a 17.8-cm (7-in.) diam Questar
telescopefor the actual telescopethat is beingfabricated.
An LSI-11 computer was used for control, and
prototype stepper motor drives were used to drive the
mirror positioner and telescope focus. Antares l-mm
fiber optics and light-sourceboxes were used for the
point-lightsource.

Because the entire beamlinewas installedin ambient
air, scintillationeffects were pronounced, resulting in
large excursions (5 to 10 TV lines) of the diffraction-
limitedlight-sourcespots on the TV camera. This effect
was overcomeby taking large (100 to 1000)TV frame
centroid samples and calculatingthe mean. Using this
technique, the system automatically focused the tele-
scopeon each lightsourceand correctedby a calculated
amounteach mirror that had been previouslydisplaced.

Accuracies for beam centering and alignment were
well within requirements. We determined the beam
position at the target and tested algorithms to align
coupledmirror sets on the OTB.

Beam Pointing at Target Position. We analyzed,
prototyped, and tested a concept for beam alignmentat
the target position. The device, a detector and visible
source (DVS),can be mounted on the alignmentgimbal
positioner(AGP), which points the DVS at each sector.
The AGP also accepts a pointdiffractioninterferometer
for beam focusqualitydeterminationand analysis.

The DVS, as originally configured, consisted of a
ZnSe imaging lens, germaniumbeam splitter,pyroelec-
tric (COZ)detector, and peak sense and hold circuitry
(Fig. II-11).These elementswere mounted in a package
designed to replace a segment of the Smartt inter-
ferometerrelay optics that are located in the aft portion
of the AGP. All our testing has been accomplishedin
this configurationto date.

The ZnSe lens images on a 100-~mpinholethrough
the germaniumbeam splitteronto the pyroelectricdetec-
tor. The germanium beam splitter also folds a visible
fiber-opticlight source into the optical path. The ZnSe
lens then imagesthis fiber-opticsource onto the 100-~m
pinhole.When the lightsourceis illuminatingthe pinhole,
the alignmenttelescopeand videotracker may be used to
locate the positionof the DVS.
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We have developed a simpler DVS design that
eliminatesthe ZnSe lens. The new configurationretains
the same conceptbut is smaller,requiresno optics, and
will be mounted on the AGP gimbal. The detector,
pinhole,and germaniumbeam splitterare allmountedin
a unit. Because the detector is only 5 mm from the
pinhole,we eliminatedthe need for imagingoptics.The
designis 90Y0complete;fabricationwillbegininJanuary
1982.

When we examinedthe DVS in the OEL, wetook into
account two distinct considerations: the fundamental
sensitivityof the deviceand the suitabilityof the software
for beam alignment.

We plotted the laser beam profileas it swept across
the DVS/pinhole system. The amplitude of the laser
energy was attenuated to approximate the level anti-
cipated in the operational system. These tests showed
that the detector, electronics,and pinholecombination
had sufficientsensitivityto locatethe peak of the laserto
the requiredaccuracy of +15 vm.

Alignmentsoftwarewas written for and exercisedon
the interimLSI-I 1 computer.With the aid of the video
tracker, we evaluated the ability of the software and
DVS systemto align the laser to the requiredaccuracy.
We compared the DVS position as determinedby the
tracker beforesystemalignmentwas disturbedand after
the softwarehad realignedthe system.Resultsindicated
that the systemwas alignedto within+12 ~m.

AlignmentGimbal Positioner(AGP). The AGP posi-
tions and points either the DVS or an interferometer,
depending upon the type of alignment information
needed.We will have the capabilityto focus each laser
beam independently anywhere within a l-cm3 space
surroundingthe target center. To align the beams, the
AGP will (1) hold a variety of detectors; (2) point a
detector at each laser beam to within +0.5 mm from a
referencelocation in the x, y, and z axes; and (3) know
the detectorpositionrelativeto the referencethroughout
the travel of each motionto withina maximumroot sum
of squares (RSS)error of 15 ~m.
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The AGP consistsof a gimbalmountedto an x, y, z

micropositionerand a set of opticsor electricalconnec-
tions that relay the detector information outside the
target chamber. The detector center is located precisely
at the intersectionof the two gimbalaxes.This arrange-
ment allowsus to point the detectortoward any position
in space and translate it to within the limits of the
micropositioner.Figure 11-12shows the AGP with the
interferometer(detector).

Until recently, it was difiicult to reliably position a
detectorwith an accuracy of better than 20 urn by using
a linear bearing system. Experience with an earlier
instrumentrevealedthat most of the diftlcultycould be
attributed to Abbe offset error. This error is associated
with measuring the position of a point offset from the
measurementof the axis,as illustratedin Fig. 11-13.This
figure also dramatizes the effect of linear bearing
straightnesson Abbe offset error. The linear bearings
used on the earlier instrument were crossed roller
bearings that were lubricated with vacuum-compatible
grease and had an a:b ratio (Fig. 11-14)of -6:1. For the
AGP, the a:b ratio should be reduced as much as
possibleto obtain the linearbearingsystemthat willgive
the best predictabilityfor the detectorposition.

Six configurationsweretested;data for each are given
in Table 11-1.Thosewithsolidcircularrailsweresuperior
to the others whether we used wet or dry lubricant.
Conilguration5 had the lowesterror for a polynomialfit
of less than 1.5 ~m (at 99V0confidence)for all dial

a=AEBE OFFSET

11 MEASUREMENT AXIS

-—- .— -—-—.

Fig.11-13.Abbeoffseterrordescription.

settings, significantlyless than the 4.O-vmAbbe offset
error budget.

Although more severe tests are likely to result in
poorer fits to the data, the precisionwe have obtained
thus far makesus confidentthat we can meetthe allotted
error budget.

Tests of OpticalTest Bed (OTB).We used the OTBto
verifyalignmentalgorithms,demonstratealignmentper-
formance under system design pressures, and help de-
velopcomponentcontrol software.
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Fig.11-12.TheAGP positionstheDVSforeachbeamsectorat thetargetposition.
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Fig. 11-14. Rotating wedgeassemblyand polyhedronbeamsplittermountedin power
amplifier.Thewedgerotatestoeachsectorbeingaligned;it compensatesforthewedgedexit
salt windowand providesa lightsourcefor beamalignmentto the periscopemirror.The
imageof the polyhedronbeamsplitterretlectedfromthe micromachinedcoppermirror
surfaceindicatesthehighopticalquality.

TABLE II-I. Conflmration Data For ProspectiveAGP Linear Bearinm

Roundnessor
Lubrication and Parallelism Surface

Configuration Configuration of Rail or Roller Finisha
Number Description (~m) (~m)

1 Dry, crossed rollerbearings 1.25 <0.2

2 Fomblin-lubricatedbearing 1.0 0.05
ways and square cross-section
rails

3 Nedox-coatedbearing ways 1.25 <0.2
and circularcross-section
rails

5 Fomblin-lubricatedbearing
ways and circtdarcross-
section rails 1.25 <0.2

6 Fomblin-lubricatedrollers 1.25 <0.2

aRSS.
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We checked out procedures for the installation of
optics and automaticalignmentequipment.Figure 11-14
showsthe installedrotating wedge(for visiblealignment
compensation), the polyhedron, and the fust turning
mirror viewed from the beam input port, The back-
reflectorlight-sourceflip-inis in frontof the absorber-gas
salt window in the assembledPower Amplifier5 (Fig.
11-15).Figure 11-16 shows the assembled alignment
station for Beamline5.

Verifyingalignmentalgorithmson the OTB was an
extension of work begun in the OEL, where central
obscuration of the telescope prevented evaluation of
coupled-mirroralignment.The telescopein the OTB was
a refractorwith no obscuration;it permittedalignmentof
the polyhedron and back reflector. Both procedures
employ a coupled-mirroralignmentalgorithm.Test re-
sults show that all sources examined could easily be
alignedwithinthe designatederror budget.

Because the calibration data required to align the
system are extensive,we need a single set of data for
alignmentregardlessof systempressureor vacuum.We

conducted tests to determinewhether the systemunder
pressurecouldbe alignedwithcalibrationdata generated
at ambient pressure. By using atmospheric data, we
could alignthe pressurizedsystemwithoutdifficulty.All
light sources remained within the video tracker gate
when we brought the systemup to pressure.

The alignment algorithms as well as the pressure
testing were veriiledwith an interim LSI-11 computer.
This experiencehelped us develop a software specifi-
cation for the Antares computer. Now component
control and the associatedman/machineinterface(MI)
are operationalon the OTB.

DIAGNOSTICS (J. Sollid)

Calorimeters

The diagnosticsystemmeasuresthe laser parameters
on the large-apertureportionof the Antares laser system
from the power amplifier input to the target. The

Fig. II-15.Flip-inlightsourcemountedin placein poweramplitier.An 18-in.-diamsalt
windowis installedwitha flip-inlightsourceforbeamalignmentto thebackreflector.We
willmount11additionalsaltwindowsinthefinalconfiguration.
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Fig.11-16.Thealignmentstationinthefront-endroomcontainsa visibleandCOZalignment
laserandlarge-aperturevariablefocustelescope.It willbeusedto alignthebeamlinefrom
thepoweramplifierto thetargetposition.

diagnosticsfor the front end and the driver amplifierare
all availablecommercially,but nearly all other devices
from the power amplifierto the target are custommade.

Energy and temporal pulse shape are the primary
parameters to be measured.Energy is measured at five
positions along the beamline: (1) at the input of the
power amplifierby the inputcalorimeter;(2) at the input
to each sector in the power amplifierby the input-sector
calorimeters;(3) at the output of the power ampliiierby
the power amplifier full-powercalorimeter; (4) at the
turning chamber by the turning-chambercalorimeter;
and (5) in the target chamberby the target-chamberfull-
powercalorimeter.Neitherfull-powercalorimeteris used
during operation, Figures 11-17and 11-18point out the
locationsof the calorimetersin the system.

The calorimeter diameters range from 2.0 to 150.0
cm. We have developedboth a Kapton/coppervolume-
absorbing isoperibolcalorimeter and a berylliumoxide
twinnedcalorimeter.

BerylliumOxide. Using BeO as the radiation-absorb-
ing element in isoperibolcalorimeters has two advan-
tages. First, we cart use hybrid circuit-fabricationtech-

niques to apply solder pads for the desired number of
thermocouples.This eliminatesthe need for thermally
conductingepoxiesthat are expensive,require4 to 8 h of
curing time, and contributenonlinearthermalproperties.
Second,usingthe sametechniques,wecan sintercalibra-
tion resistors directly onto the BeO substrate to allow
electricalheating with known energy.Inked thermocou-
ple materials can also be used; however, metallic
thermocouples (chromel/constantan) were chosen for
their high responsivity(60.2 ~V/K).

These calorimetersmay be usedfor any radiationthat
deposits energy in the BeO. They have been used for
protons as welI as for 10.6-~mradiation. At 10.6 ~m
their sensitivityis -1 mV/J. Their sensitivityto elec-
trically depositedheat is about twice as high, showing
that the effectiveabsorptivityof the BeO for 10.6-vm
radiation is -50%. The absorbing BeO wafer was 32
mm square and 0.25 mm thick. The coolingmechanism
for these pulse-measuring calorimeters is primarily
radiative.To within 2%, they behaveas ideal isoperibol
(constant environment)calorimeters.The maximumra-
diance beforewe detect surfaceflashingis -1 GW/cm2.
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Kapton Copper. Because BeO is expensive, BeO
calorimetersare limitedto smallsizes.For large-aperture
use (150 mm and larger, for example), we have de-
velopeda Kapton/coppercalorimeter.

For pulsed-energymeasurementsin apertures up to
1.5 m, Kapton/copper laminate foils will be used as
isoperibol calorimeters. These are volume-absorbing
calorimetersin whichthe radiationis absorbedin a layer
tens of wavelengthsthick. The volume absorption re-
duces the surfacetemperatureand increasesthe damage
threshold as compared to surface-absorbing
calorimeters.Kapton was chosenfor its high absorption
coefllcient[330cm-l at the P(20)lineof the 10-vmband
of COZ]and its usefulshort-pulsedamagethreshold(2.8
J/cmz or -2.8 GW/cm2).The copper backingintegrates
the absorbed heat pulse, and the resultant temperature
pulse is sensed by Type-E thermocouples (chromel/
constantan) soldered to the copper. We can then
analyze time-vs-voltagetraces of the thermocouples
to obtain the energy absorbed.Using photolithographic
techniques,calorimetersare fabricated to virtually any
size or shape. We further expand the versatilityof this
techniqueby using singleelementsor severalunits in a
thermocouple.Table II-II liststypicalresultsfor both the
BeO and Kapton/coppercalorimeters.

Fast Oscilloscopes

To faithfullyrecord laser outputpulses,a 3- to 5-GHz
bandwidth is required. We use a 3.5- to 4.O-GHZ
instrumentbuilt by Los Alamos with a Tektronix,Inc.
custom tube, the Model-1776MicrochannelPlate Os-
cilloscope.The trace is read by a silicon-intensifiedTV
camera; it givesa 512-bitserial stringcomposedof a 4-
digitnumeratorand a 4-digitdenominatorthat locatethe
centroidof the trace. The videodigitizeris also designed
and built by Los Alamos.The 10.6-vmpower amplifier
radiation detectors built at Los Alamos are two-
segmented devices. Their signal is so strong that no
ampl~lers are required to drive the oscilloscope. A
typical problem with ultra-high-speedrecordingdevices
is lowsensitivity;however,by constructingthe pyroelec-
tric detectors with two segments, we achieved a high
responsivitythat obviatesthe use of amplifiers.

Testing. To test the temporal measurement method
and hardware,we installedon Heliosa prototypesystem
or demonstrationchannel.A schematicof the systemis
shownin Fig. H-19.The systemwas constructedand its
bandwidthwas replaced.By removingthe detectorfrom
the system and driving the system with a 20-ps step

TABLE II-II. Antares Large Beam-DiagnosticCalorimeters

Input Characteristics Signal Levels

output
Energy Flux Output Voltage Resistance

CalorimeterType (E) ($) (v,) (0)

Input calorimeter 0.4 J < E <8 J 3.5 mJ/cm2< + <70 mJ/cm2 2.0 mV < VO<40 mV 432$2
Kapton/copper

Input sector 0.050 J < E <0.200 J 10 mJ/cm2 < @<40 mJ/cm2 80 pV <$<320 pV 288 !2
Calorimeter
BeO

Full-power 32 J < E <1600 J 40 m.1/cm2<4<2000 rnJ/cm2 0.5 mv < V <26 mv 120Q/
calorimeter” per sector per element element
Kapton/copper

Turning-chamber 0.26 J < E <31 J 0.39 mJ/cm2 < + <47 mJ/cm2 1.7 mV < V <510 mV 1.8 kS2
calorimeter
Kapton/copper

‘Thereare 12sectors,eachofwhichis dividedintoa 5 x 5 arrayof elements(300elementstotally):
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Fig.11-19.Schematicfortestingfastoscilloscopes.

function,we attained an -3-GHz bandwidth,as predic-
ted. Figure 11-20shows the transformed time-domain
data; the gain of the systemwas -5dB.

We then applied the signal from the detector to a
matched power divider. One output fed a close-in
diagnosticrecorder -4.5 m from the detector, and the
other fed the system being tested -38 m away. The
bandwidthof the close-insystemwas knownto be -1.5
GHz. Figure 11-21shows the results of a laser shot as
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Fig.11-20.Model-1776oscilloscopesystemresponse.

Fig. 11-21.Laser pulse shapes,one producedby a close
detector(dashedline),theotherfroma similardetectorwitha
38-mlengthofheliax(solidline).
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seen on both channels viewing the same detector.
Althoughthe measuredlaserpulsewas not severelyband
limitedby either recordingsystern,somedifferencescan
be seen in the overlay.The major feature is the long tail
on the pulse shape of the close-in channel that is
attributed to the reduced bandwidth of the close-in
channel. This reduction was caused by the -4.5 m of
-1-cm (3/8-in.)-diamfoam dielectriccoaxialcableused
to connect the oscilloscopeto the detector.We attributed
additionalminor differencesin the two recorded pulse
shapes to differences in the film-digitizationmethods
employed. The close-in channel was digitized from
Polaroid film on a digitizingpad to allow for a gross
undersamplingof the recordedtrace. The remotechannel
was recorded on transparent film and then read on a
30X magnification film reader. Because of this dif-
ference,the close-inchannelseemedto wash out someof
the detailseen in the remote-channeltrace. However,for
the parametersof risetime,FWHM, and peak amplitude,
the similarityis remarkable.

Results. Our work on Helios demonstrateda system
capable of recording multigigahertzelectrical signals
from diagnosticdetectors at a distanceof -38 m. This
type of system provides a radiation- and noise-free
environmentto record fast, transienteventsproducedby
laser fusion. The system also encourages future ex-
pansion of diagnostic capabilities by not limiting
diagnostic instrumentation
chamber area.

CONTROLS (M. Thuot)

to the immediate target-

Computer C!ontrol of Energy System and Power
Amplifieron Beamline2

The Antares controlsystemcomputernetwork(ACN)
providesthree levelsof laser control,The lowest,the MI,
is composedof 38 LSI-I 1 microprocessorsand a set of
standardizedinterfacehardware that serveas data multi-
plexers; these directly control valves, relays, and data-
collection devices. Four subsystem-controlcomputers
(SCCS), PDP-1160s, control the major subsystems:
opticsand target, front end, Beamline2, and Beamline5.
Most of the closed-loopcontrol resides at this level.
These computers also support a man/MI, so that each
subsystemcan be operated separatelyand concurrently.
A PDP-11/70 computer will provide overall system

control by coordinatingthe operation of the four SCCS
and will provide the operator/MI for the entire system
(Fig.H-22).The systemdesignaccommodatesover4000
control and data channels, as well as control of nearly
150 interactingprocesses.The control systemhas been
designed and tested to operate without errors in the
severeEMI environmentgeneratedby the laser.

The locally developednetwork communicationsoft-
ware, TENnet, supports communicationbetween com-
puters in the network. This software also providesthe
required error-detectionand recovery functionsfor link
errors, loss of link,loss of a networkprocessor,and loss
of power.

Control Hardware. Hardware implementationof the
Beamline2 systemcontrolincludes10computersoperat-
ing in a hierarchicalnetwork. A PDP-11/60 minicom-
puter functions as the beamline controller, actively
supervising nine MI computers that are distributed
through functionallyand physicallyindependentparts of
the beamline.Two MIs control the high-voltagepower
supplies.One MI computer-controland data-acquistion
package is attached to each of the fivepulsers.Each has
a high-qualityEMI-shieldedenclosurethat allowserror-
free operation in the high electromagneticfields that
surround the pulsers. Further, all data and control
connections to these MIs are made with fiber-optic
cables to eliminateconducted electricalnoise. Another
MI-controlleddata-acquisitionsubsystem is located in
the shieldedroom adjacent to the laser power amplifier
(Fig. H-23). This subsystem has more than 100 fiber-
optic data channels that record voltage and current
waveformsas wellas timinginformationfrom the power
amplifierduring operation. The ninth MI is the central
timingcontrollerthat providesfiberopticallytransmitted
triggersto the pulsersand data-acquisitionsystems.

This control system has been in operation for over
1200 shots since the electron gun was installedin the
power amplifier,Relativelyminor changes in the hard-
ware, software,and timing systemlet us make extensive
modificationsto the electrongun, includingthe addition
of a divertergap and another trigger system.These late
modificationsdid not change the basic system design,
and the new software modules were integrated into
systemoperation in a few weeks.

Control Software. The software system design now
supportingBeamline2 operationis the fwstversionof the
kernel software.The kernel softwaremodulesprovidea
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standard interfacebetweenthe applicationcontrol pro-
grams and the laser or operator. Two levelsof applica-
tionsprogramshave beenwrittenfor Beamline2 control.
The first is called componentcontrol; it allows a low-
level interface to each component (for example, relay,
valve, or switch) in any controlled device. Using
predestinedkernel software modules now allows the
computer to generate this application software almost
entirely from the signal name list in the software
specification.The low-levelcontrol access is used ex-
tensivelyto install, check out, and maintain the hard-
ware.

Second-1evelcontrol is provided by an application
program called“charge and fire” that creates integrated
operationof a beamline.The operator selectsone of the
five pulsers to operate, the level of charge voltage, the
pressure settings,the fire timing,and other parameters.
The operator also sets up data-acquisitionchannels in
the power amplifiercurrent-densitymeasurement sys-
tem.The computerthen runs a test on the laser interfaces
and control equipmentand beginscharging the pulsers.
The chargeprocessis representedgraphicallyin real time
on the operator’sconsole.The operator is notifiedwhen
the charge is complete and the energy system is fired.
After the shot, the voltage and current waveforms,
current-density waveforms, and timing data are dis-
played to the operator and transferred to a data base.
The data base stores the raw data and makes the
informationreadily availablefor analysis.A data analy-
sis program that allowsmany mathematicalfunctionsto
be applied to the data provides a processed graphical
output.

Operation.The processof integratingthe control and
operationof Beamline2 producedseveralchangesin the
implementationof the control system. These changes
were in the area of operator interface,calibration,and
data analysis.The major improvementsin the operator
interface will be addressed by the Version 2 man/MI
described in the followingsection, Some changes were
incorporatedin the Version 1programsusedby the laser
operators to increase their involvementin the control
process.The systemnowprovidesmorereal-timedata to
the operators.

Calibrationof the data system was revisedin several
areas. Hardware testing methods were devised to de-
crease data channel variability.Data-acquisitionhard-
ware was modifiedby the CAMAC vendor to improve
interchangeabilityof modules.The calibrationprograms

were revised to give the operator more data while
calibrationwas in progress.

Data recallfromthe data base and analysisof the data
produced severaloperationalproblems.The systemhad
been designed for a batch-mode process, but the
operators wanted to analyze data after each shot. The
normaltimefor filetransferthroughthe networkdelayed
some operations. We will address this problem in the
Version 2 beamline-controlsoftware to be availablein
spring 1982. We treated the immediate problem by
trainingthe operators to use the systemmoreefficiently.

AutomaticAlignmentControls

Introduction, A fully automatic computer-controlled
system will align the laser beam. The alignmentcom-
puters are an integral part of the ACN. There wilIbe
alignmentcontrol stations at the front end, the power
amplifiers, the turning chambers, and the target
chamber. Operators willbe locatedin the centralcontrol
room where color graphics terminals and television
monitorsare located.

Alignmentis accomplishedby establishinga known
referencewith respect to the front-end output beam at
the alignmentstation in the front end. Everythingin the
rest of the beam path is alignedto that knownreference
by workingmirror by mirror through the system.Light
sourcesalongthe beam path are insertedin sequence.At
each mirror a video processor at the front-end station
looks through the downstreamoptics to the associated
light source and determines the beam location. Error
signalsare sent to the control system,whichthen moves
the mirrors so that the light source is positionedcor-
rectly.When this process is completedfor all mirrorson
a beam path, alignmentis complete.

There are control functions to (1) turn on the light
source, (2) search for the source when necessary, (3)
read the tracker error signals, (4) calculate mirror
movements,(5) executemirror movementsthroughstep-
ping motors, and (6) verifythat the processis complete.
These steps are done sequentiallyalong the beam path
from front end to target.

AlignmentControl Hardware. The ACN optics SCC
is a PDP-11/60 minicomputerthat controls the auto-
matic alignmentprocess.SevenLSI/11 microcomputers
and their interface hardware, MIs, are located at the
alignmentstations and are connected to the SCC. The
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MIs control and monitorsteppingmotors, lightsources,
TV trackers, and other miscellaneouscomponents. A
typical alignment MI includes an LSI/11 microcom-
puter, a stepping motor controller, binary control and
monitor equipment, fiber-optic interfaces, power sup-
plies, and EMI-shielding equipment. All components are
from standard parts inventory for Antares.

The motor controller is a special system designed at
Los Alamos and standardized for all Antares stepping
motors. Each motor controller is linked to the MI.
Motors are connected to a motor controller through a
variable-sizedmatrix. The largest matrix possible in each
motor controller is 8 x 32, for a maximum of 256
motors. We chose this design instead of commercially
available motor controllers to reduce the number of
motor controllers, reduce the amount of wiring to motors
in power amplifiers, and reduce the number and cost of
vacuum feedthrough connectors on the power amplifier
and TVS. The design, installation, and testing are
complete for one beamline’s front-end and power
amplifier alignment MIs. The computer can control and
monitor 140 stepping motors, set and read tracker error
data, and control 39 light sources required for front-end
and power amplifieralignment.

AlignmentControl Sofiware. Alignmentcomponent
control software was initially written with Version 1
kernel software to support hardware installation and
testing. We use the Version 2 kernel software to imple-
ment the automatic alignment system.

The Version 2 kernel software expanded the
capabilitiesof Version 1 in severalkey areas. It provides
the necessary error-detection and alarm functions for
closed-loop mirror-positioning control. It provides a true
data base functionto store and retrievethe nearly 15000
constants, settings, and parameters in the alignment
process. And h provides support for the high-perform-
ance Version 2 man/MI. This interface improves the
interaction between the operators and the control system
by providingimmediateresponseand controlverification
to the operator, improving the control input function
with a full-screen touch panel, and providing context
changing, full-color display replacement, in less than 2s.

The automatic alignment applications software now
provides several Version 2 displays (Fig. II-24). We have
implemented and tested the alignment calibration func-
tion of constants, parameter entry, and editing. We have
also tested the basic control functions such as reading
the tracker or moving a motor. In addition, we are
testing the design and coding of the automatic alignment

software for the power amplifier.We expect full auto-
matic alignment through the power amplifier by March
1982.

RETROPULSE ISOLATION (T. Sheheen)

In all high-energy laser fusion systems, we must
protect front-end oscillators and optical components
from damage by laser pulses that are reflected into the
laser systems from fusion targets. Any apparatus used in
isolating the retropulse should be efficient, should have a
high forward transmission and low backward trans-
mission, be of minimum complexity for reliable opera-
tion, and (for Antares) should function in vacuum.

We have demonstrated that a COZ (10.6-#m) laser-
inhiated plasma may be formed at the aperture of a LiF
spatial filter in a 1O–c-torrvacuum of suftlcientdensity
and lifetimeto block the retropulsefrom recenteringthe
laser system. Plasma initiation is controlled by the
fluenceincidenton the apertureedgeof the spatialfilter.

Our experimentsuse a COZlaser with a I.1-ns pulse
width and pulse energiesup to 3 J. A choppedcw COZ
probelaser at 9.6 ~m was usedto determinethe blocking
time of the laser-initiatedplasma.FigureII-25 showsthe
paths and experimentalconfigurationschematically.

With a I.1-ns pulsed 10.6-~mCOZlaser incidenton
the LiF aperture,at a 63-J/cm2fluencelevelon the edge
of the 0.7847-mm-diam aperture, we have found that
withinthe 1.l-ns pulsea plasmais initiatedthat produces
a small-signaltransmissionof 64Y0.Within 40 ns, the
plasma reaches a critical density of 1019cm-3—sutX-
cient to block the 9.6-~m probe laser. The plasma
persistsat or abovethe criticaldensityfor 680 ns, which
exceedsthe retropulsereturn time for the Antares laser
fusionsystem.

These experimentalresults indicate that an effective,
passive retropulse-isolationsystem can be simply im-
plementedin the Antares system.

CONCLUSION (H. Jansen)

In 1981 we have seen a significantchange in the
Antares project—fromprocurementand installationto
testing of the hardware in laboratories or on the real
machine. The culmination of all these efforts was a
recentlyperformedtest on PowerAmplifier2. The entire
power amplifiersystemwith the energy-storagedevices
for the electrongun and the 48 laser dischargesworked
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Fig.II-24.Front-endalignmentmotordriver.

in harmony under computer control from the control
room. A smallprobelaser was sent throughallfour axial
sections of the power amplitier and was amplifiedto
designcriteria. Next year, we will see energyextraction
on three beams, and we plan to place one beam on
target.

I LASER PULSE FROM LUMONICS 8 LiF SPATIAL FILTER
2 GENTEC ENERGY DETECTORS 9 c w pRoBE.LAsERCHOppER
3 COFATTENUATORS 10 C02, 9,6-pm PROBELASER
4 WEDGESPLITTER I I VIOEOSYSTEM
5 INPUTNoCJ WINDOW 12 (llg, CdlTO OETECTOR
6 NoCI BEAM-FOCUSINGLENS f/20 13 NoCI COLLECTINGLENS f/15
7 PUMPING CliAMBER 14 9.6.+m 23% BANO-PASS FILTER

Fig.II-25.Experimentalsetupto investigateplasmaformation.
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III. TARGET EXPERIMENTS
(P. Goldstone)

Through a seriesof target experimentsand comparisonwith theoreticalcalculations,
we are gainingnew understandingof the conversionof 10-ymlightto hot eleetronsand
the subsequenttransport of energywithintargets.Thisunderstandingis fundamentalto
our ability to determine whether, and at what energy, COZ lasers can be used to
compress fusion targets to ignition conditions. High hot-electron temperatures and
significantdecouplingof energyinto suprathermalion expansioncan poseproblemsfor
target design,but vacuuminsulationshowspromisefor controllingtarget preheat.

INTRODUCTION

Our goal is to understand the interaction of 10-vm
lightwith targets and the subsequentpartitionof energy
withinthe targets. In addition,we want to determinethe
feasibilityof COZlasers as inertialfusiondrivers.To this
end, we are studying both the basic energy budget of
irradiated targets (includingabsorptionof laser lightand
energylossessuch as the productionof fast ions)and the
productionand transport of hot electrons.

Absorption, as inferred from the energy of fast
(suprathermal) and slow (thermal) ions from target
disassemblyat up to 800 J incident,has been measured
at the Gemini laser. These experimentshave confwmed
an absorptionof -Z5V0 of incident energy on micrO-
balloons, consistent with earlier low-energy measure-
ments of optical absorption. They also have indicated
that a significantfraction(-50VO)of the absorbedenergy
is emittedas fast ions from these low-masstargets.Such
a large energy loss may have seriousconsequencesfor
target heating and ablation. Direct measurements of
backscattered light have shown no significantevidence
that stimulatedBrillouinprocesses,which could reduce
absorption,buildup late in the laser pulse.

We have studied transport of hot electrons across
vacuum gaps. Space~harge effects limit the speed of
electrons crossing such gaps to the characteristic ion
sound speed of the coronal plasma. The effect is
generallyknown as vacuum insulation.In these recent
experiments we characterized the speed of electron
transport for both low- and high-Z target materials.
Reduction of the electron-transport speed (and the
distance necessary for vacuum insulation for a given
laser pulse duration) observed with high-Z materials
indicatesthat this techniquemay prevent target preheat
that otherwisewouldhindercompression.

We briefly investigatedthe effect of hydrogen con-
tamination and the geometry of the target on
hydrodynamicexpansion.Analysisof the data indicates
that the presence of hydrogen significantlyaffects the
velocitydistributionof the bulk target ions (in this case
carbon).

In a number of high-intensityexperimentsat Helios,
we have studiedthe hot-electronspectrumand transport
usingthe bremsstrahlungproducedwhentheseelectrons
collisionallydeposittheir energy in high-Zmaterial.We
have determined(1) that the hot electronsare produced
throughoutthe laser pulse(the time-resolvedbremsstrah-
lung follows the laser pulse) and (2) that both the
bremsstrahlungspectrum and the effectiverange of hot
electronsin sphericaltargets appear consistentwith hot-
electron temperatures of several hundred keV. This
electron temperature is higher than we had believedon
the basis of previousexperimentsand poses additional
problemsfor target design.

MEASUREMENT OF FAST-ION ENERGY LOSS
AND ABSORPTION (W. Elder, J. Kephart)

Time-resolved charge collectors at Helios were used to
monitor fast ions associated with the suprathermal
plasma and slow ions from the overdense plasma
produced by a C02 laser pulse incident on various
targets.Two chargecollectorpairswereused:onepair at
the pole and another pair on the equatorialplane of the
target chamber. These measurementsindicated that a
large fraction of the absorbed laser energy appeared in
fast ions and a much smallerfractionin slowions.

The Helios results prompted a more detailedexperi-
ment usingthe Geminilaser systemto verifythe fast-ion
energy fraction. We distributed around the target
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chambernineion chargecollectors;sevenwerefilteredto
permit detection of fast ions only. Understanding the
mean ion charge detectedas a functionof timeis crucial
to the interpretationof charge coflectordata. Therefore,
in additionto the charge collectors,we distributedseven
ion calorimetersaround the chamber at locationsclose
to those of the ion collectors. The calorimeters were
primarilyintendedto measureabsorptionby determining
the total energy invested in plasma kinetic energy.
However,one of the ion calorimeterswas providedwith
an absorber consistingof 0.1 urn of copperon a 0.2-vm
substrate of parylene. This absorber, which was sup-
ported on a screen, provided a measurement of the
energy radiated as fast ions (>50 keV for protons),
which are sufficientlyenergeticto pass through the foil.
A Thomson ion spectrograph (to determine the ion
charge states seen by the chargecollectors)and two ion
TOF detectorswere also includedin the diagnostics.

The fast-ioncharge collectorconsistedof a grounded
0.5-~m nickel foil filter placed in front of a negatively
biased brass collector. The nickel filter blocks soft
radiation and plasma electronsbut passes protons with
energy >120 keV and carbon ions with energy >850
keV. Analysis of the data indicates that ions of lower
energy,which are stopped by the foil,contributeonly a
small fraction to the total fast-ion energy. Slow-ion
detectors are identical to the fast-ion detectors except
that they are without the nickelfilter.The negativebias
on these detectors rejects secondaryelectronsproduced
by ion impact on the brass collector.The slow-ionsignal
can only be interpreted for ion energies less than 10
keV/amu because of the slow oscilloscopesweep rate
and contaminationof the signal in the unfiltereddetec-
tors caused by prompt x rays and scattered light from
the target.

When a fast ion passes through a thin foil, it will
emerge in an equilibriumcharge state that is a function
of its energy and atomic weight but not of its initial
charge state. For these high-energyions, the secondary
electron emissionat the collectoralso depends only on
the energyand mass of the ion.We designeda computer
programto take thesefactors into accountin analyzinga
digitizedscope trace and providinga value for the total
fast-ionenergy. However,uncertaintiesstill arise unless
the atomic speciesincidenton the detectorare known.

Both laser beams of the Gemini Iaser system, with a
total energy of about 800 J, were focused on various
sphericaltargets [CH- or Au-coatedglassmicroballoons
(GMBs) and solid glass spheres]. The Thomson spec-
trum for each of these targets shows spectrum lines at

A/Z = 1 (protons) and at A/Z= 2 (these ions could be
silicon,oxygen,carbon, etc.). If we assume for a GMB
target that all ions detectedin the charge collectorwere
siliconor oxygen, the fast-ionenergydeducedfrom the
charge-cup measurementswould be nearly three times
the incident laser energy. However,the Thomson data
indicate that protons, presumably from hydrocarbon
contaminationof the target surface, are a large compo-
nent of the fast-ion expansion. If we assume that the
detected ions are protons up to a time T, which is the
TOF of the fastestA/Z= 2 ion detectedby the Thomson
spectrograph,and that the ions detected thereafter are
CH, analysisof the charge-cupdata indicatesthat 17LY0
of the incident laser energy appears as expandingfast
ions. A 200-A coating of hydrocarbon would be sufll-
cient to providethe necessaryprotons and carbon ions.
If we assume that the SIOWions have the same atomic
compositionas the bulkof the target,only a fewper cent
of the incidentlaser energy appears as slow ions. Also,
almost all the target atoms can be accountedfor in the
slowions.

The ion calorimeter data indicate an absorption of
about 28’%0of the 10.6-~mlaser light by 300-~ -diam
sphericaltargets at incidentenergiesof 800-1000J. The
calorimeterwith the filterindicatesthat about 439f0of the
absorbedenergy(or 12V0of the incidentenergy)appears
in the fast ions(here >50 keV).The discrepancybetween
the amount of energy in the fast-ion component(17 vs
12~oof incident)as measuredby these two methodshas
not been resolved.We are now recalculatingthe fast-ion
energy from the charge collectors with more realistic
assumptionsof the CH ratio as a functionof time,using
detailed analysis of the Thomson spectra. A measure-
ment at the National Research Council(NRC), Canada,
performedwith20 J of 10.6-Lmradiation,showed-75V0
of the absorbedenergyreappearingas fast ions.i

In conclusion,experimentshave shown that for these
low-massmicroballoons,productionof fast ionsis a very
significantpart of the energy budget. Our investigation
willbe continuedand expandedon Helios.

BACKSCATTER FROM SPHERICAL TARGETS
(D. E. Casperson)

Two of the eight COZlaser beamlinesat Helioshave
colecting optics for obttining f/2.4 samplesof directly
backscatteredligh~One of these two retrochannelsuses
a fast pyroelectric detector and a Model-1776 fast
oscilloscopeto observethe temporalbehaviorof both the
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fundamental 10.6-~m backscatter and the target-gener-
ated second harmonic of the laser lighL Measurements of
the total backscattered energy and incident pulse shape
allow us to calculate the timedependent plasma reflec-
tivity from the targets.

We have obtained temporally and spectrally resolved
backscatter measurements for a number of targets,
consisting of (nominal) 300-~diam GMBs with 1-
~m-thick walls and gold coatings ranging from 0.1 to
14.0~m in thickness. We also studied GMBs coated with
7 ~m of iron and nickel spheres coated with 11 Km of
tungsten. The laser beams were defocused to provide
intensities between 1014and 1O1sW/cmz. The directly
backscattered energy in one calibrated retrochannel
remained fairly constant at -3V0 of the incident energy
in that beamline, independent of target coatingmaterial
and thickness.To determinethe absolute timingof the
backscatter with respect to the incident laser pulse, we
assumed that second-harmoniclight, recorded on the
same detectorchannelwith knowntimeseparationfrom
the fundamental(Fig. III-l), is produced most strongly
at the peak of the incident pulse. Figure III-2 compares
the digitized incident and fundamental (10-~m) backscat-
ter pulse shapes. The 10.6-Lm temporally resolved
backscatter generally followed the incident laser pulse. It
showed approximatelyconstant reflectivity,with little
sign of plasma instabilities(such as stimulatedBrillouin
scattering)buildingup late in the pulsewhen one would
expect greater amounts of underdense plasma to sur-
round the target.Thesefindingsare consistentwithother
measurements of backscatter under similar irradiation
conditions.2

The secondretrochannelwas usedto observethe time-
integrated,spectrallyresolved10.6-~ backscatterfrom
these targets. A 750-mmf/6 spectrometerwith a 128-
element high-resolution pyroelectric array detector
placed at the fdm planeprovided-20 Aof resolutionat
10.6 Vm.The backscatteredspectrumshowedthe m&.i-
line content of the Helios laser (typically, 3 to 4
rotational lines in the P-branch of the 10.6-~mband)
with the linesseparatedby 200 A(Fig. III-3).The entire
spectrumwas consistentlyblue-shitledby 100-150A. If
we assume that these spectra are dominated by the
specular componentof backscatter, that is, the compo-
nent reflected from the target critical surface moving
radially outward, then the inferred critical surface ve-
locity from the Doppler shift is 1.4x 107to 2.0x 107
cm/s. With the gold-coatedGMBs, there was no strong
correlationbetweencoatingthicknessand Doppler sMI.
However,the tungstenand irontargetsdid generatequite
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reproducibleblue shiftsof -90 and 144A,respectively,
suggestinga possibleZ-dependenceof the shifts.

VACUUM INSULATION IN COZLASER-
IRRADIATED TARGETS (T. H. Tan)

We have investigatedthe possibilityof usingvacuum
insulation to stop hot electrons from preheating the
interiorof a fusion target during high-powerCOZlaser
irradiation. A previous study had been performed at
-1 x 1014W/cm*intensitywith very thin plastictargets
and limited diagnostics.3The present experimentused
double-foilflat targets irradiatedby onebeam of Gemini
to study hot-electronenergy transported from the front
illuminatedsurfaceto the back foil as a functionof hot-
electrontemperature,foil separation,and such front-foil
parameters as atomic number, thickness, area, and
density.

Theoretically,the percentageof electron current den-
sity transported across the vacuum gap can be
representedby the expression’

j =exp[-1 - D/clt] , (111-1)

whereD is the foilseparationdistance,Ciis the ion sound
speed,and t is the duration of electron transmission.In
this model, the electron current is controlled by the
expansion of the isothermal plasma, which is
characterizedby the hot-electrontemperature.The trans-
ported electron energy is experimentallydeterminedby
the time-integratedK. line radiation intensityfrom the
titaniumrear foil and by the ion energyemittedinto the
front and back directions.(The K. intensityis relatedto
the energy deposited in the material by collisional
stoppingof hot electrons.)An extensivearray of instru-
ments, including a visible-lightstreak camera and an
array of falteredx-ray pinholecameras, monitored the
temporal and spatialprofdesof the transported plasma.

We performed experimentswith front target foils of
CH, 2 Urnand 25 Mmthick,and l-~m-thickgold0.5 to 5
mm in diameter.The second foil is titanium,nominally
25 ~m thick and 5 mm in diameter;however,to improve
measurementof ion emissionfromthe rear foil,CH films
were sometimesused in this position.We used a single
Geminilaser beamthat deliveredbetween280 and 700 J
in a 1.2-nspulse.The hot-electrontemperature(inferred
from ion measurements)rangedbetween15and 97 keV.



,.

Fig. III-1. TemI\oraUyresolvedbackscatter from a 6.7-~miron-coatedsphericaltarget. The two pulsesat the left
are identical sa$ples of second-harmoniclight Fresnel-reflectedfrom the front and back surfaces of the salt
windowthat prcyides the retropulsesignal.The singlesampleof 10.6-ymbackscatter is opticallydelayedby 2.87
ns. Only one sa~ple of 10.6-&mbackscatter is obtained because one of the windowsurfaces is antireflection-
coated for 10.6-Jmlight.The lowercalibrationtrace is a 2-GHz sinewave.
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Figure III-4 shows el\perimentaldata in which the
titanium K- line intensity is plotted against the foil
separation distance for difTerentfoils and irradiation
parameters.The resultsc~ be summarizedas follows.

● The K. signaland ifn energy emittedfrom the rear
I

foil were significant] decreased for foil separation
rD of >2.5 mm for C.HZand >0.6 mm for gold.

● From the separatio”!tat which the K. signal de-
creases and from ‘he laser pulse length ~, the

1average shortingvel,?cityD/~ for CHZis estimated

[
to be =2.1 x 108cm s (which is comparable to an
ion sound speed c1012.2 x 106cm/s for H+ ions at
T~Ot= 50 keV). ~

● The average shortin~ velocity is much slower for
gold (z5 x 107cm/s]!and, when set equal to the ion
sound sped Ciat Th~t= 50 keV, impliesan average
charge state of -10.:

● A smaller front foil diameter does not alter the
observation.

In conclusion, we have demonstrated that vacuum
insulation works and that the experimental results are
consistent with theory at high current levels. Results for
gold foils seem more optimistic than theory has predic-
ted. These slower plasma expansions suggest that
preheat cart be significantly reduced for high-Z targets.
We have yet to investigate vacuum insulation at lower
current levels, which might be a problem for pellet
preheat.

EFFECT OF HYDROGEN IN COZLASER-
CREATED CARBON PLASMAS (F. Begay)

Previous experimental resultss have suggested that
target geometry and contamination of surfaces with
hydrogen can affect the behaviorof energytransport in
laser-producedplasmas. We have, therefore,performed
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Fig. III-2.(a) Incidentand (b) backscatteredpulseshapes
froma 6.7-yiniron-coatedsphericaltarget.(c)The second
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Fig.III-3. Backscattered10.6-~mspectrumfrom a GMBwith
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sitions.Lowerspectrum (unshifted)is the calibrationobtained
from a cw COZlaser.
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Fig. 111-4.The titanium-K~line intensity is plotted against the foil
separation distance for front CH foils of 2-mmand 25-~mthickness
and l-~m-thick gald foils af 5-mm and 0.5-~m diam. Salid curves
represent theoretical prediction for different VSdUfX of Thot with
hydrogenplasma. The dashed lines illustrate abrupt behaviorof the
data at larger separationsfor CH and gold.

experiments to study the plasma dynamics, as de-
termined by the velocity distribution of fast ions, in
targets from which surface hydrocarbon contaminants
could be removed.The results suggestthat ion velocity
distributionsand hot-electrontemperaturesinferredfrom
the slope of the velocitydistributionare dependenton
both geometryand the presenceof hydrogen.

We performed experiments at Gemini on targets
consisting of carbon wire (250-~m diameter) or poly-
ethylene(CH2)foil. A singlelaser beam of 80-160J, 1
ns FWHM, was focusedon the target with a focal spot
diameterof -100 W. The wire targets were heated by
an electricalcurrent to a temperature of approximately
1500aC to eliminateimpuritiesin the wire.Experimental
conditionsare summarizedin TableHI-I. Typicalresults
are given for plasmas formed from a pure carbon wire
target, a carbon wire target with hydrogen impurities,
and a CHZfoiltarget.

A Thomson parabola mass analyzers and the
celhdose-nitrate-fdmparticle detector measured the ion
velocitydistribution.The reproducibilityof the Thomson
data is quite sensitive to details of the laser-target
interaction process. The structure of the supersonic
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TABLE III-I. Summary of ExperimentalConditions

Laser PulseWidth
Laser Energy at FWHM Laser Irradiance

Target (J) (PS) (W/cm2)

Pure
carbon 83.2 1100 9.6 X 1014
wire

CH foil 85.5 1100 9.9 x 10’4

CH wire 161.7 1100 1.87 X 1O1s

expansion of the outer low-densityregion of a laser-
irradiated target depends sensitively on the laser
intensity and on the electron distributionfunction.’In
addition,variouscharge states in the expandingplasma
can further complicate the expansion process. Experi-
ments show that several different charge states are
typically present and that the ions are accelerated at
differentrates,6!9possiblybecauseaccelerationof ions in
the ambipolarfieldis proportionalto the charge-to-mass
ratio ZIA if ion-ioncollisionsare sufilcientlyweak.Once
the different ion species begin to separate, they are
susceptibleto an ion-ion streaming instabilityl”’li that
may have a variety of nonlinearconsequences.Separa-
tion will primarily occur in regions of high-density
gradients, for example, at rarefaction shock fronts.’
Becausethe strongestrarefactionshock can occur at the
critical surface,bmost ion speciescan separate near the
critical-densityregion. If they fail to separate in this
front, they will not separate farther out in the corona
becauseof adiabaticcoolingof the ions.

In addition to the above considerations, ion angular
distributionslz measured with sheets of CR-39 solid-state
film at large solid angles show that the emission
characteristics of the ion source exhibit a complicated
nonuniformstructure. The Thomson instrument,which
has a smallsolidangle,wouldmeasurea limitedportion
of the ion source.

Figures III-5 and III-6 show the raw data from the
Thomson parabola instrumentfor the pure carbon and
for the CHZplasma, respectively.In Fig. III-6 there is a
parabolic trace between the C+l and C+2 parabolic
traces, which is apparently caused by contaminants in
the target. Also, the carbon parabolictraces in Fig. HI-5
terminate at the high-energyend on a horizontal line,
indicatingthat the maximumion energy per ion charge
state is a constant. On the other hand, the carbon traces

in Fig. HI-6 terminateat the high-energyend on a tilted
line, indicating that the maximum ion energy is a
constant.

Figures III-7, III-8, and III-9 show ion velocity
distributionsfor pure carbon and CH2 plasmas. In Fig.
HI-8, the presenceof hydrogeninducesa cutoff13in the
carbon velocity distribution at a velocity of approx-
imately 5 x 109 cm/s. This density cutoff was also
reported in Ref. 13. The generalflatteningof the dn/dv
curves below 5 x 108 cm/s arises from particle-track
saturation of the film.The cutoffat the low-velocityend
is apparently caused by a cutoff in the fti response.
Consequently, with the cellulose-nitratefdm, we can
typicallyobtain goodspectrawithionvelocities>4 x 1Os
cm/s to make hot-electrontemperaturedeterminations.

In Figs. III-7 throughIII-9 we show a least squaresfit
of the functionexp(–v/vo)to each ion species,wherev is
the ion velocityand V. is the scalevelocity.The p~cle-
track-saturated portion of the dn/dv curve was not
included.Table 111-11showsthe scalevelocitiesobtained
by this method.If thesescalevelocitiesare interpretedas
the speed of sound for the various species,we can infer
an electron temperature for an isothermal expansion.
The reproducibilityof electron temperature measure-
mentsdependson howwellonecan reproducethe details
of the laser/target interaction process. This table also
givesthe maximumion energyfor each species.For pure
carbon plasma, the inferredelectrontemperatureis W31
keV,and the maximumkineticenergy-to-ionchargeratio
is a constant. On the other hand, the CH plasma is
accelerated with an apparent electron temperature of
-12 keV, and the maximum kinetic energy for the
carbon ions is a constant. In’thiscase, we are not ableto
fit a scale velocityfor the carbon flow because most of
the velocitydistributionin the fast-ionregionis missing.
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Fig. III-5. Raw data from Thomson instrument for pure carbon plasma.

Physical conditions near the critical surface can be whereI is the laser intensityin unitsof 1016W/cm2,k is
estimated from experimental results for the coronal the laser wavelength in micrometers, and TC is the
regionand from theoreticalresultsreportedby Forslund backgroundelectrontemperatureat the criticaldensity.
et ~1.14The hot-election energyl’ (in keV) is given Forslund et al. also show that the ratio of the hot-

approximatelyby electron density to the critical electron density can be
expressedas

Th E 14.0(Ik2)u3Tf3 , (III-2)
n~ V.
—=a — , (III-3)
nCI Ve
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wherea is the fractionof the incidentlaser fluxabsorbed,
VO= e E~mecois the electronoscillatingvelocity,e is the
electroniccharge,EOis the laser free-spaceelectricfield,
o is the laser frequency,and Ve= 4.19 x 107T~’2cm/s is
the electronthermalvelocity,We assumea = 0.35.

From the experimentaldata, Eqs. (III-2) and (III-3),
and the penetrationdensitynu= (2 – a)I/cTC,we obtain
the plasma parameters near the critical surface (Table
III-III). The high densities to which the COZ laser
apparently penetrates are consistentwith strong profile
modification.The most remarkable finding is that the
presence of hydrogen in the target greatly reduces the
temperaturenear the criticalsurface.One explanationis
that the absorbed laser energy does not remain in the
laser spot when hydrogen is present. Either it goes into
fast-ionblowoffor intoheatingmorematerialoutsidethe
laser spot. The experimentaldata reported here showno
evidence for more energy in fast-ion blowoff when
hydrogen is present. However, data indicating strong
lateral heat conductionwere obtainedrecentlyin experi-
ments at the NRCISand at Los Alamos.lG

Table III-III also listsresultsfrom an experimentwith
a CH wireilluminatedwith 1.88x 1013W/cm2.Although
the carbon wirewas heatedelectricallyto 1500”Cin the

CH experiment,smallamountsof hydrogenremainedin
the target and alteredthe behaviorof the carbon plasma.
The hot-electrontemperatures for the carbon wire and
CH wire experimentsare approximatelythe same; this
suggests that the hot-electrontemperature depends on
target geometry because a lower hot-electron
temperaturewas determinedfor the CH foil.Thismaybe
caused by a Iarger lateral transport on the foil than on
the wire. Furthermore, the characteristicsof the carbon
ion flowin the CH wireare similarto the characteristics
of the carbon ion flowin the CH; that is, the presenceof
hydrogen in the CH wire does induce a cutoff in the
carbon ion velocitydistribution.

A theoretical model was developed to treat the
problem of the collisionless expansion of an isothermal
electrostatic multi-cold-ion quasi-neutral plasma. Details
of the model and this experiment are discussed in Ref.
17.

In summary, the presence of hydrogen significantly

afTects the velocity distribution of carbon ions. The
addition of hydrogen or a planar geometry appears to
reducethe hot-electrontemperatureinferredfromthe ion
distribution,possibly because of cooling of the critical
regionby lateral heat transport.

TABLE III-II. Plasma Parameters for CH and Pure Carbon Plasmas

Scale Velocities Electron Temperature
Ion Type (lo’ Cds) (keV) (;:;)

Carbon CH Carbon CH Carbon CH
Plasma Plasma Plasma Plasma Plasma Plasma

H+ --- 10.6t 0.044 --- 11.7* 0.02 --- 0.56~ 0.001
C+l 5.45& 0.22 --- 37.2● 0.05 --- 0.4 * 0.002 1.47+ 0.002
C+2 6.84~ 0.27 --- 29.3~ 0.05 --- 2.2 * 0.004 1.47* 0.002
C+3 8,36k 0.33 --- 29.2A 0.06 --- 3.8 ~ 0.006 1.63A 0.003
C+4 9.98 t 0.4 --- 31.2t 0.05 --- 5.8 A 0.01 1.65~ 0.003
C+5 10.9 * 0.44 --- 29.8~ 0.05 --- 7.3 * 0.01 1.61~ 0.003
C+6 12.2 ● 0.5 --- 31.0* 0.05 --- 8.9 * 0.01 1.87~ 0.003
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Fig. III-7. C+’,C+’, and C+sin pure carbon plasm%electron
temperature-31 keV.
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Fig.111-8.Experiments ion velocitydistributionfor C+2,C+4,
and C‘s in pure carbon plasma. Electron temperature -31
keV,errors for velocityless than 10Yo.

Fig. III-9. Experimental ion veloeity distributions for CH
plasma. Carbon plasma is represented as a single fluid,
eleetron temperature -12 keV. Errors for velocity less than
4%, errors for density less than 10”4I.

TABLE III-III. Plasma Parameters Near the CriticalRegion

Carbon wire CH film CH Wire

9.9x 1014 1.88x 1015Laser intensityI, W/cmz 9.6 X 1014

Hot-electron
temperatureTH,keV 31.0 12.0 23.0

Cold-electron
temperatureTc, keV 1.0 0.060 0.205

Hot-electron
densityn~,cm-3 2.23 X 1019 9.2X 1019 7.3x 1019

Penetration
densityq, cm-3

Ts/Tc

vo/ve

n#tU

3.3x 102’J

31.0

6.37

0.11

5.6 X 1021

211.0

26.3

0.027

3.15x 1021

74.0

14.4

0.049

%/% 20.0 340.0 103.0



TIME-RESOLVED BREMSSTRAHLUNG
(W. Priedhorsky,R. H. Day)

The time history of the hard x-ray (> IOO-keV)
emissionfrom a laser fusion target can help us under-
stand the mechanismsfor generatinghigh-energyelec-
trons. We have measuredthe time history of hard x-ray
emission from 10.6-~m laser-irradiated microballoons
and found that the emission closely follows the laser
pulse shape. We also found that the high-energyx-ray
emissionis generatedsimultaneouslywiththe low-energy
x-ray emissionto i 150ps.

The measurementswere made with a single-channel
detector, CYCLOPS, which consists of an NEII 1
scintillatorquenchedwith 3% benzophenonecoupledto
an ITT4014 photodiode.The scintillator impulse time
responseis 240 ps, and the cable systemhas a response
time of 330 PS for a system time response of 400 PS.
CYCLOPS can discriminate by TOF against back-
ground for ionsor electronsof energy <500 keV.

Figure 111-10shows the spectral response curve of
CYCLOPS, calculatedfrom the faltertransmissionand
the energy absorptioncross section of the plastic. This
sensitivitywas normalizedto the spectra measuredfrom
80 to 240 keV with the APACHE detectorsystem.

CYCLOPS measured the high-energyx-ray emission
from a high-Z microballoontarget. A comparison be-
tween the incident laser pulse shape and the x-ray
emissionfor the same shot is shownin Fig. III-11.The x-
ray pulse length, 820 ps FWHM, is close to the laser
pulse length, 670 PS, convolved with the detector
responsetime;the shapeof the signalsis similar.Thereis

10’~ I 1 , , 1 1 0, I I 1 I
I :

CYCLOPS SENSITIVITY

10’ 102 103 104

hv (keV)

Fig. III-IO. Spectral responseof CYCLOPS.

I I I i I 1

81090103

L\\\\\\\
I ‘x Cyclops

J ------
Loser

I I I I I I
1 2 3 4 56

Relative Time (ns)

Fig. III-11. Comparison of CYCLOPS hard x-ray
signal and laser pulseshape.

no evidencefor a late-timesignalthat mightbe causedby
electron- or ion-induced background; however, the
absolute timing between the two signals was not
measured. We measured the absolute time difference
betweenthe onset of soft and hard x-ray emissionand
found that the two signals are simultaneousto within
+ 150 PSfor COZilluminationon microballoontargets.

HOT-ELECTRON ENERGY DEPOSITION IN
SPHERES (W. Priedhorsky,R. H. Day)

Recent experiments show that high-intensity illumina-
tion of laser fusion targets with 10.6-~m laser radiation
generates a very intense high-energy electron distribu-
tion, as discussed in the Appendix. The transport and
energy deposition of these electrons in the target is of
critical concern in target design. We have investigated
this process by irradiating CH-coated gold shells with
C02 radiation and measuring both the temperature and
the yield of high-energy x-ray bremsstrahlung as a
function of plastic thickness. Results indicate that (1) the
hot-electron spectra for CH and gold absorbers are
identical; (2) persistence of hard x-ray emission at large
plastic thicknesses implies an electron temperature >100
keV; and (3) hard x-ray slope, absolute yield, and
variation with CH thickness can be fit either with a one-
dimensional Maxwellian electron distribution (tem-
perature 390 keV and 25?40absorption) or a three-
dimensional Maxwellian electron distribution
(temperature 340 keV and 19% absorption). Com-
parisons to LASNEX calculations corroborated the
data.
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Figure 111-12shows a typical target, a 2-yin-thick
nickel shellcoated with 12 ~m of gold. Layers of CH,
varying in thicknessfrom Oto 200 ~m, were appliedto
the surface of the target. All eight beams of Helios
symmetrically illuminated the target at a peak laser
intensity of 5 x 10MW/cmz. The laser energy ranged

from 5.9 to 7.4 kJ in a 0.75-ns pulse. The hard x-ray
emission was measured by the 10-chamel APACHE
filtereddetector systemdescribedin Sec. V,

The 10 APACHE channels were then fit to the
relationship

EX= CE~ e-h”(&T, (111-4)

where EL is the input laser energy and EXis the high-
energy x-ray output. The x-ray temperaturekT and the
conversionefficiencyparameter C are fit by a minimum
%2criterion.Table III-IV lists the results of the experi-
ment, showing the target parameters (AXAU,AxCH,
and target diameter);the number of each type of target
n; and the x-ray spectralcharacteristics,temperatureT~,
and hard x-ray yieldEX/EL.

We conclude(1) that the characteristicelectronspec-
tra are independentof the mediumabsorbingthe energy
and that the hard x-ray temperature remains the same,
whether the laser irradiatesa bare gold ball or strikesa

Fig.111-12.Targetconfigurationforhot-electron
depositionexperiment.

plastic-coatedshell; and (2) that the hot-electronspec-
trum is very penetrating because 200 Urn of plastic is
insufilcientto shield the gold shell from the energetic
electrons.The electronenergy must be in excessof 100
keV to penetrate such a thick layer. These conclusions
are corroborated by the detailed modeling with
LASNEX that is reported in Sec. IV.

TABLE III-IV. Hot-ElectronDepositionExperiment

T~(x ray)b

Target No. of Diameter” AxAu’ AxCH
Type Targets (~m) (w) (~m) (keV) E/EL

Bare 5 501 * 4 13.5 * 1.5 0 202 ● 9 0.227 * 0.008
Thin CH 6 513 * 2 13.3 + 1.8 2.9 + 1.5 196 + 7 0.172 + 0.009
50-vm CH 5 493 + 13 10.1 + 0.8 45.8 + 1.9 195 + 6 0.107 * 0.011
125-umCH 4 500 + 7 11.6 + 1.8 126 + 3 203 + 8 0.041 * 0.004
200-LmCH 2 507 * 14 8.9 + 1.9 205 + 7 200C 0.013 * 0.007

“1-ascatter.
/b1.G~morof mean= 6 ‘“

‘Assumedto calculateE#E~.
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APPENDIX

VOLUME47,NUMBER23 PHYSICAL REVIEW LETTERS 7 DECEMBER1981

Hard-X-Ray Measurements of 10.6-pm Laser-IrradiatedTargets
W. Priedhorsky, D. Lier, R. Day, and D. Gerke

Unive?sfty of California, Los Alamos National Laboratory, Los AUzmos. New Mexico 87545
(Received1June 1981;revised manuscriptreceived 16November1981)

The first measurementsof high-energyx-ray emission (hu- 30-300 keV)byhigh-Z
microballoontargets irradiated at 5x 10‘4<v <2X 1016w/cm2 by 10.6-pmlaser light are
reported. Anexponentialspectrumwitha slopeM’n-250 keVprovidesthe best fit to
spectrometer data at 91 = 101$W/crn2. Thehard-x-ray yield indicatesthat a substantial
fraction, probablybetween10%and 100%,of the absorbedlaser energy la convertedto
hot electrons. The slopeMMis proportionalto the fastest ion energy.

PA(X3numbers: 52.50.Jm, 79.20.Da

Laser-fusion target performance can be signifi-
cantly limited by fuel preheat. Energetic elec-
trons created at the laser absorption surface
deposit energy in the fuel, preventing efficient
compression. The electron distribution may be
diagnosed by measurement of high-energy x-ray
bremsstrahlung created by electron interaction
with the target material. We report the first
such measurements of targets irradiated by the
10.6-#m Helios C02 laser facility.’

The slope of the target hard-x-ray continuum
was determined by a least-squares fit to signals
from a ten-channel array of broadband filter-
scintillator channels spanning the region hu
=30-300 keV. Five of the channel response func-
tions are shown in Fig. 1. Priedhorsky and Lier
describe the instrument, and its calibration,
analysis, and background testa in detail. z

A series of gold- or tungsten-coated solacels
(hollow nickel microballoons) were irradiated

at a range of focus conditions. The laser energy
ranged from 2 to 8 kJ in a 0.75-ns (full width at
half maximum) pulse. The targets were 300 and

I [ ,i I
001 1 a , I I [ 1 ,

10 100 1000 IO,coo
E (keV)

FIG. 1. Nve typical spectral response functions
from the ten-channelhigh-energyx-ray spectrometer.

Work of the U. S. Government
Not subjectto U. S. copyright
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100 m in diameter, with 1-2- #m nickel walls (2). However, preferential loss of energy to fast-
>ated with 10-15 pm of high-Z material. There ion expansion”fromthe most energetic electrons
~no direct measurement of laser intensity; it softens the bremsstrahlung spectrum. Variation
J instead estimated from the peak lasertpower, of bremsstrahlung cross section and time averag-
~easured with a pyroelectric detector and ing over the laser pulse also contribute to the
Qrmalized by calorimeter data, and from the discrepancy between kTH and the peak kTe. For
Qminal laser spot size. The laser spot-size kTe = 1OO-5OOkeV, the simulations yield approxi -
iameter containing 50%of the laser energy was mately exponential x-ray spectra with kTn =(0.5-
etermined from earlier encircled energy meas - 0.8)k Te.

rements; shots were taken with 85-, 120-, and The total radiated energy implied by Eq. (1) is
OO-pm spot sizes, corresponding to a focus 150, E,= ~nAkT~, under the assumption of symmetri -
00, and 1000 Fm beyond the irradiated surface.
‘hepeak laser intensity averaged over the half-
ower diameter is y~z = iP/A, where P is the
eak laser power, and A is the half-energy area.
The obse~ved signals could be fitted well by an
xponential spectrum,

~h~) ‘A 6?Xp(-hV/kT~) , (1’

ThereA ig in units of J/keV sr. The kTh were
etermined by a least-squares fit. Combining
rrors in calibration and signal readout, we
stimate la errors ranging from 10%to 25%in
he detector signals. The smallest errors cor-
respond to the most recent measurements. The
pectrometer data were fitted by exponential
#ith acceptable X2. Given an exponential fit, all
!T~ which fit the data with X2c x *2 +1 are ac-
ceptable at a 1u level of confidence.9 This con-
idence level includes random and systematic
mrors; the relative shot-to-shot error is small-
!r.

Computer simulations indicate that kT~ is an
underestimate of the hot-electron temperature.
The calculations assume a Maxwellian electron
distribution,

~/&e ~E,(n@ exp(-E. /kT, ). (2)

The electron energy is E., kT. is the hot-elec-
tron temperature, and n is the dimensionality of
the Maxwellian distribution. Theoretical studies
of hot-electron generation indicate a Maxwellian
electron distribution, with dimensionality n
from 1 to 3 depending on the mechanism generat-
ing the hot electrons.’ Most hot electrons are
bound by the target potential, so that they deposit
their energy in the vicinity of the targets In that

:al radiation. Because of the flat response of
he detectors, EX can be measured more accurate-
y than the slope kTH. EX is calculated from the
Jest-fit spectrum, but fOr any acceptable kTH,
the implied E= is within 10%of the best-fit value.
E= is normalized to a fractional x-ray yield Y
=E=/EL, where EL is the laser energy.

By comparing a Ross-filtered pair of spectrom-
eter channels, we have determined that strong
gold K-line emission is not interfering with our
estimate of the continuum slope. To a 2u level of
confidence, tungsten K@ emission is less than
6.4’%of the total integrated hard-x-ray flux.

The best-fit x-ray temperature, kTti, from the
hard-x-ray spectrometer is plotted against Ptiz
in Fig. 2. The data are best fitted by the power
law

( 2,
0.42*O.12

kTH=93 ‘“1015W/cmz
keV, (3)

for 5X1014 <WA <2X10*6 W/cmz. The uncer~i@
of the exponent obtains mostly from uncertainty
in the laser spot size, and thus 9112. We assume
that q112(150-pmdefocus)/q~$1000- Pm defocus)
is known to within a factor of 2. The scaling of
kTB with energy at constant focal condition is
consistent with Eq. (3) (see Fig. 2).

Previous experimental studies have shown

600 I t I , I II 1 t I ,
J

case, they might produce a “thick-target” brems -
~!7”:strahlung spectrum, similar to that from an x-

ray tube, where the electrons are completely
stopped by the target. The classical thick-target
bremsstrahlung cross section would yield an ap-
proximately exponential x-ray spectrum, with
slope kze, for an electron distribution as in Eq.

.o~
10’$ ,0’6

++ [W/cm’l

FIG.2. X-ray continuumslopekTflas a functionof
v ltz for high-Zshell targets.
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mch lower x-ray temperatures at 10.6-urn
~ser intensities which nearly overlap ours. so’
‘or instance, Enright, Richardson, and Burnett
.nd kTH= 10 keV at q~z =2x1014W/cmz,’ a value
lconsistent with a modest extrapolation of Eq.
1). The earlier experiments involved single-
eam illumination of low-Z slabs with a 50-100 -
Lmfocal spot, unlike the present high-Z, multi-
le-beam, large-focal-spot (at low intensity) ex-
eriment. Additionally, Enright, Richardson,
nd Burnett measured the x-ray spectrum from
to 25 keV, while the present measurement is

reighted to much higher energy. Kephart, God-
rin, and McCall showed that the x-ray spectrum
t Vdz=1014W/cm2 hardens with increasing pho-
OnenerW6; measurement at higher energies
hus yields higher temperatures. Our higher
TB, compared to Refs. 6 and 8, is therefore
ot surprising. The intensity scaling of Eq. (3)
s not inconsistent with previous experimental
nd theoretical studies, which suggest kTH
,#3 7,0.
We observe that the hard-x-ray yield increases
~ithx-ray temperature. Figure 3 shows Y as a
unction of kTH. The yield data are bounded by
he relationship

Y=(1.21~:~)XIO-5kTH(keV). (4)

0.6 1

0.5-

0.4-

%
~

ed 0.3-

W*
:

0.2-

0.1-

0
0 100 200 300 400 500

kTH(keV)

FIG.3. High-energyx-ray yield Y as a functionof
kTH.Y is the fraction of incidentlaser energyradiated
in high-energyx rays. The solid lines showthe best
fit, and bounds, Y=(1.2~~:~)x 10-Sh2’fi(keV).

The proportionality between Y and kTH is remi-
niscent of the classical thick-target bremsstrah -
lung yield,e

f,= 1.1 X10-6ZE,, (5)

where jX is the bremsstrahlung efficiency for
monoenergetic electrons of energy E= (keV) inci-
dent on a target of atomic number Z. Keeping
in mind that the fast-ion effects which reduce
kTH relative to kTe also reduce the hard-x-ray
yield from a given electron distribution, we
would like to derive an estimate of the total en-
ergy in hot electrons required to produce the ob-
served spectrum. One calculates, for the spec-
trum of Eq. (2) and dimensionaliw n =1 to 3, a
classical thick-target yield

y,, =(1.3-2.2) x 10-4@kT, (keV), (6)

where a is the efficiency of conversion of inci-
dent laser energy to fast electrons. Equations
(4) and (6) imply

~ ‘(0.04 -0.14) (YN/Y)(k TH/k Te) . (7)

For YC,/Y and kTfl/kT, of order unity, Eq. (7)
suggests that the inferred electron spectrum is
a substantial fraction of the absorbed laser en-
ergy ((Ycould be no larger than the laser light
fraction absorbed by the target, which is 0.25
for v =1013-1015W/CI112).10

We observe the correlation between the velocity
of the fastest ions emitted by the target and the
kTH from x-ray data, first reported by Tan,
McCall, and Williams.11 For planar targets
irradiated with a single beam at 10L2c ~< 1014W/
Cmz 11

9

kTH= 7.5 X10-’8v: keV, (8)

where vi is the fastest ion velocity in centimeter
per second. Such a proportionality is to be ex-
pected for an isothermal expansion into vacuum.1
At much greater intensity and in a spherical
geometry, the same functional dependence holds.
The present data can be fitted by

kTH = 19 X10-%, 2keV, (9)

over 5x1014<Vtiz<2x1010 W/cmz.
Measurements of hard-x-ray radiation from

10.6-pm laser-illuminated gold microballoons
indicate a very penetrating and intense spectrum,
with a best-fit exponential slope -250 keV for
w,- 10’6W/cm’. The hard-x-ray yield implies
that a significant fraction of the absorbed laser
energy is converted to energetic electrons. The
hot-electron population inferred from hard-x-
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ay measurements presents a major problem for
0.6-pm laser-fusion target design at high inten-
itiea.
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IV. PLASMA PHYSICS AND TARGET DESIGN
(E. L. Lindman)

Our theoreticalsupport activitiesare closelycoupledto our experimentaleffortsto
achieve a fundamental understandingof laser/target interactions, includingrelevant
plasma physicsand hydrodynamics.The closecouplingof theory and experimenthas
made it possible to eliminatefaulty theories and to design more reliable advanced
targets for COZ laser drivers. In general, basic studies have shown that the design
difficultiesassociated with long wavelengthsare greater than those at much shorter
wavelengths,but that breakeventarget designsare attainableeven in the presenceof a
hot-electronspectrum. These results have significantlyincreased our confidencethat
scientificbreakevencan be demonstratedwith COZlasers in the megajoulerange.

INTRODUCTION

Our theoreticalsupportcontinuesto addressprimarily
the laser/target coupling problem with COZ light. Be-
cause there are no comparable lasers at shorter wave-
lengths, it is imperativethat we accurately assess this
problemand its effecton targetdesigns.Our recentwork
has centered on the generation and transport of hot
electrons. Although we are studyingother mechanisms
like Raman scattering in greater detail, we are still
focusing on resonant absorption in strongly steepened
densityprofdesas an important source of hot electrons.
We are pursuing the possibilityof flux-limitersin both
hot- and cold-electrontransport by refiningour calcula-
tionsfor classicalcollisionaltransport further.A growing
interest in the 1aser/target-interactionproblemsat short
wavelengthis evidencedby our work on inversebrems-
strahlungand its effecton transport.

HIGH HARMONIC LIGHT FROM STEEP
DENSITY PROFILES
(B. Bezzerides,R. D. Jones, D. W. Forslund)

All work on harmonic generation in laser-irradiated
plasmas,whichhas been discussedin generalexperimen-
tall’zand theoreticalpapers,3has been confinedprimar-
ily to secondharmonic(SH) emission.Attemptsmadeto
explain SH by perturbation theory assume a weakly
nonlinear response of the plasma in which the source
current for the SH is due to beats betweencomponents
of the first harmonic field. Higher harmonics up to the
eleventh harmonic of COZ have been reported by a
Canadian group.’ The relativeefficiencyof the emitted
linesin this work was a decreasingfunctionof harmonic

number, again the result of a weakly nonlinearplasma
response.Recently,C02 harmonicsas high as the 29th
and even as high as the 46th have been reported.s$bThe
constant relativeefficiencyof the linesis a uniquefeature
requiringa new explanationof the data that goesbeyond
any analysis based on mode-couplingand perturbation
theory. Furthermore, thesedata are compellingevidence
for an unexplored nonlinearity in the study of
laser/plasmainteractions.

To explainsomeof the propertiesof this nonlinearity,
we start with the radiationfield

(Iv-1)

where the brackets denote retarded time; the current
j’ = -enV, with n and 7 being the electron fluid
density and velocity, respectively; and 1? = ~ – ~’.
Introducing the Lagrangian variables Z’ = ~ + 6
(X:,7’), r’ = 7’, where 5 = ~dVi@wd) and
n,d3x’= nOd3xi, we tind for the far field

B (i,t)= - j [J R x (a/a) v (i&T)
d3x@0

R 19
(Iv-2)

where nOis the fixed ion density. We have neglected
relativisticcorrectionsand used C061C<<1,whichrequkes
vJc << 1, VO = eEfl/mwOwith EOthe incident field
intensity, and R = x – ~;. This form for ~ is useful
because it shows that only the fluid acceleration in
Lagrangian coordinates is needed to calculate ~. Even
though hot electrons are produced at high incident
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intensity,Lagrange-transformedvariables may be used
for alltimebecausefluid-elementcrossingdoesnot occur
if the full electron pressure is included in the electron
Eulerequation.’Exceptfor the integraloverthe radiating
material, Eq. (IV-2) is identical to the single-particle
result and leads to the well-knownLarmor formula for
the total powerradiated.

The accelerationis givenby

(Iv-3)

based on the relation~ x ~ = e ~/mc, where ~, is the
electron-pressuretensor.We nowlimitour attentionto a
layered mediumwith densitygradient in the xdirection
only. This limitationproducestwo important simplYlca-
tions. First in Eq. (IV-3), ~/8x V; >>~/~x V;near the
criticaldensitybecauseheatingprimarilyoccursin the x-
dkection. Second, as a general result we observe that
because of the symmetry of the layered problem, the
functionaldependenceon y and t of all fieldquantitiesis
in the combination(y sin 60)/c– wt). Thus, as long as
V$Csin 0 << 1, we can write for the Lagrange-tr~s-
formed accelerationfrom Eq. (IV-3)(E = EX,v = v~

(a/ax)lJe
:=.: E(;O,T)-mfi .

e
(IV-4)

(The tilde denotes the corresponding Lagrange-trans-
formed quantities.)From the x-componentof Ampere’s
law and Poisson’sequation,the fieldis givenby

t3E c?E ~B 8EY—— + 47tenOv.
X+V z= c ay ‘v ay

(IV-5)

By usingthe argumentswe reliedonto deriveEq. (IV-4)
from Eq. (IV-3) and by using the y-component of
Ampere’slaw, we find from Eq. (IV-5)

+(E +sin W)=4nenOf ,

or

(Iv-6)

(IV-7)

The first term in Eq. (IV-7)is the effectivedrivercaused
by the obliquelyincidentfield,whereasthe second term
is the plasma-restoringforce. For gentlegradients,Eqs.
(IV-4) and (IV-6) lead to the usual driven harmonic
oscillatorequationof resonantabsorption.

For steep densityprofdes,numericalsolutionsof Eqs.
(IV-4)and (IV-6)showthat the moregeneralformof the
restoringforce leads to a stronglyenharmonicoscillator
and almost impulse-likeaccelerationin the critical sur-
face region.The other terms in@. (IV-4)can be ignored
when the restoring force is strongly enharmonic. The
pressure force is small for o.&/w2>> 1, with OP. the
upper-shelfplasma frequency. Also the effect of hot-
electron production on the harmonics can be ignored,
because it occurs on a time scale of 2Tr/o.Finally, the
drivingterm acts only in the underdenseregionand thus
can be ignored.

Next we show by way of a modelhow the restoring
force produces emitted harmonic light. Consider a
steeplyrisingdensityprofilewithplasmafrequenciescoPU
and oPl (mPu>>co> coP4)correspondingto the upper and
lower density shelves, respectively.In the limit of a
densityjump for the proftteat XO= 0, the restoringforce
is simply-a@, with ~xO= O,r)= & Figure IV-1 shows
the periodic solutionsfor 5 and ~. The solution in the
overdenseregion is

()6 =(5)”Cos * e .

In contrast in the underdenseregion

b
I ; 1, / I
I

I I

I I I
a I

I
I 4

I
I

I

I

I I
8 *

5-

Fig.IV-1.Displacement6 andacceleration8 of a
fluidelementasitoscillatesinandoutofthedensity
jump.

(IV-8)
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(IV-9)

with 8 = cm,VO= eE$m6.),whereEOis the effectivedriven
intensity. K, $, and y are to be determined by the
appropriateboundary conditionsat the jump, namely,

5(0)= 0,

5(2Z– 0)=0 , (Iv-lo)

and

8((I)=- $i(2rr- B) ,

where6 = (J.);,with; the time at which5 crossesthe step.
UsingOPu/o.I>>1and Eqs. (IV-8)-(IV-10),we find

K sin$=- v~co ,

()
K cos $ =– (v~co)tan n ~ , (IV-11)

sin~ = O ,

and, therefore,

@)u=(+l’2~(+)’’2tm[rt(~)”2],
(IV-

and

(,,u=(~)’ovo(~)’ tan[n(:)l,] . (Iv-

2a)

2b)

The strong accelerationshown in Eq. (IV-12b),which
occurs essentiallyover the time n/OIPuas seen from Eq.
(IV-8),will cause high harmonic emissionfrom the step
region.

To estimatethe emissionrate into the nth spectralline
con= no, we Fourier-analyze62to obtain

(IV-13)

where A(x) m 1, x <<1 and A(x)~ O,x >>1, which is
consistentwith the reciprocalrelationbetweentime and
frequencyfor Fouriertransforms.The detailedformof A
is not crucialto our discussion.Recallingthat Eq. (IV-2)
leads to the well-knownLarmor formulafor total power
emittedfor a singleparticle,we can obtaina lowerbound
for the emission in the nth harmonic by assuming
incoherentemissionto find

JdxOnO(xO)for ~< 1

In+ Ofor ~ >>1 ,
Pu

(IV-14)

where the integralin Eq. (IV-14)is over the depth of the
radiating plasma. This result confirms the principal
experimentalobservationthat highharmonicshavea flat
spectrumwith a well-definedcutoffand predictsa rolloff
for the spectrumat

%2,X = : .
c

(IV-15)

Thus, as suggestedby a recent simulationstudy of high
harmonic emissionsone can directlymeasurethe upper
density from Eq. (IV-15) given the cutoff harmonic
number. In Ref. 5, Eq. (15) was empiricallydetermined
by performinga seriesof numerical simulations.In this
analysiswe see that the cutoff is a natural consequence
of the enharmonic response of the plasma-restoring
force. A lower bound on conversionefficiencyis ob-
tained by using Eq. (IV-14),assuminga radiatingdepth
equal to the skin depth of the upper densityc/wP”,and
usingnt/nCz 0.1, as indicatedby high-powersimulation
studies.Then qn= In/IinC- 1/4 x 10-8n2max/k,where2.
is the vacuumwavelengthin micrometers,a result that is
about one-tenth that observed.c However, one must
remember that the assumption of incoherent emission
results in a lowerbound estimate.

51



We have demonstrated that the principal source of
high harmonicemissionis the strong nonlinearrestoring
force, whichexistswhenresonantabsorptionoccurs in a
highly steepened density profile. We have also shown
that Eq. (IV-15)is a generaland direct consequenceof
such a nonlinearform of resonanceabsorptionthat can
be used withsomeconfidenceto determinethe densityof
the upper shelf. In addition,we have demonstratedthat
the source of the harmonic emission originates in the
critical surface. Therefore, if harmonicemissionis tem-
porally and spatiallyresolved,one can directlymeasure
the positionand velocityof the criticalsurfacefront,with
wide-ranging implications for C02 laser/plasma
diagnostics.Theseresultsare independentof the approx-
imations used in the theoretical analysis. The finite
gradientof the densityprofilewillalterthe timeprofileof
the acceleration,but this changeshouldmerelyaffectthe
rolloff of the spectrum not the number of excited
harmonics.An accurate determinationof the excursion
length 6 into the low-densityregionof the profilewould
requireaccountingfor the dissipationof the electrostatic
wave in the step region of the profile, includinghot-
electron production, but this determinationwould only
influencethe calculationof the emissionintensity.

THERMAL EFFECTS ON FIELD SATURATION
IN RESONANCE ABSORPTION
(S. J. Gitomer,B. Bezzerides)

We have used a Lagrangian warm-fluid model to
study the saturation of the critical electricfield in both
wavebreaking and connectively stabilized regimes of
resonance absorption. Comparison of our results with
particle simulationsshows that even in the connectively
stabilizedregime,hot-electronproductionis evident.

Since the classic work of Ginzberg,8the study of
resonanceabsorptionin a warmplasmahas advancedby
the use of particle simulationtechniques.gWhereas the
Ginzberg work achieves a saturated electric field level
solely through the convectivestabilizationof the field
produced by finite background temperature, particle
simulationsshow the importanceof hot-electronproduc-
tion for stabilizationat sufficientlyhigh values of the
external field.Thus, for strong driving,the background
temperaturewillprobablybe lessimportantfor establish-
ing the final electric field level.Wavebreakingin cold-
plasma modelsl”has provideduseful scalinglaws when
the backgroundtemperaturecan be completelyignored.
Although the preciseconnectionbetweenwavebreaking

and hot-electronproductionis not understood,it is often
argued11that the onset of wavebreakingin the fluid

theory indicatesthe creationof hot electrons. ~
To assess the relative importance of background

temperatureon the levelof the saturated electricfieldin
resonanceabsorption,Kruerll combinedresultsfromthe
cold-fluidmodell”and a homogeneousundrivenwater-
bag model.12 ‘This Calculation predicts the effect ‘f

plasma temperature on wavebreakingamplitudes.The
predictionis in reasonableagreementwith the resultsof
particle simulationsfor relativelylow temperatures. In
this section, we present a consistent fluid model of a
driven,inhomogeneous,warm plasma. In such a model,
the effect of hot-electron production is not included.
Comparisons with particle simulations show that
saturated fieldlevelsobtainedfrom both the fluidmodel
and an approximateanalytictheory agreewellwith each
other.

Consider an inhomogeneousplasma of mobileelec-
trons and f~ed ions. A fluid model consistingof the
equationsof continuity,momentum,and adiabaticpres-
sure, coupledwith Poisson’sequation,formsour starting
point:

(IV-16a)

P
~ = constant , (IV-16C)

and

:=4 n e ( no(x)-n(x, t)] . (IV-16d)

In Eq. (IV-16),n and v are the fluiddensityand velocity,
e and meare the electronchargeand mass, E and E. are
the self-consistentand driving electric fields, P is the
pressure, and n. is the f~ed ion density.In the Lagran-
gian warm-fluidmodelwe use resultsfrom transforming
the above Eulerian system of equations by using
x = XO+ t5(x,~)and t =~, where the Euleriancoordinates
x,t are related to the initialfluidelementcoordinateXo,
the Lagrangiandisplacement6, and the timer. The fixed
backgroundions have a linearramp densityprofilewith
scale length L. By using the above transformation and
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the functional relation ~(xO,r)= f(x,t), we obtain the
followingequationof motionfor 5:

g+v:+[”,(xo,+gq6

eED 1 ap.— —sin on —— .me m~nO~xO (IV-17)

In this expression,v representsboth a spatiallydepen-
dent ad hoc dampingto avoidboundary anomaliesand a
linearizedLandau dampingcontribution,COPis the local
electronplasmafrequency,and coand EDare the electric
fielddrivingfrequencyand amplitude,respectively.The
pressure~(xO,~)is givenby

P(xo,@= fi3(xo,T)kT
n: (xJ e ‘

and the densityfi(xo,~)by

n. (xJii (Xo,q= 1 + (~~/@) ‘

(IV-18a)

(IV-18b)

where k is Boltzmann’sconstant and Te the electron
temperature.

The wavebreakingcondition,whichweuse to evaluate
our numerical solutions of Eq. (IV-17), is the peak
velocity achieved in the fluid calculation before the
mathematical condition 85/8x. = –1 is obtained. The
contribution of linear Landau damping to the second
term in Eq. (IV-17)is obtainedfrom the inverseFourier
tranform

v (x, t) = JVL (K) ~(K,t) exp (iICx)dK . (IV-19)

Before considering the numerical solution of Eq.
(IV-17), we present an approximate analytic solution.
The equations we consider for 5 and & = ~t5/Z3xo
(obtained by differentiationwith respect to X. of the 5
equation)are

826 1 f3P— + 63;=x~cozsin m - — —
aT2 mnoC?xo (IV-20)

whereXD= vD/o and VD= eED/mcm.We assumeFourier-
seriessolutionsfor 5 and & of the form

5(T)= 5.(7)+-j [Cn(T)Cos
“=1

and

no3~+ S.(r) sin ncm]

where the Fourier coetlicientsare assumedto be slowly
varying functionsof z. These solutionsare substituted
into Eqs. (IV-20) and (IV-21) and yield, after muM-
plication by sin or or cos OMand integrationover a
period, equations for the n = 1 coe!licients,which are
evaluatedat o = OP.Where @6’, etc., appear explicitly,
the cold-plasma results are to be used; that is,
t50(T)= –OJT/2 XD Cos 6M, q = -1/2 (cOT/2)2
XDLsin or, ~’(r) = –1/3 (CM/2)3xD/L l/L cos m, and
6J’’(T)= 1/4 (637/2)4xDI_(l/L)2sin O.YT.

The equations for Cl(r) and S1(~)derived from Eq.
(IV-20)are

(IV-22a)

and

8s1
—=–J 1,; ,i?T

(IV-22b)

where v: = kTJme. The integral11is givenby

J1,=2 x sin0
rt -T(1 - a sin f3)3‘e= (1 -3:’)2”’

and a = 1/2 (@T/2)2xD/L. The solutionfor S1 (needed
below)is then givenby

‘1(’)=-++[(1-:2)15-])
(IV-23)

where VCis the cold-plasma wavebreaking velocity10
givenby Vc= (20.)LvD)U2.

and
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The equations for C;(7) and S~(~)are derived from
Eq. (IV-21), with the additional feature that the
temperaturecorrectionsto 5 be included;that is, :r
‘=ss +’W3’11,

dC~
d~ 2L 1(7)+ZOL2

()}

1 ~ (.OT4 (IV-24a)
+ E L ~ 12

and

(IV-24b)

In Eq. (IV-24a),the integralIz is givenby t \

~ – 1 ‘ dO

J

2 + 3a2
2-—

7t -,(1 -a sin 8)4=(1 - az)’o’“ i
o 0.5 1.0

By hypothesizingthat temperaturecorrectionsto bi will
a=# ~D(~)2

be important at a time U* when the time derivativesof
6: and Ci are equal, we arrive at an equation for this Fig. IV-2.Solutionof Eq. (IV-25)of the text,

timegivenby (v&J4/(x~/L)vs a, providesapproximatewave-
breakingor convectivesaturationtimegivendriver
amplitudabackgroundplasmatemperature,andden-
sityscalelength.

(VJVJ’ (1 – a2)7/18a3
== {1-(4/9) a2+(x~/L) [(l-a2)/a)] -(2/9) [(1-a2)2/a2] [l-(1 -a2)’.s]}2 “ (IV-25)

In Fig. IV-2 we display a plot of the right-handsideof
Eq. (IV-25) vs a. The term (x~L) (1 – a2)/a has been
ignored in obtaining the plot shown. Thus, for a given
value of (v&C)4/(x~/L),the correspondinga and car*
may be obtained. We will show how one can use this
result to predict peak fluid velocitiesat breaking or
saturation.

Consider the results of solving the fluid equations
embodiedin Eq. (IV-17)for two parameterchoices:x~/L
= 1/250 (as was done in Ref. 11) and x~L = 1/6250.
The solution of the fluid equations is followedin time
either up to breaking (x~L = 1/250) or to convective
saturation (x~/L = 1/6250)for a numberof background
plasma temperatures. The results of these numerical
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computations are shown in Figs. IV-3(a) and IV-3(b),
wherethe peak fluidvelocityVPis plottedvs the thermal
velocityv~.Particle simulationresults are includedfor
comparison.The bands of particle simulationvalues in
Fig. IV-3(b) result from the range of field maxima
obtainedover severaltens of driverperiodsafter satura-
tion has occurred.

In addition, the results of the approximate analytic
theory are used.That is, the timerI)r*predictedfromFig.
IV-2 is inserted into the cold-plasma peak velocity
formula, VPx wx~ co~*/2.(Note that V$VC= alj2.)The
fluid simulations,which exhibitbreaking or saturation,
show that the field growth faithfullyfollowsthe cold-
plasma prediction. In both cases, finite plasma
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Fig. IV-3. Peak fluid velocity VPvs thermal velocity
v,, both scaled to cold-plasma wavebreaking vel-
ocity VC for (a) x~/L = 1/250 and (b) xJL = 1/6250.
Results from fluid simulations (triangles), particle
simulations (squares’] and bars), approximate
analytic theory (solid curve), and theory from Ref.
11 (dashed curve).

temperature causes the fluid to deviate from the cold-
plasma result just at a time (JI~*given by the solution of
Eq. (IV-25). Figs. IV-4(a) and IV-4(b) show this effect
where 5’ at the criticaldensity point is plotted vs time cm.
The term [61 in Fig. IV-4(a) does not reach 1 because
breaking occurs at a spatial point away from critical.
The results of the fluid simulations, particle simulations,
and approximate analytic theory shown in Fig. IV-3 are
all in excellent agreement. Thus, as predicted in Ref. 11,
the field saturation level decreases with increasing
temperature. The effect appears to be more pronounced
with weaker driving conditions or longer gradient
lengths, that is, when xD/L is smaller. This result was not

(UT

(a)

(b)

Fig. IV-4. Fluid simulation results: magnitude of & = ati/axO vs
time for (a) x~/L = 1/250 and VJVC= 0.08 and (b) xJL = 1/6250
and VJVC= 0.158. Dashed lines represent the cold-plasma prediction
that grows with time according to (rot)z.

anticipated by Kruerll because scale-lengthdependent
theory did not enter into his final result.

The results displayed in Fig. IV-3 indicate a de-
pendence on the particular value of XDL.An alternative
scaling may remove this dependence and yield a truly
universal curve. We define a scaling parameter a = vJvg,

where v~ is taken from the work of Ginzbergs in which
the resonantly enhanced electric field saturates purely by
convection in the warm plasma. The velocity Vgis given
by v, = 1.2 VD (r-oL/vJu3. The physical regimes en-

countered for various a values are (1) a >> 1—saturation
by convection, no hot electrons; (2) a ~ 1—saturation
by convection, hot-electron production; and (3) a

<< l—wavebreaking, hot-electron production. In Fig.
IV-5, the results of Fig. IV-3 are replotted, along with
some additional data, as plots of v~v~ vs a = vJvg. As a
increases from O, the results approach the Ginzberg
prediction.

If Figs. IV-5(a) and IV-5(b) are laid over each other,
the results of the Lagrangian fluid simulations, particle
simulations, and approximate analytic theory all follow
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Fig. IV-5.Peakfluidvelocityscaledtov~vs
thedimensionlessparametera = V$VG for
(a)x~L = 1/250and(b)xJL = 1/6250.
Results are from fluid simulations
(triangles), particle simulations (squares”
and bars), and the approximate amdytic
theory (solidcurve). Dasbed linesshow the
Ginzberg8prediction.

what appears to be a universal curve independentof
x#L. Note that although all the particle simulations
showed evidence of hot-electron production, only the
fluidsimulationswithxn/L = 1/250exhibitedwavebreak-
ing. Thus, although we have not explainedthe connec-
tion betweenwavebreakingand hot-electrongeneration,
we have shown that there is a regime,namely a 2 1 in

which hot electrons are observed without fluid
wavebreaking.

We have derived the governingequation for a La-
grangian fluid model, which includes (in a consistent
fashion) wavebreaking,warm-plasmaeffects, and con-
vection,The modelsuccessfullypredictspeak resonantly
enhanced fieldvalueswhen compared with resultsfrom
particle simulations. The dimensionlessparameter a,
which we introduced, provides a useful means to dis-
tinguishvarious regimesby isolatingthe physicaleffects
responsiblefor fieldsaturation.

ELECTRON TRANSPORT (R. J. Mason)
I

The identificationof the physical mechanisms that I
requireseverethermal-fluxlimitingon electrontransport
in laser-matter modeling has been a long-standing

13 Recently, our new, ‘ully ‘elf-challenge to theorists.
consistent Monte Carlo transport schemel’ has been
used to showls that the need for severelimitersderives
from deficienciesin the classical diffusion modeling.
These deficienciescause excessiveheating of the over-
dense surface matter of a pellet,ignorecoronal decoup-
ling of the thermal electrons, and neglect the effectsof
electric fields on a return current through density gra-
dients.

For the presentcalculations,wehaveretainedmany of
the features of our earlier hybrid scheme,lcexcept that
now the ions and all the electronsare weightedparticles.
The weights are adjusted to match any initial density
profile.The electronsare heated by givingthem velocity
increments from a Gaussian distributionat the heater
temperature kAT = 2/3 W, where W is the absorbed
particleenergyper cyclecell.Heatingis terminatedwhen
some prescribed temperature is achieved, or W is
established in consistency with inverse-bremsstrahlung ‘
absorption up to the critical density.The electronsare
scattered with the mean square deflectionangle <62> =
8Tte4m-2c-3AtZnl(Z+ 1)log A= 2v(c)At. Here C*=U2
+ V2,and v is the transversevelocity.However,noweach
electron loses energy and has its speed reduced by
Coulombdrag againstthe other electrons,in accordance
with Ac = -4rte4(mkT~-l At n, G(Q log i t =
(mc2/2kT,)”2,whereG(g)= 0.376&(1+0.542&- 0.504~2
+ 0.752&3)-l is a polynomial fit14to Spitzer’s error
functioncombination.

The lost energyis redepositedisotropicallyin the drift
frame of the electrons by the usual heating procedure.
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The electric field E is now calculated by the implicit- With limitedtransport,one traditionallydistributesthe
moment method,14which gives greater accuracy than electronthermalenergyin accordancewith the following
plasma period dilation,16In this method, fo~owingtie relations:
heating,scatter, and drag of particles,weaccumulatethe
fluid density, flux, and total pressure moments rim(m), c9T aqd (IV-28a). (m), and (m) (a = h, c, ~d i for hot and cold electrOns ~ = –J~ ax ‘
and ions,“respectively).Then, we use the momentum,
continuity,and Poisson equations to predict values (~
for the momentsand fieldsat the end of the next cycle.
Thus, storingall the informationat level(m),we obtain

(IV-26a)

[1 ()kT112
a=

; (m+l) = n (m) – 4 f(m+u2) At
a a ax

(IV-26b) z’7

and

and
% = ; (z) : ,

~x~(m+l)= 4n x qafi~m+l)dx + ~@+l~(0) , (IV-26C)
a where K is Braginskii’s*7conductivitygivenby

which, with the centeringE(*)= [~(m+l))+ ~(m)]/2, and
the assumption E(0) = J(O) = O for a quiescent left
boundary, rearrange to

x %apim)(At)2+ o);2(At)2~(m)——
ma ax 2 4 1

(IV-27)

in which 0.$2= (4rte2/m)[nc(m)+ (m/M)Z2n/m)].For
reduced noise with this centering, the na and ja terms
have been “softened” with the factors ~ = ~ = 0.25, as
described in Ref. 14. The particles are then advanced
with du/dt = qaE(*)/maand dx/dt = u.

()K = 5 ncT z: ,

(VI-28b)

(IV-28C)

(IV-28d)

(IV-28e)

and ~~is the scattering time for electronsoff ions. For
GMBs taking Z = 10, y = 0.266. With classical
limitation,f = 0.6; however,to model numerousexperi-
ments f <0.03 is required.

Figure IV-6(a)-(d)shows the results of applying the
Monte Carlo scheme to transport in an end-heated
uniform system. The electronsare heated from a back-
ground temperature of TC - 0.43 KeV to a hot
temperatureof T~- 1.72keV over a test region 24 ym
long.The plasma is at 1021cm-3, the criticaldensityfor
1.06-ymlight. Cold electrons nCare heated to become
hot electronsn~whenthey enterthe heatingregionto the
right. Frame IV-6(b) shows that j; –jh. Frame IV-6(c)
comparesthe resultsfor a standard diffusioncalculation
with f = 0.3, giving the Td temperatureprofde and the
Monte Carlo calculatedtemperatureTMC.It also shows
the locally normalized heat flux is f~c,~ - )q~c,~
(mn,a3)-1. Although the ‘fluxes agree at the heater
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I
boundary,showingthat f= 0.3 is the proper limitfor this
homogeneousproblem,it is significantthat Td >>TMCin
the body of the plasma near the heater. This result is
caused by the fact that the nonlinearlimiteddithsion
front is convex, whereas the Monte Carlo front is
concave,muchlikea free-streamingexpansion.Thus, the
diffusionwave heats matter adjacent to the heater to
relatively higher temperatures, which should lead to
relativelyhigher radiativeemissionand increased abla-
tion.The MonteCarlo profileheats morematter in depth
to lower temperatures. To bring the two body
temperaturesinto greater accord, one could increasefat
the expenseof a thermalmismatchin the heater region.

The deficienciesin the diffusionmodelingare more
evident in the simulation of transport through an in-
homogeneousplasma [Fig. IV-6(e)-(h)].In this case, the
densityhas been raised to 3 x 1021cm-3 for x <12 ~m.
The preponderanceof hot electronsat low density,that
is, corona[ thermal decoupling, and the electric fields

needed to draw a return current down through the
densityjump result in both apparent and real thermal
inhibition.In frame IV-6(g),the Td front (for f = 0.6) is
well ahead of TMC,which is relativelystagnant at the
density interface. However, with progressivelylarger f
values,the penetrationspeedof the Td front beyondthe
plateau is reduced,holdingTd closerto TMC.

Finally,we study the combinedconsequencesof these
effects in Fig. IV-7. The energy is absorbed by inverse
bremsstrahlungfrom a 1.06-~mlaser at 1015W/cm2.
Initially,the plasma runs from 5 x 1021cm-3 down to a
plateau at 1020cm-3, T, = 0.1 keV, and Z = 10. In the
limitedsingle-groupelectron diffusioncalculationsused
for comparison,the ions ue acceleratedby E = -(en~-l
~(neT)/c?x.The results shown are for 9.6 ps.

Using the nucleon/electronmass ratio of 100, this
snapshot correspondsto 41 ps of physical time. Frame
IV-7(b) shows that the best match betwem the Monte
Carlo and the diffusion coronal density profiles is

22 ln22
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Fig.IV-7.Ablationcalculated[(a),(c)]withMonte Carlo, and [(b),(d)]through flux-limitedsingle-groupdiffusion,
.-.Tmc- —T~.Diffusioncritical fiducialis for f= 0.6.
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obtained with f = 0.15 or 0.1. Frame IV-7(d) shows a
low-temperatureMonte Carlo precursorahead of all the
diffusionfronts. However,in the overdense plasma near
critical, Td ~ TMCas f ~ 0.6. These two results are
consistentwith the apparent need for separate internal
and coronal flux-limitersin the recent transport and
absorptionexperimentsat ~cole Polytechnique.18Thus,
the need for a severe transport flux-limiterhas been
traced to deficienciesin the diffusion modeling. Ex-
perimental temperature profile determinationsnear the
critical surface shouldhelp to verifythis conclusion.

HOT-ELECTRON PHYSICS (E. K. Stover)

The experimentson hot-electrontransport and depo-
sition described in Sec. III were modeled using the
LASNEX hydrodynamics code. All simulations con-
ducted were timedependen~ onedimensional (radial)
calculationsin sphericalgeometry.We assumedthat all
absorbed incidentlaser lightwas absorbedat the critical
surface and converted locally into suprathermalsource
electrons. We also assumed that these source electrons
were uniformlydistributedalongthe ciitical surface.We
considered suprathermal source electrons defined by
both ID and 3D nonrelativisticMaxwellianspectra.The
source electrontemperatureT~ was time dependentand
constrainedto track the laser pulse from the resonance
absorptionscalingexpression

H
1/3

T~(t) = a I(t)kz , (IV-29)

1- -1

where I(t), h, and a are the laser intensity, the laser
wavelength, and a constan~ respectively.The back-
ground electron temperature dependence has been
neglected.We modeledthe laser pulse to have a 0.3-ns
risetimeand a 0.7-ns FWHM.

In LASNEX, suprathermalelectrontransport is mod-
eled by a multigroup (energy) diffusion model.
Suprathermal electron energy losses modeled include
collisional losses to background ions and electrons,
radiation loss, and collisionlesslossesarisingfrom Joule
dissipationand fast-ionlosses.Collisiordessenergylosses
occur primarilyin the low-densitycorona; they serve as
an energy sink for the suprathermal electrons that
producebremsstrahlungemissionand collisionallyloose
energy in the bulk material. Gold is a diffusivematerial

order of magnitudegreater than the scattering length.
Therefore, suprathermal electrons will be locally
isotropicas they slowdown in gold. It may not be valid
to consider CH a diffusivemedium for suprathermal
electrons.The ratio of electron-scatteringlengthto range
in CH is approximatelyone; therefore,the electronflux
in CH probablywillnot be isotropic.

Bremsstrahlungradiation produced by interactionof
suprathermal electrons with background material is
transported by a LASNEX multigroupphoton diffusion
package.We used Elwert-correctedBethe-Heitlerbrems-
strahlungcross sectionsto generate all LASNEX x-ray
spectra discussedhere.

Figure IV-8 compares suprathermal x-ray yields
calculatedby LASNEX with x-ray yieldsinferredfrom
APACHE. The figureshowsx-ray yieldscalculatedby
LASNEX for peak suprathermal source-electron
temperaturesrangingfrom 100to 400 keV.We assumed
3070 absorptionof incident laser light. The plastic
coating behaveslikea relativelyweak x-ray emitter and
servesprimarily as an energy absorber in these targets.
This effect is evident in Fig. IV-8, in which both
LASNEX and APACHE yields decay approximately
one order of magnitude as plastic thickness increases
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Fig. IV-8. Comparison of LASNEX and APACHE
suprathermal x-ray yields.

to energeticelectrons because the electron range is an
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from 5 to 200 ~m. The 3D source-electronenergy-
distributionx-ray yieldsare higherthan the correspond-
ing ID yields because the 3D source, average electron
energy is higher than the ID energy. Consequently,the
3D sourceelectronhas a greaterprobabilityfor penetrat-
ing the plasticcoating.The shapeof the 100-keVsource-
distribution yield curve does not fit the experimental
results; therefore, we have dismissed a sole, 100-keV
sourcetemperaturefrom consideration.However,source
temperatures of 200 keV or higher do reproduce the
variation of x-ray yield with plastic layer thicknesswe
have inferred experimentally.Unfortunately, the weak
influenceof the predictedx-ray yieldcurve requiresthat
the source temperaturebe identifiedby matching other
results.We compared the simulatedwith the APACHE
x-ray temperature. This procedure is outlined in Fig.
IV-9 in which the simulated x-ray temperature TXis
presentedas a functionof the peak suprathermalsource-
electron temperature T~ for targets coated with 50-
~m-thickplastic.The LASNEX x-ray temperaturewas
estimated from the slope of the simulatedemission-vs-
photon energy spectrum that was evahtated at the
photon energy correspondingto the suprathermalelec-
tron temperature.This photon energy always lieswithin
the sensitivitylimitsof the APACHE channels.We are
examining the accuracy associated with comparing
LASNEX x-ray temperaturescalculatedin this manner
withAPACHE x-ray temperatures.Fig. IV-9 showsthat
the 200-keV APACHE temperature can be matched

with either a 340-keV (3D) nonrelativisticMaxwellian
source-electron distribution or a 390-keV (ID)
nonrelativisticMaxwelliansource-electrondistribution.
Using these source temperatures,the laser energy frac-
tion convertedinto suprathermalelectronswas estimated
by interpolating the x-ray yield results in Fig. IV-8.
Estimated laser energy absorption fractionsof 25Y0for
the kT~ = 390 keV (ID) source conditionand 19’%0for
the kT~ = 340 keV(3D) sourceconditionare reasonable.
We assumedthat all absorbedlaserenergyresidessolely
in those components. Figure IV-10 presents
interpolated LASNEX hard x-ray yields as a func-
tion of plastic thickness. Agreement between
LASNEX and APACHE results is particularlygoodfor
plastic coatings ranging between 5 and 125 ~m. At
thicker plastic coatings (tc~ - 200”Km),the LASNEX
yieldis too high and barely touchesthe upperlimitof the
APACHE error bar. This result indicatesthat a smaller
fraction of the source electrons is reaching the bulk
material than was predicted by LASNEX. This dis-
crepancy between LASNEX and APACHE could be
attributedto the way in which LASNEX calculatesfast-
ion lossesin the corona. Thispointwillbe discussedlater
in this section.

The canonical resonance absorption formula, Eq.
(IV-29),with a = 30, predicts that resonanceabsorption
should produce only 50-keV source electrons. Source
electronsat 50 keV or at a lowertemperaturemay have
been produced in this plastic-coated target, but their
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existencecould not be verifiedby current experimental
data.

The LASNEX simulation x-ray temperatures
presented in Fig. IV-9 are significantlylower than the
peak input source-electrontemperature.This ditTerence
can be attributedto severalfactors. Hydrodynamicand
joule heating losses in the corona soften the
suprathermal electron spectrum,which is reflectedin a
reductionof almost 10VOin kTX.Furthermore, the laser
pulse is time-dependent;therefore, the time-averaged
source-electrontemperatureis lowerthan the peak value
quoted at peak intensity.Constant-temperaturesimula-
tions yieldkTX- IOYOhigherthan the valueobservedfor
time-dependent source temperatures. Bremsstrahlung
cross sectionsare dependenton both electronenergyand
emissionphotonfrequency;consequently,one wouldnot
necessarily anticipate that source electron and x-ray
temperatures be equal. This cross-section effect was
observed by McCa1119when local Maxwellianelectron
distributionswerefoldedthroughthick-targetx-ray spec-
tra obtained from x-ray tube experimentalresults. The
closest agreementbetween kTXand the source-electron
temperature was achieved when kTXwas evaluated at
photon energiesseveral times the electron temperature.
This cross-section effect was observed in LASNEX
simulationsin which kTX,evaluated at photon energies

severaltimes the electrontemperature,was nearly equal
to the local electrontemperature. In this experiment,x-
ray spectra measurements were made at hv N kT~;
therefore,kTX# kT~.

Earlier, both fast-ion losses and joule losses were
referredto as energylossmechanismsin the collisionless
corona. Suprathermalelectronenergyloss in the corona
is not available for bremsstrahlungproduction in the
overdensematerialwhere nearlyall hard x-ray radiation
is produced.Table IV-I shows the magnitudeof predic-
ted suprathermal electron collisionlessenergy losses in
typical targets. The fractional energy loss (relative to
total energyabsorbed)increaseswith increasingT~ and
accounts for -60% of the total energy absorbed at
suspected source-electrontemperatures. Figure IV-11
compares LASNEX bremsstrahlungyieldsproduced in
targets both with and withoutsuprathermalenergy10SS.
All yieldshave been normalizedto the 100-keVresults.
We simulatednegligiblesuprathermalelectroncollision-
less loss by irradiating the target with negligiblelaser
energy to minimizetarget heating and by constraining
the target to prevent hydrodynamic motion. When
suprathermalelectron collisionlesslosses are neglected,
the calculatedx-ray yield,normalizedto the laserenergy,
increases linearly with increasing source-electron
temperature.When these loss mechanismsare included,

TABLE IV-I. SuprathermalElectronCollisionlessLosses

One-DimensionalElectron Energy Distribution

T. (keV) 100 200 300 400
Fast-ion loss/Laserabsorption 0.19 0.25 0.30 0.35
Joule dissipation/Laserabsorption 0.24 0.28 0.30 0.27

Total fractional
loss to collisionlessprocesses 0.43 0.53 0.60 0.62

Three-DimensionalElectron Energy Distribution

T~ (keV) 100 200 300 400
Fast-ion loss/Laserabsorption 0.22 0.32 0.40 0.46
Joule dissipation/Laserabsorption 0.13 0.18 0.21 0.18

Total fractional
loss to coilisionlessprocesses 0.35 0.50 0.61 0.64
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the rate of increase in x-ray yield decreases as the
suprathermal electron temperature is increased. The
differencebetween these curves provides a qualitative
feel for the influenceof collisionlesssuprathermalelec-
tron losses on hard x-ray yield. These results are
consistent with the trend suggested by the energy-
partitioningresultspresentedin Table IV-I. Collisionless
suprathermalelectron energy losses in the corona can,
therefore,have a significanteffect on collisionalenergy
absorptionin the target but have a relativelyminoreffect
on the suprathermalelectrontemperature.

The validityof treatingplasticas a diffusemediumto
describe suprathermal electron transport is not clear.
One can suggest that, in reality, fast-ion losses in the
corona may be moreseverethan indicatedby LASNEX.
The LASNEX simulationfor the 200-~mplastic target
with a Tss= 300 keV (3D) driving condition indicates
that the critical surface has expanded from a 250-~m
radius to a 320-ym radius at peak laser intensity.The
solidangleof the goldshellat that timeis only 7.7x 10-2

sr. As a result, a large fraction of the source electrons
may be free streamingaround the target and losingtheir
energy to the expanding plasma sheath rather than
collisionallydepositingtheir energyin the bulk material.
The diffusionapproximationdoes not adequatelymodel
the transport of these electrons. This transport effect
may explainwhy the LASNEX x-ray yieldsare slightly
higher than yields inferred from experimentsat large
plastic thicknesses (-200 ~m). If we assume that
suprathermalelectron depositionin the gold shellscales
as the solid angle of the gold shell (as observed at the
critical surface) and the remainder is lost to fast ions,
then the x-ray yield will decay with increasing plastic
thicknessas indicatedin Fig. IV-12.The predictedx-ray
yieldfor 200-Vmplasticnow liesbelowthe experimental
error bar. These results suggest that a Monte Carlo
transport treatment of suprathermalelectronsin a mov-
ing hydrodynamicfluid may describe more realistically
than LASNEX the partitioningof suprathermalelectron
energy in typical targets. Recent magnetohydrodynamic
(MHD) computer-modelingresults20suggestthat intense
magnetic fieldsmay be generated in the corona, which
may also enhance decouplingof source electronsfrom
the target.

The APACHE hard x-ray detector was used to
diagnosethe bremsstrahlungx-ray spectra produced in
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plastic-coatedgold-layeredtargets. From APACHE re-
sults, we inferred that the suprathermal source-electron
temperature is independentof the material.Comparison
of both hard x-ray spectra and yield with LASNEX
results suggests that the source-electrontemperature is
significantlyhigherthan the temperatureestimatedfrom
the canonical resonance absorption formula. We esti-
mated that the source temperaturewas 340 keV for the
3D electron energy distributionand 390 keV for the ID
electronenergydistribution.The mechanismresponsible
for producing such hard source-electronspectra is not
yet understood;we are consideringRaman scatteringof
laser lightin subcriticalplasmaand self-focusingof laser
light,which may produce localhot spots.The fractional
absorption of incident laser light was estimated to be
25 and 19°Afor the ID and 3D distributions,respec-
tively.Some questionexistswhetheror not the diffusion
approximation may be used to define suprathermal
electron transport in the corona. This issue could be
resolved by conducting hydrodynamic simulations in
which suprathermal electrons are transported using
Monte Carlo techniques. Finally, we must have in-
creased diagnostic capability in future experiments
beforetarget performancecan be moreclearlyidentified.
Specifically, soft x-ray measurements, Ka radiation
measurements,and calorimetricmeasurementsshouldbe
made in conjunctionwithAPACHE measurements.

CLASSICAL ELECTRON TRANSPORT IN THE
PRESENCE OF A LASER FIELD
(R. D. Jones, K. Lee)

Understandingthe transport of electronsis criticalfor
the successof laser fusionprograms.Preheat, ccdlisional
heating, production of diagnostic x rays, and flux
inhibitionall depend on detailsof the electron-transport
mechanism.Transport is wellunderstoodin the absence
of a laser field,both with and without a static magnetic
field, but the subject has been sorely neglectedwhen a
high-intensitylaser field is present. Because the novel
effectswere expectedto be dominantfor highZ, wehave
restrictedour attentionto this type of plasma.Resultsof
a systematicstudyzlof the subject are presentedin this
section.

The time-averaged electron kinetic equation in a
modellaser fieldwas obtainedin three ways: in a simple
heuristic calculation using the screened electron-ion

interaction,in a Fokker-Plancktypecalculation,and in a
BBGKYcalculation.This kineticequationis

[ 1F’(~’ + @ FI (;I - ~) - F’(F’)FI (~1) .

In thisequationF’ is theelectrondistributionfunction;CP
is the particleenergy,6P= P2/2m;Jn is a Besselfunction
of the first kind; rOis the quiverdistance;and D is the
quantummechanicaldielectricresponse

In the limit of glancingcollisionsand cold, infinitely
massiveions, this kineticequationreducesto

In this expression,

2xniZ2e4
A=

m’

and S is givenby

J
Lv = ,*;=, $2 :

—

1 v (1-$)1’2sinac0sj,~ n cos a i- ~ q
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and

Sb, = SVD= S=b= SB. = o .

Here q is givenby

q=~ .

The coordinate system is shown in Fig. IV-13.
limitof a smallIaser field,this equationbecomes

In the

Here, the Fs are givenin Table IV-II and Fig. IV-14, O.
is the laser frequency,Veis the thermalvelocitY3voiSthe
quiver velocity,and A is the plasma parameter. In the
high-fieldlimit,S becomes

and

(k~axve
Sav=z in —

nvo CDO

In this expression,
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e
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Here B(x,y) is a beta function,F is a Gaussian hyper-
geometric function, and the + sign is positiveif a is
betweenOand n/2 and negativeif a is betweenn/2 and
7r.

and
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Fig.IV-13. Coordinatesystem defining(a) the directionof the
particle velocity relative to the displacementVOand (b) the
direction of the momentum transfer vector relative to the
directionof the particlevelocity.

Collisionsproduceharmonicsin the electrondistribu-
tion function. These harmonics generate currents that
can produceharmonicsof the laser light.The harmonics
in the distributionare givenin termsof the time-averaged

distribution.The %’”harmonic,F@oOOJ,of the electron
distributionis givenby

For high and lowv~v,, the kineticequationpossesses
self-similarsolutions.In the lowv~vccase, the similarity
solution found by Langdon22is recovered. For high
Volve, when anisotropic terms are neglected, the
similaritysolution is a Maxwellian.Figures IV-15 and
IV-16 show the low-fieldsolution. The solid line is
Langdon’ssimilaritysolution;the dotted lineis a Monte
Carlo simulationresult; and the dashed line is a Max-
wellian.

TABLE IV-II. Form Factors F as a Function of v~v2 and a

Fw Fav

VVV2 a=O 7r/8 lr/4 31t/8 lr/2 Vyvz a=o Tr/8 z/4 3n/8 7r/2

0.1 1.48 1.42 1.16 0.962 0.897 0.1 1.17 1.10 0.951 0.843 0.805
0.2 2.29 1.96 1.29 0.919 0.813 0.2 1.39 1.19 0.888 0.713 0.660
0.3 3.75 2.65 1.39 0.872 0.742 0.3 1.70 1.28 0.814 0.605 0.549
0.4 6.57 3.48 1.45 0.826 0.683 0.4 2.14 1.35 0.733 0.515 0.459
0.5 12.7 4.41 1.48 0.780 0.631 0.5 2.81 1.38 0.653 0.441 0.391
0.6 28.4 5.38 1.49 0.736 0.586 0.6 3.90 1.36 0.574 0.379 0.332
0.7 79.2 6.28 1.47 0.695 0.547 0.7 5.87 1.28 0.501 0.328 0.290

Faa FBB

vyv* a=o d8 n/4 3rr/8 n/2 Vyvz a=o rc/8 7c/4 3d8 lr/2

0.1 1.05 1.03 0.980 0.943 0.928 0.1 1.06 1.04 1.01 0.988 0.978
0.2 1.12 1.05 0.952 0.891 0.873 0.2 1.12 1.09 1.02 0.973 0.957
0.3 1.19 1.07 0.917 0.845 0.822 0.3 1.20 1.13 1.03 0.960 0.936
0.4 1.29 1.07 0.878 0.801 0.780 0.4 1.29 1.17 1.03 0.945 0.919
0.5 1.41 1.05 0.837 0.762 0.743 0.5 1.42 1.22 1.03 0.931 0.903
0.6 1.58 1.02 0.796 0.727 0.710 0.6 1.58 1.26 1.02 0.917 0.887
0.7 1.82 0.969 0.757 0.695 0.680 0.7 1.82 1.29 1.02 0.904 0.873
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We obtained an expressionfor the anisotropy in the
distributionand showed,for low v~v,, that after a few
collisiontimes,the anisotropicportionof the distribution
followsthe isotropicportion adiabatically:

–1 V2 afo 1
f2(v,t)= — Q — – — a 1 afo

3 V 8V 18
v: v — — —

c?v v (9V “

Here fOand fz are coefficientsof PO(COSa) andPz (COS
a), respectively,in an expansion of the distributionin
Legendrepolynomials.If Langdon’sdistributionis used
for fO,this equationbecomes

(0.118 V: V3 o.118 V8

)
f2(v,t)= ~ ~ - — — f. .~

e e 9 v:”

The inverse-bremsstrahlungheatingrate was obtained.
In the low-fieldlimit,it is

; = 0.446 t~7

where

4X 1 Z2nin,e4mSi2

()

k~,Xv,

‘m=~c m2
v: ln —T3/2 (1)0

is the usual inverse-bremsstrahhsngabsorptionrate for a
Maxwelliandistribution.The factor 0.446is the Langdon
factor. If anisotropy in the distributionis neglected,; is
givenin the high-fieldlimitby
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The above equationagrees with that obtainedby Silin23
and James.zdIts comparisonwith the MonteCarlo code

is shown in Figs. IV-17 and IV-18.
The bremsstrahlungemissionrate was obtained.The

spectral power emissionper unit volumefor the entire
plasma is

n

The electron-pressuretensor was obtained:

P = nT
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Fig. IV-18. Plot of< as a functionof time for the moderate
field.The dotted curve is the heatingformulagivenby Silin.23
The simulation was started with vJve = 3.0. Initially the
heating follows the Silin formula, but by the time the
temperature is high enough so that v~v~ = 4.0, heating is
substantiallyslower.

where the z-axisis taken along the laser field.
We calculated the thermoelectric transport

cients:

j= 0.913 o@+ 0.663 a~~VT ,

d= -o.661 ~L@-0.413 KL~VT ,

24

()

T 312
a–‘G-(2n)3/2 ~e327n A R $

coefli-

Fig. IV-17.Plotofv: as a functionof time. The dotted line
has a slopethat correspondsto the Langdonheatingrate. The
solid curve is a simulationresult. The simulationwas started
with v~ve = 0.4. After a few collisiontimes, the heating rate
agrees very wellwith the Langdonheatingrate.
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And finally,we obtainedthe electronfluidequations:

and

~mn,ii) +~. (mn,iiii) =

f
+ m d= c(fe,Q ,

whereP is the electron-pressuretensor,and pLand JLare
the low-frequencycharge and current density, respec-
tively.The secondmomentgives

a

{[

1
Ft 3 ~ + ner)p~’)

–‘n’u* + z 32 1}
(al 3 TrP-

‘%” ~ mnu?i + —27 )
+ P . ii+ n&ii+ Q

where ; is inverse-bremsstrahlungabsorption.We have
neglectedbremsstrahlunglosses.

CODE DEVELOPMENT—THE VENUS CODE
(J. U. Brackbill)

New implicit methods for plasma simulation have
been developedthat significantlyextendthe range of this
important tool. The new methods make it possiblefor
today’scomputersto determinerealisticparametersand
advance the ability to study nonlinearplasma stability
and transport.

Historically,plasma simulationhas provided insight
into nonequilibriumplasma processesand has enhanced
our understanding of energy transport and stability.
However, because of computer limitations and the

inherentpropertiesof standard explicitsimulationmeth-
ods, reduced dimensionaland nonphysicalparameters
havebeen used to compresstimeand spacescales.Thus,
scalingthe simulationresults to realisticparametershas
often been difficult. Sometimes, especially when
nonlinear effects are important, the simulation results
cannot be scaled.In suchcases,simulationswithrealistic
parameters are needed.

Increased computer capacity may eventually allow
such simulationsusing standard methods. Since 1970,
when two-dimensionalelectromagneticcodes were de-
veloped, the capacity of computer memorieshas been
doubled and speed has increased fivefold. However,
because of the ditllculty of multidimensionalproblem
scaling, these improvementsrepresent only a 40’%0in-
crease in problemsize and a 100’%oextensionin problem
time, insufficient for the orders of magnitude that
separate current simulation parameters from realistic
ones.

Understanding how to apply implicit methods to
particle simulations has caused a real breakthrough.
Using implicit methods, we can obtain stable and
accurate solutions for very large time steps; these
solutionsincreaseour abilityto representtimeand space
scales tremendously.

To understand the impact of implicitmethods, con-
sider a typical simulationalgorithmin which algebraic
equations are incremented in time. The plasma is
represented realisticallyby particleswith charge, mass,
position,and velocityexcept that there are fewerparti-
cles. From the particles,charge density and current are
calculated on a computation mesh; from these, self-
consistent electric and magnetic fields are calculated
from Maxwell’s equations; and finally, the particle
equationsof motion in the fieldsare solvedto advance
their positions.The processis repeatedduringeach time
step to generatethe evolutionof the plasma.Becausethe
algorithm is explicit, the time interval over which the
solutioncan be integratedmust resolveall physicaltime
scales.Otherwise,it wouldbe unstable.

What makes implicit methods practical is that al-
though the number of particles is too large to allow
implicitformulation,the number of equationsthat must
be solvedto providestableestimatesof the fieldsis very
much smaller.In the implicit-momentmethodas outlined
by Mason,M the evolution of the charge and current
densityis approximatedby fluid-likemomentequations.
The description is approximate because it does not
includethe higherorder effectslikeheat conductionand
viscositythat the particlesdo give.Nevertheless,over a
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time step that is small compared with the time scale of
interest,self-consistentsolutionsof the momentand fluid
equationsoffer very good estimatesof the fields.In the
implicit-momentmethod,the momentequationsare used
as a computationaldeviceto permitlargetimesteps,and
they are simpleenoughto be difference implicitly.Once
estimatesof the fieldsare obtained, the evolutionof the
plasmasis calculatedby solvingthe particleequationsof
motionin the fields.Duringeach timestep, the moments
are recalculatedfrom the particles,and new estimatesof
the fieldsare generated.

A detailed analysis of the implicit-momentmethod2s
addresses (among other issues) the requirements for
consistencybetweenthe particles and moment descrip-
tions, and the linear and nonlinear stability of the
algorithm. The need for accuracy and the need for
suppressing an aliasing error common to all particle
simulationsimposeconstraintson time and space steps;
the constraintsare summedup in the criterionthat when
the time step is large compared with the plasma fre-
quency,the plasmamust be quasi-neutralon all resolved
space scales.This requirementis not at all restrictivein
practice and allows a tenfold increase in representable
time and space scales.For two-dimensional,time-depen-
dent problems,the implicitmethod is easily 1OOOtimes
faster than comparableexplicitmethods.

By implementingthe implicit-momentmethodfor two-
dimensional,electromagneticplasmasimulation,we have
developeda new code, VENUS. We significantlyshort-
enedthe developmenttimefor VENUS by usingas much
as possibleof an existingcode,WAVE. Someaspectsof
the solution algorithm for the implicit equations are
nonstandard but straightforwardand, so far, reliable.In
its present,but probably not optimum,form, VENUS is
a valuableproductiontool.

Becausethe code can be used to study problemsthat,
up to now, were beyond reach, there is a multitudeof
applications in magnetically confined plasmas, space
plasmas, and laser-irradiated plasmas. Some recent
papers are listedin Refs.20 and 26 to indicatethe scope
of the problemsthat have been tackled.

In a recent simulation,27we examined the later~
transport in a laser-irradiatedplasma. Specifically,we
simulatedthe energy transport inducedby a finitelaser
spot on a foil. As is well known, magnetic fields are
generatedthermoelectricallybecauseof nonparallelden-
sity and temperaturegradients.However,the simulations
showed for the first time that although the magnetic
fieldsinhibit lateral transport in the dense plasma, they
enhance transport in the corona. In fact, electrons

appear to be trapped in large magnetic fields in the
corona, decoupledfrom the dense plasma. In time, the
electron pressure acceleratesions from the surface and
the energyis lost.
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V. DIAGNOSTICS DEVELOPMENT
(J. Carpenter)

The experimentalinvestigationof laser/target interactionsrequiresdiagnostictech-
niques with spatial and temporal resolutionsin the submicrometerand 1- to 100-ps
regime,respectively.This need is beingmet with a vigorousdiagnosticsprogram in x-
ray spectrometry, subnanosecond streak-camera development,charged-particleand
neutron detection, and laser calorimetry.

INTRODUCTION

Continueddevelopmentof visible,x-ray, and charged-
particle diagnosticinstrumentshas extendedour under-
standingof Iaserltargetinteractions.We have obtaineda
high degreeof temporalresolutionin x-ray data through
the use of streak cameras at both our Geminiand Helios
facilities.Two new diagnosticshave been developedat
Helios: one for monitoring 1aser/targetinteraction by
diagnosingthe backscatteredlight,the other for measur-
ing the pulse shape of the Heliosoutput beams by using
high-speed oscilloscopes and digitizing cameras. We
have also added spatial resolution capability to our
MULTIFLEX x-ray systemusingcollimators.

X-RAY DIAGNOSTICS

X-Ray Streak Camera (A. Hauer)

Measuring the time history of x-ray emission from
laser-driventargets is important to the understandingof
target dynamics. The x-ray streak camera, which has

recently been installed on the Helios target chamber,
offers the experimenterboth spatial and temporal x-ray
informationabout laser/target interactions.

Figure V-1 showsthe basic configurationof the x-ray
streak camera as installedat Helios.The LOS from the
target to the center of the photocathodeforms an angle
of -6° with the axisof the streak tube to preventhard x
rays from directlyexcitingthe streak-tubeoutput phos-
phor. The camera incorporates a Hadland-Photonics
Ltd. streak tube with a photocathodethat can be easily
changed to match particular experimentalneeds. To
shield the camera against the very high EMI and x-ray
background in Helios, all control cabling is fiber op-
tically coupled. Ten ditTerentsweep-speedsettings are
availableranging from 0.04 to 0.9 ns/mm. The ultimate
time resolutionof the camera is -20 ps.

Figure V-2 shows typical streaks obtained during
Helios experiments.The three separate portions of the
streaks result from falteringwith 1md of aluminum,no
filtering,and falteringwith 0.5 mil of titanium. In addi-
tion, a l/3-roilberylliumwindowcoveredthe inputto the

FIBER OPTICALLY

-%

A, COUPLEOTRIGGER
FROM OSCILLATOR

SPARK GAP

u Fig. V-1.Basic configurationof Heliosx-ray s&eaksystem.
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Fig. V-2.Typical x-ray streaks from Heliostarget experiments.
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camera. The softest x-ray channel (l/3-roil beryllium)
should be dominated by radiation between 1.0 and
1.5keV(takinginto accountthe photocathoderesponse).
The targetswereGMBscoatedwithdifTerentthicknesses
of gold.

An x-ray mirror collectionsystem for use with the
streak camera has also been developed(Fig.V-3). The
collection system increases the sensitivityof the x-ray
streak system, and its mirror eliminateshigh-energyx-
ray background signals. In some applications,such as
time-resolvedspectroscopy, increased sensitivityis im-
portant becausethe camera is far away from the target.
Figure V-4 shows the band pass of the mirror, in
conjunction with various filters. A rather sharp band
pass can be achieved.

CYLINDRICAL
GRAZING-INCIDENCE
COLLECTIONMIRROR

*)

/
X-RAYCOLLECTION

b
SYSTEMALIGNEOWITH

X-RAYMIRROR FIBEROPTICALLY
u COUPLECITARGET

Fig. V-3.X-ray-streak mirror collectionsystemusedon Geminilaser.

0.5 1,0 I 2.0 2.5 3.0 3.5 4.0
X-RAY PHOTONENERGY(keV)

Fig. VA. Spectral band pass of mirror collectionsystem(with 10-~m
aluminumfoil fdtration).Nickelmirror has 1.5° grazing angle.

MULTIFLEX (R. H. Day)

MULTIFLEX is a seven-channelx-ray detector de-
signed to measure the timedependent low-energyx-ray
spectra from target shots at Helios. It incorporates
discrete XRDS that view the x-ray sources through
different filters to provide energy discrimination.The
system usually covers the energy region from 20 eV to
2 keVwith a resolvingpower,E/AE, of 2 to 9 and a time
resolution of -300 ps. The system has been highly
automated,carefullycharacterized,and is used on most
target shots to providebench mark data.

In 1981, we developed an interface between the
MULTIFLEX data-acquisition system, system status,
and data base and the data-acquisitioncomputer. A
series of programs has been written to store all the
system parameters on a shot-by-shot basis, generate
system response functions, and compute x-ray spectral
output in real time. In additionthis year, we developeda
collimator system that restricts the detector’s field of
view to a 400-gm-diam footprint on the target. This
system required the installationof a precision,remotely
operablepositioningassemblyto adjust the collimator’s
location near the target and unique optical alignment
systemto ensureproper collimatorplacement.

Development of a Collimated Sofl X-Ray LOS for
MULTIFLEX (P. D. Goldstone)

W!lenmeasuringthe x-ray emissionfrom Iaserdriven
targets with nonimaging detector systems, such as
filteredXRDS, we must accurately definethe area and
positionof the emittingsource to determinethe emitted
flux for comparisonwith modelcalculations.For exam-
ple, it is important to separate the emission from the
high-density material from that of the corona. On
microballoonsor flat targets, a crude differentiationcan
be made by examiningtime-integratedphotographs of
the x-ray emission.

However,to definethe source area for x-ray measure-
ments accurately,we have developeda LOS collimator
for the MULTIFLEX soft x-ray spectrometersystem.
The collimatedMULTIFLEX system providesus now
with simultaneoustemporal resolution and spatial dis-
criminationin x-ray flux measurements.The collimator
(Fig.V-5) consistsof a pair of O.01-mm-thicktantalum
plates, each with seven pinholes.For mechanical sup-
port, these plates are sandwichedbetween l-mm-thick
beryllium/copper and tantalum disks, with large
clearanceholes at the pinholelocations.The first set of
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apertures limits the field of view of each of the seven
MULTIFLEX diodes to a 400-~m-diam spot at the
target.The pinholesare positionedso that the seven400-
~m-diamfootprintsviewedby the detectors overlap(to
an accuracy of +25 ~m) at the target surface, ensuring
that the differentdetectors sample the emissionfrom a
common 400-pm-diamsource area. The second set of
apertures ensures that no detector can see the target
through any of the other primary pinholes.

Table V-I lists the aperture sizes and distancesfrom
the target. Diametersof the base circleson whichsix of
the seven detectors and pinholeslie are also given.The
seventh detector (and pinhole) is at the center of the
hexagonalpattern of the outer LOSS.FigureV-6 shows
some of the ray paths for one of the LOSS.To ensure
that the footprintsviewedby the detectorsare positioned
within +25 ~m, we use an optical alignmentschemein
which the pinholesare placed along a line,definedby a
precisionalignmenttelescope,betweenthe center of the
target and the center of the detector.The opticalsystem
has a resolutionof -5 ~m. To align the collimator,we
retract the primary and cleanupaperture platesfrom the
‘field of view of the telescopeand the central LOS is
established.The collimatorplatesare then reinsertedinto
quasi-kinematic mounts (repositioning accuracy,
<25 Urn) and independently positioned to the LOS.

When the distanceof each apertureplate fromthe target
is adjusted,each LOS is checkedoptically.

We have used the collimatedMULTIFLEX systemin
several recent experiments. No significant alignment
errors have been detected, and on shots in which the
primary apertures were misaligned by -500 pm, no
detectablebackgroundsignalwas observed.

APACHE (R. H. Day)

Measurementof the hard x-ray spectrumproducedby
laser-irradiated targets is critical in the evaluation of
laser fusion target scaling. Fuel preheating from
energeticelectronscreated in the laser absorptionregion
can severely limit pellet compression and yield. The
magnitudeof preheatingdependson the number of hot

SOURCE
[400pm)

OETECTOR
[9.5-mmdlam)

TABLE V-L Collimator Aperture Design for 400-I.un
Footprint

Distance Base
from Aperture Circle

Source Diam Diam
(cm) (~m) (mm)

Primary Apertures 5 156 3.562
Cleanup Apertures 10 552 7.126
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electrons, on energy distribution,and on energy trans-
port. An important diagnosticof hot-electrondistribu-
tion is the bremsstrahlung spectrum generated in the
target. This spectrum can be quite hard, with
temperatures defined by the slope of the spectrum
rangingup to severaihundredkeV.

APACHE is a 10-channelx-ray detector designedto
measuretime-integratedhigh-energyx-ray emissionfrom
target shots at Helios.The detectorincorporatesphoto-
diode-fluor combinations,which view the x-ray source
through different filters to provide coarse energy dis-
crimination. The detectors are highly collimated and
shieldedso that onlyhigh-energyx-rayemissionfromthe
target is measured.The systemcoversthe energy range
from 50 keV to 2 MeV with resolvingpower of a few
keV and time resolutionof -3 ns. The data are fit to a
single temperature exponentialto provide bench mark
data on nearly all target shots. Data acquisition and
reduction can be performed routinely, and system re-
liabilityhas been verified.

CHEROKEE (R. H. Day)

High-energyx-ray measurementsat Helioshave been
performed with the APACHE filtereddetector system.
Because of the very low resolvingpower of this instru-
ment, we have not measuredthe detailedx-ray spectrum
but have onlycomparedthe outputsof the detectorswith
those expectedfrom an exponentialspectrumand found
they are consistent.

CHEROKEE is an attempt to measure the time-
integrated high-energyx-ray spectrum directly.A spec-
trometer that uses LiF crystals in the Laue modedetects
the x rays; then the spectrum is recorded on fdm. The
crystals cover the energy range from 50 to 400 keV;
prefilterscalibratethe energyof the systemand suppress
low-energyx-ray background.Thus shieldingis
providedto suppressthe directbeam,and the slits
at the spatial focus suppressscattered radiation, A

CYCLOPS (R. H. Day)

The CYCLOPS fast hard x-ray channel has been
installedin Helios for preliminarymeasurementsof the
target suprathermalx-ray signal.CYCLOPSrespondsto
x rays of hv > 150keV with a timeresponseof-400 ps
FWHM.

The timing of the target x-ray signal relative to the
laser pulseindicatesthe onset of plasmainstabilitiesthat
may trigger hot-electronproduction.The interactionof
hot electrons with high-Z material is significantlyde-
layed, possibly by vacuum insulation,and might also
delay the hard x-ray signal.CYCLOPS is a first attempt
at observing such effects; it incorporates a scintillator
viewedby a fast opticaldetectorthat is coupledto a fast
oscilloscope. The NE111 scintillator, quenched with
3-benzophenone,has an impulse response of 240 ps
FWHM. The scintillatoris opticallycoupled to an ITT
S-20 4014 photodiode in a matched housing. This
detector has a measured time response of 120ps
FWHM. The detector has a separate high-voltagelead,
so that the photocathodecan be connecteddirectlyto the
oscilloscopeby cable.

Grazing-IncidenceSpectrograph(P. Lee)

A preliminarystudy of the softx-ray emissionspectra
from COZlaser-producedplasmahas beencarriedout on
Helios with a spatially resolved, time-integrated, l-m
grazing-incidencegrating spectrograph (Fig. V-7), A
Bausch & Lomb, Inc. 576-lines/mm l-m grating was
used for the experiment.The instrumenthad a nominal
resolvingpower, A/Al.,of 500. A 100-~m-widehorizon-
tal imagingslit providedspatial resolution.The magnifi-
cation of the instrumentvariedfrom 2 at 300 eVto -3 at
15eV.

yieldinga very low backgroundenvironmentfor
the recording fdm. The system has a resolving . -
power,E/AE, of -10 and is time integrated. ~

The systemhas beeninterfacedwith the Helios
\ v

target chamber, and crystal, as wellas recording
film, has been characterized. CHEROKEE has
been usedon a fewtarget shots and corroborates
the APACHE results.

A IMAGINGSLIT D. GRATING

B COLLECTINGOPTIC E. FILMPLANE

C. INSTRUMENTSLIT F. FILM TRANSPORT SYSTEM

Fig. V-7. Grazing-incidencegrating spectrograph.
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Fig.V-8. X-ray spectrographsfor various targets. For both traces, the laser beams were focusedon the upper and lower
surfaces of the targets.

Typical spectrographs are shown in Fig. V-8. An of a GMB obtainedfrom fiveshots of a Nd:glasslaser
x-ray emissionspectrumfrom a 300-vm-diamGMB is with a total accumulativeenergyof -25 J. Somepromi-
shown in the top trace. The emissionregionis relatively nent lineshave beenidentified.
uniformspatially,with the linespectra clearlyvisiblefar For higherZ targets likenickel, the emissionspectra
from the GMB surface.The total laser energyon target are relatively free of lines (Fig.V-10). LineA of
was 4.2 kJ. The lowertrace is the emissionspectrumof a Fig. V-10 is the microdensitometertrace through the
500-~mdiam copper/berylliumsphere with four beams center of a nickel Solacelwith a nominal diameter of
each focused on the upper and lower surfaces of 300 vm. FigureV-10, LineB shows a similar scan,
the target. Total laser energy on target was 4.5 kJ. displaced300 Urnfrom the target center.As in Fig. V-9,
Clearlydiscernibleare the hot spotscorrespondingto the LineC, a tive-shot nickel Solacel spectrum from a
laser-irradiated regions and a cool region along the Nd:glasslaser with a total accumulativeenergyof -20 J
equatorial plane of the target. Note the distinct lack of is shown in Fig.V-10, LineC. Lack of informationon
line emission, characteristic of high-Z targets at high nickel emission spectra’ made line identificationex-
irradiances. tremely difticult.Detailed model calculationssimilarto

Figure V-9, Line A shows a microdensitometerscan those of Duston and Daviszfor aluminummust be made
through the center of the GMB spectrographdiscussed to understandthe nickeldata.
above. FigureV-9, LineB shows a similar scan, dis- As an exampleof high-Z spectra, Fig. V-11,LinesA
placed 300 ~m from the target center. For comparison, and B show the x-ray spectra from gold-coatedGMBs.
in Fig.V-9, Line C, we show a microdensitometerscan FigureV-11, Line A reflects a 3-pm gold coating,

Fw.V-9. Microdensitometerscans
of GMB targets: (a) throughthe
center, and (b) 300P fromthe
center of a 4.2-kJ laser shot; (c)
low-energyresult at -25 J.
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Fig. V-10. Microdensitometer
scans of nickel Solacel targets:
(a) through the center and (b)
300~m from the center of a 5.2-
kJ laser shot; (c) low-energyre-
sult at -20 J.

Fig. V-[ 1. Microdensitometer
scans of gold-coatedGMBs: (a) 3-
ym-thickgoldcoating, (b) O.l-ym-
thick gold coating of a 300-ym
GMB plus 5-y-m-thick CH, and

-! (c) iow-energygold foil result at
-20 J.Laser energyin (a) and (b)
was -5 kJ.

whereas Fig. V-II, LineB reflects a O.I-vm-thick gold K. Crystal Spectrograph(K. MitcheLl)
coatingof a 300-W-diam GMB target coated with5 w
CH. For comparison,Fig.V-11, LineC showsthe x-ray We have developedconcave-crystalfocusingspectro-
spectra of 500- by 500-pmgold foilsobtained from five graphs to improve the detectability of K. x-ray line
shots of a Nd:glass laser with a total energy of -20 J. radiation.The integratedreflectivityfrom a flat crystal is
Largeemissionspectra havebeen observednear the gold limited by the rocking curve or useful solid angle
NIVNVIedge.3 accepted by the crystal for monochromatic radiation.
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This solidanglecan be greatly increasedby makingthe
Bragg angle the same for all points across the crystal.
This condition impliesa concave focusingcrystal. For
best efficiencyand resolution,the crystal is bent to a
radius twice that of a Rowland circle radius, and the
surface is ground to a radius that conforms to the
Rowland circle radius. The spectrograph employinga
bent LiF crystal shown in Fig.V-12 is designedspecifi-
cally to measure the nickelK&radiation at 7.48 keV.In
addition,we have designedand fabricatedinstrumentsto
measure the K. radiation of copper and titanium. For
limitedspectralcoverage,theseinstrumentsprovidetwo-
dimensionalspatial resolutionof the source.

The integrated reflectivityof the copper and nickel
instruments was measured by using a Henke x-ray
source with a copper and a nickel anode, respectively.
Measurementsfor the copper instrumentwere4.4 x 10-2
and for the nickel instrument,4.0 x 10–2.Their values
correspond to a gain of -200 in reflectivityover a flat
LiF crystal (Rs 2 x 10-4).A spectralresolutionWAI of
-500 was measuredfrom the separationof the Kal and
Kaz lines of nickelfor an equivalentsource size of less
than 0.4 mrad.

Copper and nickelKmline measurementswere made
during two Heliosexperimentswith these instrumentsas
main diagnostics. These instruments performed well,
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with less background fog exposure than previously
recorded on spectrographs. The major limitation in
radiometricx-ray calibrationis the use of photographic
fdm as a recording medium. We hope to improve the
data-reductionand analysisproceduresand eventuallyto
replace the filmwith an activereadout system.

X-Ray PinholeCameras (D. Van Hulsteyn)

For the past severalyears,x-ray pinholecamerashave
been used at Gemini and Helios to permit the ex-
perimenter to view the laser/target interaction in x-ray
Light.When differentfilters are placed in front of these
cameras, we obtain time-integratedspectral and spatia[
information.

A second retractable x-ray pinholecamera was in-
stalled in the Helios target chamber this year. These
cameras provide views of the laser/target interaction
from points almostdirectlyabove and belowthe target.

Both cameras have their own vacuum airlock
mechanisms,which operate independentlyof the target-
chamber vacuum-pumpingsystem; therefore, they can
be removedand installedon a shot-by-shotbasis. Data
are thus availablewithinminutesafterthe laser has been
tired; no longer is it necessary to break the vacuum.
When film cassettes were employed, the x-ray back-
ground often darkened or damaged the fdm, making
analysisof an entireday’sdata difficultor impossible.

Both cameras are equipped with pinholesnouts that
contain lead collimatingplugs. These plugs have been
invaluable in protecting the pinholes and affording a
place for protectiveshielding.As a result,destructionof
apertures has been minimal. More importantly, the
pinholesare examinedwhilethe fdm is beingprocessed.
Damaged apertures are replaced,and the pinholesizeis
thus known preciselyfor each shot. This knowledgeis
crucial for data reductionof the images.

Another advantageof the cameras is the possibilityof
selecting the aperture size most compatible with the
target. The choice depends on a tradeoff between
intensity and resolution. For example, a 300-~mdiam
targe~ requiring30-~m accuracy, may be irradiated in
one shot, followedby a 2000-~mtarget, requiringonly
100-~mresolution.Pinholesmaybe preselectedfor both
to optimize the data. Furthermore, multiple-aperture
arrays may be used; each aperture is falteredto pass
certain x-ray energybands.

ln the retractable cameras, disks of fdm are used,
allowingthe installationeitherof very stifffilm,such as



medical no-screen, or of sensitive fdm, such as 101-01.

Because neither of these fdms could be used in the
transporting cassettes, the data availablewere limited.
The standard fdm pack now used in a Heliostarget shot
is a pieceof Kodak 2497 backed by a diskof no-screen.
The energyresponsesof these two fdmsto x rays are in
the 1- to 10-keVand 1-to 100-keVranges, respectively.
Thus, the films provide difTerentpieces of information
from the target, a feature very usefulin data evaluation.

One possibledrawback of the cameras is the fact that
they are installedsemipermanently.The guidetubes can
sit only in prescribedpositionsand can be relocatedonly
with a fullday’s effort.However,once they are aligned,
the guidetubes do not have to be realigned.Images are,
therefore,alwayscenteredand always properlyoriented
for correct reading. Furthermore, the magnificationis
four and is invariant.

PARTICLE DIAGNOSTICS

Thomson Mass Spectrometer (F. Begay)

The Thomsonparabola4methodof mass spectroscopy
is used to investigateion production in laser-produced
plasmas. FigureV-13 shows the general features of the
Thomson instrument. The analyzer consists of an
aperture and soft iron electrodes that serve as elec-
trostatic deflectors and as pole pieces to produce a
magnetic field. Homogeneousparallel electrostaticand
magneticfields are applied orthogonallyto a stream of
charged particlesdelimitedby the aperture. Particlesare
deflectedin the directionof the electricfieldin proportion
to their charge-to-energyratio Z/E and at right anglesto
the magneticfield in proportion to their momentum-to-
charge ratio P/Z.

If we assume that the electrostatic field E and the
magneticfieldB are alongthe z-axis,then the deflection
of the ions in the (y,z)plane can be expressedas

ZeB2
‘2= EAmP(c2) ()

,!? ~+L Z.
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In this expression,Z is the ion charge number, A is the
ion mass number, mP is the proton mass, e is the
electroniccharge, and c is the velocityof lightin vacuo.
Ion motion is alongthe x-axis.Thus for a constantvalue
of Ze/AmP,ions of all velocitieslie on this parabola.

The ion velocitydistribution,dN/du, can be expressed
as

‘=- A%@2) G== 3
dN dN w ZeB~(~/2+ L)
du dA

(v-2)

wheredN/dA are the tracks per unit area, w is the width
of the parabolic trace, and u is the ion velocity.Thus,
dN/du is expressed in terms of experimentally de-
terminedquantities.

Furthermore, for isothermal plasma expansions,we
find that

(v-3)

wherec~is the ion sound speed.
Using CR-39 films as a detector, we have recorded

protons with kinetic energiesbetween 100 keV and 8
MeV at Helios. This film provides excellent contrast
betweenacceptabletracks and noisetracks.

The detector fdm is chemicallyetched in a NaOH
solution (6.25N) at 333 K (60°C). The recorded ions
then appear as small tracks on the surface of the fidm
(track diameter,-5-10 ~m).

From Eq. (V-2) we see that we need to measure
dN/dA, w, and u from the etched CR-39 plates to
compute the ion velocitydistribution.To automate the
measurementof these parameters, we have designedan
electro-opticalsystem that allows us to measure these
parameters at the rate of one ion coordinateper 30 to
40s.

We have developeda modiiiedBausch & Lomb, Inc.
Omnicon Alpha Image AnalysisSystemfor data reduc-
tion; in this system a word processor transfers digitized
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data on track size,track number,and track locationto a
floppy disk. Software in the PDP-I 1/70 computer
processesthe data on the floppydisk and generatesthe
followinginformation:

● ion velocity,energy,and densitydistribution;
● total ionenergycontentin each energydistribution;
● electrontemperature;and
● initialion densitycomputedat a time approaching

the laser pulsewidth at FWHM.
We have used the Thomson spectrometer to study

isothermalplasmas as a functionof targetgeometryand
hydrogencontent. Data have also been correlated with
time-resolvedFaraday cup ion-currentmeasurementsin
an attempt to determine the energy in the fast-ion
distribution. We have also developed a model that
describes the dynamics of multi-ion species in an
isothermal,collisionlessexpandingplasma.c

Ion Calorimetry(J. Kephart, W. Ehler)

Energybalancemeasurementsare of great importance
to the study of laser/target interactions.Previouslywe
have used Ulbricht (integrating)sphere techniques to
measure the 10.6-~m light scattered from irradiated
targets; the differencebetweenthe incidentlight and the
scattered lighbof course,representsthe energy absorbed
by the target. This methodhas producedgood results at
low energies. We have also used Faraday cups to
measure the total energy carried off in fast ions and in
expandingplasma. This method has required a knowl-
edgeof the ion speciesinvolvedand of the productionof
secondaryelectronsat the detector.The resultsobtained
with Faraday cups have been ditlicultto interpret.

Therefore, to make more accurate measurementsof
the absorption and energy balance, we have developed
ion-sensitivecalorimeters for absolute measurementof
the total energy carried off in the plasma expansion.
Gold-coated sintered BeO offers several advantages as
the absorbingelementfor ion calorimetryin the presence
of intense COZ radiation. The gold surface of the
absorbingelementhas a reflectivityof z98Y0 for 10.6-
Lm light. Because typiczdvalues for the absorption of
laser light at the target are higher than 20V0(with the
energy absorbed in the target consistingprincipallyof
expandingplasma,energeticions, and x rays), laser light
willaccount for lessthan 109’oof the energydepositedin
the calorimeter.Thin nickel (or other) foils interposed
betweenthe target and the calorimeterabsorb the soft x
rays, the expandingplasma, and the 10.6-~mlightwhile
passingthe energeticions.

Using sintered BeO as a substrate for the thin gold
layer offersseveraladvantages.It is an excellentthermal
conductor and electrical insulator, and allows the ap-
plicationof solder pads for the 32 chromel-constantan
thermocouples.Thus calibrationresistorscan be sintered
directly onto the BeO substrate to allow electrical
heating with known energy. The 0.25-mm-thickBeO
substrate provides total absorption for protons with
energiesup to 5 MeV and for carbon ions with energies
up to more than 100MeV.

The calorimeters, with an area of 10 cmz, have a
sensitivity of -2 mV/J absorbed, enough to provide
output signalsranging from a few microvoltsto several
hundredmicrovolts.An array of 7 calorimetershas been
used in the Gemini target chamber with good results; a
system of 20 calorimetersis being installedin Helios.
The outputs from these calorimeterswill be amplified
and digitizedfor transmissionto the data system.

Electron-Imaging Magnetic Lens Monochromator

(J. S. Ladish)

Althoughit is generallyacceptedthat the hot electrons
generatedin the laser/plasmainteractionplay the domi-
nant role in the initialstages of energy transport within
the target, the details of this transport and the initial
energy and spatialdistributionof theseelectronsare not
well known. An instrumentthat could directlymeasure
these electronparameters would yield informationcriti-
cal to the designof targetsproposedfor inertialfusionby
laser drivers.

To developsuch an instrument,we haveconstructeda
thin-lens magnetic electron spectrometer capable of
imagingan electron spatial source distributionof selec-
table energy onto a predeterminedimage plane. This
instrumenthas beenthoroughlyevaluatedand calibrated
in the laboratory,and its performancehas been carefuUy
checkedagainst the results predictedby a 2D trajectory
ray-trace code, which uses a fieldmesh generatedfrom
an actual 2D magnetic field map of the lens. Within
experimental errors associated with the laboratory
measurements, the experimental results are in good
agreementwith the ray-trace predictions.

The instrument has been used for the first time on
Gemini in a one-beam experiment.FigureV-14 shows
the instrument, with the annular region of acceptance
clearly visible. FigureV-15 shows a series of images
obtainedwith the instrumentin its first use. The results
must be regarded as preliminary, with interpretation
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(a)

(b)

Fig. V-14. Composite photograph of electron-imagingmonochromator: (a) front view of mono-
chromator showingannular beam aperture, (b) side view.
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Fig. V-15.Electronimagedata recordedon photographicfdm.The annular imageis due to x rays. Brightspots aroundthe
filmedge are probablycaused by lightleaks in the filmholderassembly.

awaiting more careful cross-correlation with other shielded room with its associated beam trains was
spatiallyresolvingdiagnostics. constructed to collect and analyze direct backscattered

lightfrom two of the eightHeliosbeamlines.The infrared

INFRARED DIAGNOSTICS diagnostics include energy content of the backscatter
(fundamentaland low harmonics), temporally resolved

BackscatterInfrared Measurements(D. Casperson) backscatter using fast pyroelectric detectors and fast
oscilloscopes, and spectrally resolved time-integrated

We installeda new screen room diagnosticfacilityin measurements.These optical diagnosticsare useful in
the main laser hall of Helios. This x-ray- and EMI- identifyingthe laser/plasma interactionsthat take place
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at the target and thereforein providinga measureof how
laser lightcouplesto the target.

The two-segment, strontium/barium/niobate, fast
pyroelectric detectors used with the Model-1776 fast
oscilloscopesmeasure timedependent backscatter with
an overall resolution of -170 ps. A sensitivity of
-3 V/MW in these detectorsenablesus to observeboth
the 10.6-~m fundamental backscatter and the target-
generated second harmonic at 5.3 ~m. Harmonic
measurements are obtained with infrared band-pass
filtersthat usuallyhave bandwidthsof 5Y0of the central
wavelength. The fiiters we use in the backscatter
diagnosticfacilityincludethosefor the 2nd,3rd,4th, 5th,
and 3/2 harmonic of 10.6-~mlight. We also use an
assortment of long-wave-passfilters to observe light at
wavelengthsexceeding10.6pm, generated,for example,
by stimulatedRaman scatteringin underdenseplasmas.

The recent developmentof uncooled high-resolution
pyroelectric array detectors has made it possible to
obtain infrared spectra relativelyeasily. A 128-element
detectorwith 100-pmspacingbetweenelements,*placed
at the film plane of a 0.75-m Czerny-Turner spec-
trometer, is in use on one of the two Heliosbackscatter
channels. The overall resolution is -20 A at 10~m,
whichallowseasy observationof the multilinecontentof
the Helioslaser system.(Successiverotationallinesin the
P-branch of the 10.6-~m band are separated by
~200 ~.) This resolutionalso allowsobservationof the
time-integratedspectral shiftsarisingfrom motionof the
target critical surface. The backscattered 10.6-~mspec-
tra have provided the only measure of critical surface
velocityon Heliostargets.

Laser Beam Diagnostics (R. L. Carlson)

The laser beam diagnostics of Helios have been
extensivelymodif3edand expanded.We have improved
the forward beam-diagnosticsarea mechanically and
optically.We have a new screen room adjacent to the
control room for consolidatinglaser beam, multiplex,
and other multigigahertztarget diagnostics.

A reviewof the mechanicaland opticalintegrityof the
forward beam-diagnosticsarea led to several improve-
ments.

. Three mirrors were eliminatedin each diagnostic
beam path.

*Manufactured by Spiricon, Inc., 2600 North Main, Logan,
UT 84321.

●

●

●

A

A systemwas providedfor the simultaneousalign-
ment of the diagnosticand amplifierbeam paths.
The mechanicalstabilityof the opticalsystemwas
improved by eliminatingoff-axisand cantilevered
optical supports.
Four modularprealignedand calibrateddiagnostic
modules were installed. Each diagnostic module
consistsof two pyroelectricdetectors,two photon-
drag detectors,and variousopticalelements.
prepulse energy from each of the eight beams

arranged in pairs from each diagnostics module is
opticallysummedonto a helium-cooledGe:Hg detector;
this detector senses any energy arriving on target and
detectsa minimumof 10W. Its dynamicrange is limited
only by the bulk damage threshold of the germanium
element itself. The detector also times the fast os-
cilloscopes and other instrumentation by using low-
energypulsesfrom the front-endsystem.

Two of the eightbeams are sampledwith pyroelectric
detectors (1 by 1mm; risetime, <30 PS) that drive 5-
GHz oscilloscopesbuilt by Los Alamos. Eight photon-
drag detectors (4 by 4 mm; risetime, s250 PS), each
monitoring one beam, are sampled by high-speed
digitizersto providea check on any postpulseenergy.

A two-segmentpyroelectricdetector (3 by 3 mm) has
been built at Los Alamos and provides a linear pulse
output of 6 V into 50 !2. It has a sensitivityof 4 V/MW
and a time-domain reflectometerfalltime of less than
80 PS.After suitabletesting,thisdetectorwillbe installed
in the beam-diagnosticmodules to providepulse-shape
data and will eliminatealignmentproblems associated
with the present 1-by l-mm detector. Its higheroutput
will also improvethe signal-to-noiseratio of the record-
ing system.

To monitor the energyof each of the eightbeams, we
havebuilt and installedmodifiedpyroelectricjoulemeters
(Gen-Tee, Inc. ED-500) containingamplitier/line-driver
circuits.Althougheachjoulemeteriscalibratedto 15V/J
*5v0 against a tertiary standard traceable to the Na-
tional Bureau of Standards (NBS) and is directlyinter-
changeable, the scale factors between the energy de-
liveredto the target and that sampledby these detectors
will be determined by calibration against full-power
calorimeters.

A newfull-power(40.6-cmdiam) calorimeterhas been
fabricated and awaits further testing. Calorimeter
calibration will be traceable to the NBS. Specifications
should allow absolute calibrations of beam-energy
diagnosticsto within~ 10VO.The calorimeteruses several
roils of Kapton (a plastic volume-energy absorber)
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laminated to a copper sheet connected to an array of
thermocouples.The calorimeteris dividedinto a 3 by 3
matrix, which not only provides a measure of total
energy but also a measure of its uniformity. This
calorimeter mounts directly onto the parabola in the
Helios target chamber. A second type of total-energy-
absorbing box calorimeteris being designedand fabri-
cated to measurethe fullbeamenergyat the focusof any
beam of the Heliossystem.This calorimeterwillenable
us to ca[ibrate the energy monitors of the beam-
diagnosticsarea to much better than + 10%,referenced
to NBS calibration,and will allow operationalverifica-
tion for similarunitsbeingdesignedfor Antares.

Diagnostic Acquisition Systems

(R. C. Smith, P. B. Lyons, R. L. Carlson)

Two 4-GHz data-recordingchannelswere installedas
demonstrationprojects.This system allowshigh-resolu-
tion temporal-historydiagnostics in a remote location
that offershighradiation immunity.Located adjacentto
the Helios control room, this system will gather effec-
tively al[ relevant forward-beamdiagnostic,retropulse-
diagnostic,and target data. The system has demonstra-
ted that a 3-GHz bandwidth can be maintained over
38 m of equalizedfoamflexcable with an amplifierand
can be displayed on a Model-1776oscilloscope.Fre-
quencyand pulsecharacteristicsare shownin Figs.V-16
and V-17.One demonstrationchannelwas fed by a fast
pyroelectric detector for beam pulse-shape data; the
other is yet to be tested with an XRD detector. Two
1776 oscilloscopeswere modified,equalizerswere de-
signed, and a 20-db gain, 5-GHz amplifierwas tested.
Although system response to a 3-GHz bandwidthhas
been demonstrated,we intend to digitizethe trace data
on lineand to unfoldthe data to a 4-GHz bandwidthby
a dedicated Nova computer system. A laboratory
prototypeof the digitizingcamera and softwarehas been
tested successfully.

Because the initialmultigigahertzdemonstrationsys-
tem was successful,we installeda gigahertzscreenroom
and associated racks in Helios late in 1981.This new
diagnosticsarea willeventuallyaccommodate 14 chan-
nelsof multigigahertzdata: 4 laser pulse-shapechannels,
7 XRD charnels associatedwith MULTIFLEX, and 3
channelsnotyet specitied.The area willalsocontaindry-
run, timing, and control systems, and other equipment
associated with laser beam diagnostics. These
diagnosticswillprovidecommontiminginformationfor
the drivinglaser pulsesand the target-induceddata on a
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Fig. V-16. Measured system frequencyresponse (curve A) for the
Helios beamdiagnostic channel, whichconsists of 38 m of 1.27cm
coaxial cable, an amplfter, a 1776oscilloscope,and a scope trace
digitizer. Calculated equalizer response (B) and anticipated system
response(C) are also shown.
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Fig.V-17. System response of the Helios beam-diagnosticchannel.
Dashed line shows the measured step responsefor the final system.
The solid line shows the frequency response derived from the step
response.

time scale of less than 50 ps, satisfy the needs of
experimenters, centralize operations, and consolidate
maintenance.Finally, the multigigahertzdemonstration
system will serve as the test-bed for diagnosticsto be
installedin Antares.
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VI. LASER FUSION TARGET FABRICATION
(R. J. Fries)

The target fabricationeffortsuppliestargets for ICF compression,heating,and basic
physics experimentsand developsadvanced materials and fabrication techniquesfor
future targets. Because the ongoingexperimentsare so diverse, these targets range in
complexityfrom simplemetalor plastic-coatedGMBs or plasticfilmsto very complex
multilayeredcomponent structures. The fabricationof new targets requires extensive
theoretical investigation to develop the necessary materials and the methods to
characterize and measureeach target. After these investigationshave been completed,
the target is fabricatedand preciselyalignedin a target-insertionmechanismfor correct
laser focus spot in the laser target chamber.

INTRODUCTION

In 1981,our target fabricationand assemblysection
delivered 1935 targets; most were irradiated in our
Gemini and Helios COQlaser systems. Because of the
large number of target requests, two-thirds of our
personnelare assignedto target production.

During 1981 we discontinuedour cryogenic target
developmenteffort. Calculations had shown that the
yield of targets containingthermonuclearfuel could be
increased substantiallyat high laser energiesif the fuel
was frozen as a solid layer of DT ice onto the inside
surface of the innermost pusher shell. However, we
stoppedour effortsin this area whenwe determinedthat
cryogenic targets designedfor our laser systems up to
and includingthe 40-kJ energy level of Antares would
provideonly smallgains for cryogenic(VShigh-pressure
gaseous)fuel.

We are continuingdevelopmentalwork in metal and
plastic coating techniques,target characterization, and
target assembly techniques,because specificationsfor
current and advancedtarget designsapproach or exceed
state-of-the-art techniques. We require target micro-
balloonsand coatings(metal and/or plastic)of uniform
thickness (s I’?40variation),surface smoothness(s0. IYo
deviation), and almost perfect sphericity (sl?/o varia-
tion).

We are trying to deposita widevarietyof metalsonto
many types of substrates,includingGMBs,SolaceIs,and
other metal or plastic microspheres,as wellas all types
of planar substrates. Techniques now in use include
electro-electrolessplating, chemical vapor deposition
(CVD), physical vapor deposition(PVD), and sputter
deposition. These deposition techniques allow us to
deposita widerange of thin metalcoatings(<1 Urn)with
surfacesmoothnessesvery near the requirementand with

adequate thickness uniformity. However, although we
have depositedvarious metals in thicknessesexceeding
1 pm, surface smoothness of these coatings has been
completelyinadequate.Therefore, improvementof sur-
face finishes on thick coatings is one of our prime
objectives.

Because of recent requests for low-density metal
layers,we have developedand can deposit“gold black”
at a density no greater than 1?40 that of bulk gold in
thicknesses up to 300 ym on planar and spherical
substrates.

Using plastic coatings as absorber/ablators in ad-
vanced targets required new deposition techniques to
meet coating specifications,These includelow-pressure-
plasma polymerization (LPP), vapor-phase pyrolysis
(VPP), and sorption/diffusion(S/D). Using these tech-
niqueswe have been able to producehydrocarboncoat-
ings on a wide variety of substrates, ammonia-borane
coatings, perfluorocarbon coatings, very thick plastic
coatings (600 ~m), smooth transparent coatings, or-
ganometalliccoatings,and graded densitycoatings.We
can alsoproducehigh-quality,low-density,plasticfoams
of small cell size for use as cushionsbetween shellsin
advanced targets. One type, a machinablefoam, has a
density of 0.05 g/cm3 and a 20-~m ceUsize. We have
also produced moldable foams with a density of 0.05
~cm3 and 2-pm cellsize.

Because of rigid specifications,we must completely
characterizeeach target to understand its performance.
We are measuringand documentingalltargetswe de[iver
and are developing new, automated, high-resolution
methods of characterizing target parts. We can now
adequately characterize sphericity and wall-thickness
uniformity,but we are stilldevelopingour techniquesto
characterize surface roughness.We are extendingpres-
ent capabilitiesin several measurementareas such as
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electron microscopy,x-ray microradiography,and op-
tical-transmissionand optical-reflectioninterferometry.

Becauseof our flexibleassemblytechniquesand large
inventory of materials, we have been able to respond
rapidlyto changesin target designsand specifications.In
micromanipulationand precision micromachining,our
techniques advanced the state of the art. We can
fabricate metal and plastic hemisphereswith a surface
roughness of <0.025 ~m and maintain sphericityto 1
~m. Newlydevelopedtechniqueshavealso enabledus to
fabricatefree-standinggold and tungstenshellswithwall
thicknessesof-1 um.

TARGET FABRICATION AND ASSEMBLY
(S. Winn)

Introduction

Our primary assignmentin target fabrication is the
assembly,delivery,and postshot analysis of targets for
Gemini and Helios. In addition,we must be capable of
responding to changes in target design and speciilca-
tions. This assignment also includes the mounting of
targets onto a widevariety of mountingfixturesand the
precision alignment of the targets on target-insertion

mechanisms.The latestdevelopmentsin micromachining
and preparationof thin-walledmetal shellsare discussed
below.

PrecisionMicromachiningof Laser Fusion Parts
(J. Feuerherd,R. LaGasse)

High-performanceICF targets fabricatedfrom metal
and plastichemispheresrequiresurfacefinishesof 0.025
~m and sphericityto within 1~m. Becausecommercially
availablelathes either were too expensiveor could not
meet the sphericitytolerancesand surface-finishrequire-
ments, we have designed and built from commercially
availablecomponentsan air/vacuum-bearinglathe (Fig.
VI-1) that meetsthese requirements.

This new design incorporates many state-of-the-art
precision micromachiningfeatures into one unit. The
rotary air-bearing spindle with its vacuum chuck is
drivenby an electricmotor through a magneticcoupling
we also developed(Fig.VI-2).Thiscouplingpreventsthe
transmission of vibrations to the spindle and vacuum
chuck. Another rotary air bearing with attached tool
holder is mountedon top of the air/vacuum-bearingx-y

stages.These stages enable us to do both sphericaland
conventionalmachiningwithoutspecialattachmentsfor

Fig.VI-1. Precisionair/vacuum-bearingmicromachinglathe.
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Fig. VI-2. Magneticcoupling.

radius turning. Two digital micrometers,each with 50
mm of travel and a resolutionof 0.1 ~m, control and
indicatetool location.Total travel in the y-directionis 50
mm. Travel in the x-directionwas extendedfrom 50 to
150 mm by mounting the x-axis micrometer on a
piggyback air-vacuum slide that can be locked into
positionby vacuum.To isolatethe lathefrom allexternal
sources of vibration,its table has been providedwith a
NewportCorp. pneumaticvibration-isolationsystem.

ORGANIC COATINGS
(R. Liepins)

Introduction

The use of variousorganic materialsin fusionexperi-
ments, especiallythose containingonly CH, is increas-
ing. Typically, plastic coatings have been used as
absorber/ablator layers, but recent target designsshow
an expanded use of organic materials includinglow-
density plastic foams and organometallics.These or-
ganometallicstypicallycontain from 1 to 4 at.% high-Z
elementsatomicallydispersedin the plastic.

We are also fabricatinglow-densitysmall-cellplastic
foams for use as target cushion layers and very thin,
uniformplasticfdmswith highconcentrationsof specific

I

atoms for use as x-ray fluorescentmaterialsand filters. I

Thin-FilmDevelopment I
(B.Jorgensen)

Thin fdms containinga large fraction of oxygen are
requiredfor use as x-ray fluorescentmaterialsor filters.
Consequently,we have developeda techniqueto fabri-
cate uniformly thick (+ 10% variation) films of poly-
formaldehyde(54 wt% oxygen)in thicknessesof 0.32,
0.63 (Fig. VI-3),and 1.26 Vm.This is the first timethat
such subrnicrometerfilms have been made. We also
provided films with high carbon content from poly-
ethylenein thicknessesof 0.76, 1.34,and 2.69 w.

We use a solution-castingprocess in whicha solution
of the desiredpolymeris deposited(cast) onto a suitable
substrate and the solvent allowed to evaporate. The
resulting polymer is then floated off the substrate in
water. In this process,filmthicknessand uniformityare
dependentupon the type of solventand polymer used,
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Fig.VI-3.Polyformaldehydefilm(0.63 #m thick).The coloration
is caused by interferometriceffect.

temperature and concentration of the solution,
temperature of the substrate, and rate of solution
drainage. To provide the widest possible temperature
range for the solution,and thus for filmthickness,we are
usingsolventswith boilingpointswellabove the dissolv-
ing temperatureof the polymers.For polyformaldehyde,
the solvent benzyl alcohol was chosen and for poly-
ethylenefilm,xylenewas used.

To providea methodofcontrollingthe rate of solution
drainage, we built a large film-castingapparatus (Fig.
VI-4). Not only does this deviceallowfor the very fine
control of drainage rate, it also allows control and
adjustmentof solutiontemperaturewitha heatingmantle
and tape (Fig. VI-5). Such temperature control is
necessary because both polyformaldehydeand poly-
ethylene are insoluble at room temperature. In this
apparatus, the solution is forced up into the heated
funnelby air pressure. A heated glass substrate is then
placed in the solution-Fdledfunnel. Heating of the
substrate to a temperature slightly higher than the
solutionpreventscoolingthe solutionat the substrateto
below its gel point and aids in the evaporation of the
solvent after deposition.The solution is obtained from
the funnelby releasingthe air pressurein the lowerflask.

/
/..//” ~GLASS SUBSTRATE

/“
/

~:::

// ~:
.

.-@/ .—.—

i 1’FUNNEL

L:,,,,,,,,,.
STOPCOCK

FILTRATIoN FLASK ,:, : :,.

Fig. V14. Film-castingapparatus.
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EER%HEAT’NGTA’E

Fig. VI-5. Film-casting apparatus with heating tape and
mantle.

Floating the thicker films off their substrates was
sometimesdiflicultuntilwe held the substratesover hot
steam or soaked them in hot water for severalminutes.
Films are removedfrom the water by gentlyliftingthem
onto 7.62-cmdiam aluminumrings.

After fabrication,we characterizeeach film:thickness
uniformity is measured with a Jamin-Lebedef inter-
ferencemicroscopeand thicknessis determinedby alpha
attenuation.

TARGET CHARACTERIZATION
(L. Foreman)

Introduction

Because experimental results depend strongly on
target diameter, wall thickness, thickness uniformity,
surface finish,and fuelcontent,each target must be well
characterized. To ensure that target components and
finished targets meet or exceed specifications,we are
continuing our developmental effort in target
characterization. Our current target characterization
technology provides numerous techniques and

procedures to ensure compliance with specifications.
Current techniquesincludeelectronmicroscopy,contact
radiography/image analysis, x-ray peak ratioing, and
optical-reflectioninterferometry. We are also making
significantprogress in the developmentof new high-
resolutioncharacterizationtechniquessuch as lightscat-
tering, acoustic microscopy, and automated surface
mapping. During 1981, we developed a technique to
measure thin films and made improvements to our
contact x-ray microradiographicsystem.

Thin-FilmThicknessMeasurementUsing
X-Ray Peak Ratioing(N. Elliott)

Measuringthin filmshas been a problembecausethe
filmsare often opaque and the sphericalsurfacesof the
targets are small. The ratioing of x-ray peak signals
generated in a SEM provides an excellentmethod of
measuringthese thin fdms.

The targets we haveexaminedare GMBs coated with
thin gold films.The principleof our technqiueis shown
in Fig. VI-6. A beam of energeticelectrons from the
SEM impingeson the surfaceof the targetwithsutlcient
energy to penetrate the gold film and to enter the glass
substrate where it is eventuallystopped. Emitted gold
and siliconx rays are then detected,and the ratio of the
integrated counts in the gold and silicon peaks is
calculatedand convertedto a thicknessusingthe calibra-
tion curve in Fig. VI-7. Calibrationis accomplishedby
measuring films depositedon flat substrates for which
accurate thickness measurements can be made using
interferometryor stylusinstruments.

To achievegood results with this technique,certain
conditionsmust be controlled.Most importantis that the
x-ray takeoff angle used during determinationof the
calibration curve be repeated during target measure-
ments.The takeoffangleis definedas the anglebetween
the central ray of the cone of x rays interceptedby the
detector and the plane of the target surface. The high
mass-absorptioncoetllcientof goldfor siliconx rays will
give erroneous results if the absorption path length
changes from calibration standard to target. We must
also duplicate composition and density between stan-
dards and the target to be measured.

Applying our technique to targets produced with
varying depositiongeometries,we have estimated that
the measurementtechniquehas an accuracy of -5Y0.
The useful range for our applicationof gold on a glass
substrateis 100to 2000 A. Theupperlimitisdetermined

I
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by the 20-kV acceleratingpotential of our SEM. An
acceleratingpotentialof 30 kV wouldextendthe rangeto
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+ The techniquecan be appliedto Curvedsurfacesand
extremelysmallareas, is nondestructive,and can provide
measurementsover 4n sr for laser fusion targets. The
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method is applicableto any coatingon any substrateas
a long as the electronenergy is sufficientto penetratethe
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coating and substrate and to produce x-ray signalsthat
E

● – 2 V can return through the coatingand be detected.
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i

Contact X-Ray Microradiography

’ 6
I I I I I

8 1 1 1 (D. Stupin)

F THICKNESS (ii)
We are improvingthe characterizationof targets and

F V IX -p r ac a lc utarget componentsby contact x-ray microradiography.
During 1981,we completeda MicroradiographicAnaly-
sis System (MIRAS) (Fig. VI-8), which automatically
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reads contact microradiographsand measures concen-
tricity,sphericity,and small-scaledefectsin coatingsand
shells. We use a television camera to digitize the
radiographicinformationrather than the flatbed densi-
tometer previously used. MIRAS is as sensitive to
defectsin concentricity(+0.5940)and sphericity(+_2.OYo)
as the flatbeddensitometer.Imagesof 10 microballoons
were digitized by both systems and the data were
processed with the MIRAS defect detectioncode. The
resultsdifferedby only IYo.

Contact microradiographs of targets are made on
photographic emulsions with an x-ray source. The

images are then placed on a microscopestage where
their enlarged images are recorded by the MIRAS
televisioncamera, The video signalfrom the camera is
converted to digital information and stored in a Data
General Corp. Eclipse computer. This information is
then used to calculatedefects,if any, in concentricityand
sphericity.Because the x-y stage of the microscopeis
computercontrolled,up to 200 imagesmay be processed
by MIRAS after initial setup by the operator. This
additionto our systemwillsignificantlyincreasethe rate
at which targets can be characterized.
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VII, ADVANCED LASER TECHNOLOGY
(J. F. Figueira)

We have appliedthe expertisegained in developingCOZlaser technologyto related
issues for other lasers. Optical-damagetesting and saturable-absorberdevelopment,
which were so successful in the COZ program, have been extended to ultraviolet
systems,specificallyto the KrF laser(wavelength248 rim).The demonstrationof highly
reflectingdielectriccoatingswith damage thresholdsof 4 J/cm2 at a pulselengthof 20
ns, the characterization of saturable-absorber processes, and the identificationof
anthraceneas a promisingmaterial for this applicationare noteworthyresults.Optical
phase conjugation,which we first demonstratedat 10.6 ~m, was obtainedat the KrF
wavelength.

I. INTRODUCTION

The optical-damagethresholdof materialsusedfor the
optics,specificallythe amplifieroutput windowsand the
beam focusingoptics, limitsthe designof large-aperture
high-energylasers. The fundamentallimits imposed by
the materials themselves can be reduced by surface
finishingand coating techniques.Our goal is to identify
and measure the damage thresholds of prospective
materialsand processes so that we can characterizethe
damage,Then we can determinethe parametersaffecting
the threshold and make improvements. Damage
thresholdsas high as 5 to 10J/cm2 for short pulsesare
needed for feasible designs. Such values have been
achieved for 10.6-#mlaser optics and we are making
significantprogresswith ultravioletlaser optics.

A secondlimiton laser amplifierdesignsis imposedby
opticalparasiticoscillationsthat may occur at the high-
gain levelsof such systems.A highlysuccessfuldevelop-
ment program for Helios,based upon saturablegaseous
absorbers to suppress low-level optical sources of
parasitic, allowsus to operatethis laser systemat design
levels.Althoughspecificdesignsdo not yetexistfor high-
power gas lasers in the ultraviolet,we have begun to
characterize the processes and materials that could be
valuablefor such designs.

We are exploringnonlinearoptical phase conjugation
to remove aberrations from large optical systems, be-
cause this techniqueoffers great promise for improved
performanceand reducedcosts.After demonstratingand
characterizing this process for COZ lasers, we have
extendedthis work to ultravioletwavelengths.

DAMAGE THRESHOLD STUDIES
(B. Newnam, S. Fokyn)

Introduction

Los Alamosand LawrenceLivermoreNational Labo-
ratory (LLNL) laser personneihave recently compared
results of separate laser damage tests at 248 nm for 12
multilayer-coatedopticalparts. The samplesconsistedof
10 highly reflecting and 2 antireflectioncoatings de-
positedon 5-cm(2-in.)-diamBK-7glassand fusedsilica
substrates. The coating manufacturers were Optical
Coating Laboratory, Inc. (OCLI), Battelle Northwest,
Design Optics, CVI Laser Corp., and Acton Research.
In the followingparagraphs, we discuss the magnitude
and possibleoriginof the differencesin thresholdvalues
measuredby the two laboratories.Sixexamplesfromthe
two sets of data may be used to identify coating
depositionparametersand designsthat are used to attain
increaseddamage thresholds.

ThresholdDefinitionsand Results

Test parametersused in damage tests at Los Alamos
and LLNL were substantially different; the greatest
differencelies in the number of shots per test site: 1000
(Los Alamos) vs 1 (LLNL). Table VII-I lists the other
test parameters for direct comparison,and Table VII-II
presentsthe respectivethresholds.For proper interpreta-
tion, it is necessaryto reviewthe definitionsof threshold
and upper limit. The Los Alamos values were derived
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TABLE VII-I. Comparisonof Los Alamos and LLNL Damage Test Parameters

Laser

Pulsewidth

Spot-sizediameter

No. shots/site

No. sites irradiated

Repetitionrate, Hz

Damage detectiontechnique

Los Alamos

KrF, 248 nm

10 ns

0.6-mm(1/e2)smoothprofde

1

40 to 80

35

Visualobservationby 25
to 100Xmagnificationwith
brightwhite-lightillumin-
ation beforeand duringlaser
irradiation

LLNL

KrF, 248 mn

20-nsequivalentin 3-pulse
segments

0.1-mm2hot spot withinuniform
multispikeprofdeof 2-mmdiam

1

6 to 8

0

Dark-tieldNomarski photographs
at lOOXbeforeand after laser
irradiation

TABLE VII-II. Comparisonof Los Alamos and LLNL Measurementsof 248-rimLaser Damage Thresholdsof
MultilayerDielectrics

Los Alamos Multiple-ShotaThreshold LLNL
(J/cm2) Single-Shotb

SampleType Coatings Threshold Upper Limit Thresholds
and Materials ID No. Manufacturer ( of 10) (lo of 10) (J/cm2)

AR, A120~MgFz A-1298 Design Optics 4.4 4.7 4.3 + 0.5 both surfaces
AR --- B-1293 CVI 2.8 3.5 2.1 ● 0.5 one surface
HR --- C-1296 Design Optics --- < 0 * 0
H - D -Acton Research --- <0.6 1.0 * 0.1
HR, SczO~MgF2 16 OCLI 3.9 4.7 6.0 * 1.0
HR, SczO~/MgFz 21 OCLI 2.5 4.3 5.9 + 0.6
HR, Sc20~MgF2 27 OCLI 1.4 2.6 2.6 + 0.3
HR, Sc20~MgF2 45 OCLI 3.1 3.7 8.5 ~ 0.9
HR, SczO~MgF2 71 OCLI 3.9 4.8 6.3 + 1,0
HR, Sc20JMgF2 818b OCLI 2.7 3.4 4 * 0
HR, A120$3i02 2504 BattelleNW _— 5 2 + 0.2
HR, YZO#Si02 2520 BattelleNW - <1.3 0.7 + 0.1

‘ T aV If L A la L t p a
b r e fw o B g s ue o w is onfusedsilica.

from graphs such as that shown in Fig. VII-1, which intercept). Using such graphs, we have found con-
displaysthe fraction of sitesthat are damagedat a given sistently(for -100 samples)a significantspread in the
laser fluence.Ten sites were tested at each fluence;by damageresistanceof varioustest siteson a sample.
extrapolating the line drawn through the points, we The LLNL definition of damage threshold is the
obtain both the damage threshold(Oof 10 sitesdamage fluence level midway between the highest fluence at
intercept) and the upper limit (10 of 10 sites damage whichno damagewas observedand the lowestfluenceat
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which damage occurred. It is significant that no
crossovers in the incidenceof damage were observed.
That is, in the six to eight shots used to establish a
threshold for each sample, the lowestdamagingfluence
was not exceededby a nondamagingfluence.Further,
the + values appendedto their thresholdsrepresentthe
gap between nondamaging and damaging shots. The
LLNL resultsimplya very sharp thresholdboundary,in
contrast to the Los Alamos observations of variable
damage resistanceacross the area of a sample.

It is appropriate to compare directly the lower Los
Alamos threshold (Oto 10 sites damage intercept)with
the LLNL threshold range and to compute a ratio. For
example,for SampleA-1298,the ratio of 0.86 to 1.09is
obtainedby dividing3.8 to 4.8 by 4.4. We find that the
commonratio for samplesA, B, C, D, 2504,and 2520 is
approximatelyunity.Evidently,the test parametervaria-
tionsbetweenthe two laboratorieshad no effecton these
results. However, the common ratio for the OCLI
SczOJ/MgFzreflectors is 2.0
interest and further discussion.

Influenceof Test Parameters

+ 0 which elicits our

When we examinethe respectivetest parameters, it is
not surprising that the LLNL values for the OCLI
reflectorsexceedthose of Los Alamos (by an averageof
IOOYO).Higherdamagethresholds,in termsofJ/cmz,are
expected for LLNL’s longer pulse width (~ - 20 ns).
Pulse width scalingof the thresholdhas been observed
empiricallyto be lessthan or equalto d’z. At most,then,

pulse width scaling could account for 40?40of the
difference[(-20/ 10)’/2= 1.4].

The remaining60V0differenceshouldbe accountable
by other paramters. (1) The sample area irradiated by
the Los Alamos beam (0.6-mm diam at I/e* peak
fluence)was largerthan the 0.1-mm2hot spotof LLNL’s
beam. However,the area of the Los Alamosbeamwithin
5Y0of its peak fluenceis comparableto the LLNL beam,
so that substantialdifferenceis not expectedfrom this
parameter.(2) The differencein numberof shotsper site
(1000vs 1)probablydid not alterthe thresholds.For the
coating materialsof thesereflectors(SczOq/MgF~,dama-
ge at Los Alamos was eitherdetectedwithinthe fist 5
shotsor the sitesurvivedthe entire 1OOOshots.(3)We do
not believe that the low 35-Hz repetition rate at Los
Alamos should give results that differ from those of
intermittentpulsing.However. tests at severalrepetition
rates should verify this assumption. (4) The different
damagedetectiontechniquesused at the two laboratories
are not suspected of causing much threshold dis-
crepancy. On a single-shotbasis, LLNL’s dark-field
Nomarski photographs probably make threshold dam-
age (micrometer-sizedpits) easier, but multiple-shot
irradiationof a damagesite,as at Los Alamos,generally
increases the extent of the damage to readily visible
dimensions.(Perhaps5 to 10shotsoccur afterdamageis
detectablebeforethe Los Alamosoperatorcan blockthe
laser beam.)

The remainingparameter, number of sites irradiated
(40 to 80 vs 6 to 8), may be the source of most of the
thresholddifference.As shown in Fig. VII-1, a fraction
of the sites irradiated above the threshold (Oof 10 sites
damage) resisted damage. Therefore, we concludethat
the coatingshave nonuniformdamage resistanceacross
their surface or that damage may be a probability.Los
Alamos attains adequate sampling of the surface by
irradiating 10 sites at each fluence (4 to 8 levels) in
addition to a 25-mm scan just below the threshold
fluence.

We have only been able to speculateon the reasons
for these differences in thresholds reported by Los
Alamos and LLNL. Most of the remaininguncertainty
could be greatly reduced or eliminated if the two
laboratories used nearly identical test parameters. We
propose another comparativetest program on a new set
of samples. The common test parameters would be (1)
10-nspulse width, (2) 40 site~per sample,(3) 10 shots
per site, and (4) a repetitionrate of 5 Hz or less. The
remaining parameters would be those currently used
(TableVII-I).
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Influenceof Coating Designand DepositionParameters

Table VII-III compares the influenceof severalcoat-
ing design and deposition parameters for the OCLI
SczOj/MgFzreflectors.A half-wave(HW) overcoat of
SiOzalmostdoubledthe damagethresholdsover that of
a standard uncoated reflector. (The overcoat insulates
the outer SczO~layer from atmosphericcontamination.)
Further, Los Alamos resulta indicate even higher
thresholds when MgFz is used. When deposited op-
timally,MgFzhas greater damage resistancethan SiOz;
as a HW overcoat, it must withstand a very high
standing-waveelectricfield.

OCLI frequently observed that reflectors on fused
silica substrates developed stress-relieflines after re-
moval from the depositionchamber,whichwere caused
by differentialthermal expansioncoetlicientsof filmand
substrate. The thermal expansion of BK-7 glass more

closelymatchesthat of the coatings,and thereforeOCLI
tried BK-7 glass as a substrate for the reflectors.Los
Alamos’ damage results showed no effect on the
thresholdby the choiceof substrate.However,our upper
limit value and LLNL’s thresholdvalue were lower for
the reflectoron fused silica.Evidently,it is importantto
use appropriate depositionparameters to minimizethe
net tensilestress in the coatings.

Neither laboratory discerned any influence by
substrate temperaturebetween423 and 523 K (150 and
250°C). However,the data of the two laboratoriesledto
opposite conclusionson the effect of 31- vs 19-layer
reflectors.This discrepancyhas not been resolved.

In summary, a HW overcoat on these reflectors
successfullyincreasesdamageresistance.The effect(if it
existsat all)of the other parameters(substrate,substrate
temperature, and number of layers) is not significant.
However, a lower substrate temperature of 423 K
(150°C) willdecreasefilmstressproblems.

TABLE VII-III. The 248-rimLaser Damage Thresholdsfor SczO~MgF2Total Reflectors

Los AlamosbMultiple-ShotThresholds LLNL
(J/cm2) Single-Shotb

Sample Coating Threshold Upper Limit Thresholds
No.” Parameter (o of 10) (lo of 10) (J/cm2)

Overcoat

27 None
21 HW of SiOz
16 HW of MgFz

Substrate
21 BK-7
818 SiO,

Substratedepositiontemperature

16 423 K (150”C)
71 523 K (250”C)

No. of layers

16 19 + HW of MgF,
45 31 + HW of MgF,

1.4
2.5
3.9

2.5
2.7

3.9
3.9

3.9
3.1

2.6
4.3
4.7

4.3
3.4

4.7
4.8

4.7
3.7

2.6 + 0.3
5.9 + 0.6
6.0 + 1.0

5.9 ~ 0.6
4 * 0

6.0 + 1.0
6.3 + 1.0

6.0 + 1.0
8.5 + 0.9

Standard design: S(HL)’HL2depositedat 423 K (150°C)
where S = BK-7 substrate

H = Sc20~,n = 2.05
L = MgFz,n = 1.40

L2= MgF2overcoat,HW thick (exceptSi02 on two samples)
‘ Ts r e fw p rb O pC L aI S R C
b T aV f t c o n
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SATURABLEABSORBERSAT 248 nm (W.B. Lewis)

Introduction

In the development of KrF fusion laser systems,
saturable absorbers at 248 nm will play an important
role as optical components.The purpose of this study
has been to (1) identifypotentialabsorbers,(2) evaluate
saturation and photochemicalperformanceof promising
compounds,and (3) developa modelfor understanding
the photophysicsof such absorbers in terms of cross
sections,lifetimes,and relaxationor quenchingrates.

Saturable absorbers can be classifiedinto two types:
(1) those that undergo photodissociationupon absorp-
tion of a photon, followedby rapid recombinationof the
productsbetweenlaser pulsesand (2) thosethat undergo
excitationto some very short-livedsingletexcitedstate,
which in turn relaxes to a lower excited state with a
lifetimeapproximatelythat of the KrF pulselength(-10
ns) or longer.

We have usually described the time-dependentper-
formance of saturable absorbers in terms of analytical
expressionsfor 2-, 3-, and 4-levelabsorbers. However,
none of the absorberswe shallconsiderheresaturates in
a way that can be treated with the aid of such
expressions.The latter are derived on the assumption
that a steady state is achievedin a time shorter than the
laser pulse length; actually, in a photodissociativeab-
sorber, a steady state is neverachieved,and in the 10-ns
length of a KrF pulse, the various state populationsof
the absorber are stillfar from steady state [evenin Type
(2) absorbers].Furthermore, even four levelsare inade-
quate to describethe performanceof the absorbers.

ReversiblePhotodecomposableAbsorbers

We assumethat photodissociativeabsorbermolecules
dissociatewithinone vibrationalperiodupon the absorp-
tion of a photon at 248 nm. (This is essentiallyinstan-
taneous on the 10-nstime scale that is appropriate for
a KrF laser pulse.) If the absorber with densitynOand
thickness XOis exposed to a rectangular pulse in a
collimatedbeam at time t = O,the rate equation for the
disappevance of the absorber can be simplifiedby
assuming that the effectivethicknessof the absorber x
changeswithtimerather than withthe moleculardensity.
The rate equationcan then be integratedto obtain

( e m_ 1 -,od

( e aI ‘
(VII-I)

wherea is the absorbercross sectionin cm2molecule”.
If the absorber transmissionat t = O,e-’’n*, is taken as
IYO,the irradianceof the transmittedbeam I(t) is given
by

I(T)—.
10 (1+ 0.9~e-’@) ‘

(VII-2)

For other initial transmission, the factor 0.99 can be
replaced by (e-””’”). Figure VII-2 gives plots of Eq.
(WI-2) for severalvaluesof the product Ioo.A figureof
merit for saturableabsorbers of this type is the product
of the timerequiredfor the laserbeamto consumehalf of
the absorbermoleculest and the beam irradiance1.:

Iot= 2.398
rr” (VII-3)

If the pulse fluencein W/cm*is used for 1., to obtain t,
the right side of Eq. (VII-3) must be multipliedby the
factor 7.993x 10-19J/photon. The half-time tl,z cor-
responds to an increase in I(t)/Io from 0.01 at t = Oto
0
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Becausewe can detect changesin I(t)/10smallerthan
twicethe initialvalueof 0.01, the product IOIScan be as
smallas 1x 108.The damagethresholdof 2 J/cmzlimits
us to measurementswith 10<2.5 x 1026photons/cm2.s
or to the detectionof saturationwith a > 4 x 10–19cmz.
Therefore,wecannot study absorberswitha <4 x 10-’9
cm2in cellswithwindowslikethosewe haveemployedin
our study. However,such absorbersrequirepowerlevels
in excess of 500 MW/cm2, which corresponds to the
total peak power for an entire KrF fusion laser system
and wouldnot be of interesthere.The desiredabsorbers
must have a value of ci > 4 x 10–19cm2to saturate at
lowerpowers,but this is a very restrictiverequirementif
the absorber must be reversiblyphotodecomposableas
well.

Table VII-IV lists some potential photodissociative
absorbers that have been selected from the literature.
Only three havevaluesof a >4 x 10-19cm2—0~,CHJI,
and Cr02C12.The products of CHJI dissociationare
principallyCHJ and I, and CH~radicalsrecombinewith
each other at near-gas kinetic rates so that there is
almost no hope of obtaining full recovery of the CHJI
after the initial laser pulse. The products of CrOzClz
dissociationare Cr02 and Cl. It is wellknown that the
CrOz radical depositson windows,so there is littlehope
of recovery of Cr02C12in that case either. Of the
compoundsin Table VII-IV,only Ogshowspromise,and
evenit saturates at a fairlyhighlevelof 0.36 J/cm*or 36
MW.

Becausethe only KrF laser availablewith fair power
density was a Lumonics 860 with an output of 0.070
J/cm*, we postponed any saturation measurementson

ozone. A larger cable-drivenKrF laser injection-locked
to a Math Science NW Excilite laser will eventually
produce0.75 J/cmz, but extremedelaysin obtainingthe
necessary custom-coated mirrors have made it tem-
porarilyunstableat 248 nm.

Absorberswith ElectronicRelaxation

Substances that relax back to the ground state in
approximatetimes of the KrF laser pulselengthof ions
are typicallyaromatic or large unsaturatedheterocyclic
molecules.An extensiveliteraturealready exists on the
photophysicalproperties of such molecules,especially
aromatic hydrocarbons.After a literaturesurvey of the
uv spectra of such molecules,we selectedanthraceneas
the most promising.In additionto having a very large
cross section at 248 nm and a reasonablefluorescence
lifetimeof 5 ns, anthraceneis oneof the most thoroughly
studied aromatic molecules. Phenanthrene was later
added to the study because of its much longer fluor-
escencelifetimeand similarexcited-stateabsorption.

ExperimentalProcedure

The method of measuring saturation was simple,
consisting of (1) a Scientech Inc. Model 362 Power
Meter; (2) a l-cm-path-lengthSuprasil-11quartz cell
connectedto a 500-cm3reservoirthrough a recirculation
loop that includeda variable-speedmagneticallycoupled
micropump; and (3) another quartz cell for adding

TABLE VII-IV. PerformanceParameters for PotentialPhoto-
dissociativeAbsorbers

Absorption Coefficients Saturation Level

o a 2.4 hv/o
Absorber (cm’/molecule) (cm-’/tor)-’) (J/cm2) (MW/cm2)

0 5.25 X 10-*8 0 0 3
Fz 1 x 1 0 1 1
CIFJ 1 x 10-19 0.0050 12.5 1250
CI* 3.7 x 10-21 0.00012 520 52000
N02,02 3.1 x 1O-*O 0 62 6200
N204,02 3.7 x 10-19 0 5 5
NOC1 2.7 X 10-19 0.0088 7.1 710
CHJBr 1.4 x 10-’0 0.00046 137 13700
CH31 7.6 X 10-19 0.025 2.5 250
Cr02C12 1.33 x I 0 1 1

100



attenuator solutionsto vary the laser beam power over
an opticaldensityof three units.The laser sourcewas a
LumonicsModel860 KrF laser.

To avoid any exposureof the powermeter to thermal
radiationproducedby the laserbeam alongitspath, after
passage through the attenuator solution the beam was
turned 90° by a dielectric-coatedmirror.The beam then
passed through a 1-by l-cm copperirisbackedby 1cm
of ceramic foam insulation.Before entering the power
meter, it passed through a Suprasil-11quartz windowto
absorb thermalradiationof <5 ~m.

The powermeterhas advantagesover otherdetectors;
it handleshighpower levelsand has a dynamicrange of
105whenthermalradiationis rejected.We calibratedthe
instrument just before initial measurements. In this
experiment the only practical way to vary the beam
power over a widerange was to use attenuatorsor beam
splitters.However,commercialdevicescapableof hand-
ling high power were only availableon custom order,
entailinglong delays; therefore,we developeda solution
or volumeabsorber with sufllcientstabilityfor up to 30
s, whichwas neededfor a singlemeasurementof I(t)/lO.
The absorberconsistedof mixturesof CCldin n-hexane.
We estimatedapproximateattenuationvaluesfor various
mixtures and measured 1., the power incident on the
absorber,with the absorberremovedfromthe beam.The
transmissioncoefficientT is then the ratio of the power
transmittedwith absorber in place to the incidentpower
1., provided a correction is applied for the absorption
and reflectionby the cell fidledwith neat hexane. Fresh
attenuator solution was mixed for each measurement,
and the cell windowswere carefullycleaned to remove
carbon deposits.

Saturation in Anthracene

Anthracenehas one of the largestcross sectionsof all
molecules,and the oscillator strength for the IAl~ -
IB~~band centered at 251 nm is 0.57, or ne~ the
theoreticallimitof 1.00.FigureVII-3showsthe structure
of the electronicenergy level for anthracene. Although
many levels appear below 50 OOOcm-l, only two
mediumor strong bands are observed.For the purpose
of saturable-absorber performance, we can regard
anthracene as a six-levelsystem: IA1~ground state SO;
IBz~fist excitedsingletstate SI, the emitting1evelwith
lifetime of about 5 ns in liquid hexane; BJ second
excitedsingletstate St reached by absorptionof a single
248.4-rim photon; unidentifiedhigher singlet state Sn
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reached from S1by absorptionof a photon; 3B2~lowest
triplet state Tl populated by intersystemcrossingfrom
Sl; and unidentifiedtriplet state Tn reached by absorp-
tion of a single 248.4-rimphoton from the Tl state.
Figure VII-4 shows these six electroniclevelswith their
associated vibronic sublevelsand the more important
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relaxation,excitation,and radiativepathways intercon-
necting the various states. Figure VII-5 shows the
absorptionspectrumof anthraceneabove200 nm.

For the above reasons, the saturation performancein
anthracene is too complex to be described with an
analyticalexpression,and we must doubly integratethe
rate equations [Eq. (VII-4)below],once with respect to
time and once with respect to distance in the absorber.
The rate equations are as follows, the numbering of
states correspondingto the order in whichthey are listed
above.

nl = IOol~(nl– rq)+ Azlnz+ A31n~

nz= IOcrz4(n– n,) - Azlnz+ AJznB+ Adznd– Az~nz

n~= IOcslJ(nl– nj) – AJznJ

n, = IOc7zd(nz– n,) – Adznd

.
n~= IOa~c(n~– nc)– A~ln~+ Az5nz+ Ac~nc

.
nt = IOo~b(n~– n~)– A~~nG. (VII-4)
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A missingr eterms (AUn)are considerednegli-
giblysmall.After integrationof Eq. (VII-4)with respect
to time for an initial increment Ax, the following
expressionis then integratedwithrespectto x to obtain I
(x,$

R e1 t t k p AUfor
anthracene,and we take the averagevalues:Azl = 6.2 x
107,Az~= 1.38x 106,and A~l= 2.2 x 1Os(Oz-free)or 8
x 106(air-saturated).The very fast rates A,z, A,z, and
A6~are unknown;we assumethey are approximately1.0
x 10**.We set allother AUto zero.The cross sectionsOIJ
and o~6are reported in the literature,but al~ is easily
determinedto be 4.6 x 10-16cm2/moleculeat 248.4 nm
with a Cary-17D spectrophotometer.The tripletTl cross
section is reported to be 8.7 x 10-*7cm2/moleculeat
77 K,2but our data are fitbetterby 9.3 x 10-17,whichis
in good agreement considering the large differencei
temperatures.

The solid curve in Fig. VII-6 shows the fit of this
model to the data when Oz is absent and in Fig. VII-7
when air is present.Evidentlyneitherthe modelcalcula-
tions (solidline)nor the data are greatly atl’ectedby the
presence of Oz when the solution is recirculated at a
sufficientrate. However,withoutrecirculationthe triplet
moleculesin the irradiated zone persist from pulse to
pulseso that saturationis achievedat much lowerpower
levelswhen Oz is absent and the pulserepetitionrate is
10 Hz. At very lowrepetitionrates of< 1Hz, relaxation
of the Tl state wouldbe completein any case.
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Saturation in Phenanthrene

The mechanism of the saturation process inTb phenanthrene is somewhat different from that inU3zQ anthracene. In anthracene the SI lifetime is 5 ns,
u-l$Q10: significantly shorter than the pulse, which results in
= : nearly allmoleculesbeingleftin the tripletstateTl by the
<a - time the laser pulse is turned off. However, with
1-

phenanthrenethe S1 lifetimeis 60 ns (Ref. 4) or much
longerthan the pulse.As a result,mostmoleculesremain

I I in the S1state after the laser pulse, and very few reach1 1 t , 1!1,1
0,0001 0.001 0.01 0.1 the Tl state through decay from S1.

10(J/cm-2) The effectof oxygenon saturation in phenanthreneis

F V IS a ta b si 1 x 1 m o l
l is (Figs. VII-8 and VII-9). With adequate

anthraceneinn-hexanesaturatedwithair.Theorv[ sl irecirculation,oxygen quenchingof either the S1 and Tl
d s 1( cc i ra d s 2 ( c ;‘

The fluencein the laserbeamvariesgreatlyoverthe 1-
by l-cm cross sectionused in the above measurements,
and it might seriously affect the saturation data. By
traversingthe beam with a l-mm iris,wedeterminedthat
the half-powerwidth in the verticaldirectionis 4.9 mm
and that the powerprofdeis roughlyGaussian. With an
analytical expressionfor the transmissionT through a
four-levelsaturable absorber derived by Hercher,3 the
maximum error in our experiments(assuminguniform

states must take place withinthe laser pulseduration to

intensitydistributionover a 1-by l-cm beam area) was
only 10Yo.We have therefore not attempted to correct , L_–----.J

10’4 1 I 1

for it. 10 (J/cm2)

We tried to measure saturation in anthracene vapor
because the temperatureneeded to achievea density of

Fig.VII-8.Saturableabsorptionin2.64x 1O-Smolecules/cm3
phenanthrenen-hexanein the absenceof Oz.Data s 1

7.53 x 1015molecules/cm3is only about 373 K (l OO”C). (circles)anddataset2(triangles).
Withoutany inert gas present, the experimentfailedas a
result of very rapid carbon deposition on the cell

1 :windows. Because of the difficulty in maintaining a ! 1

known uniformdensityof anthracene in an inert gas at
373 K, we did not attempt to determine the effect of ~
addingsuch a gas to the vapor.The moleculeretainstoo ~ Q

m
much vibrationalenergyafter absorptionof a single248- ~ @

A
inm photon, and a second photon absorbed during the ~io a

same laser pulsecan then easilydissociatethe molecule. y
m

A

In a liquid,vibrationalenergy is very rapidly dissipated ~
&

~
c ~ 0 & ~ *

on a 10-nstimescale,but whetherit wouldbe sufficiently OA

rapid in the gas phase at 1 atm is uncertain. However,
the excitedmoleculewouldprobablystillhave too much 1 1 I
vibrationalenergy after 10 ns to survivethe absorption IO-4 ,

I ~(J/cm2)
10”2 10+

of a secondphoton,becausewithinthistimeonly a small F V S aa bi 2 x 1 m
n uof c o lo ci n -s aw a D s 1( a d s
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have a detectable effect on net beam transmittance.
Becauseoxygenquenchingof fluorescencein aromatic
hydrocarbons is essentiallya diffusion-limitedprocess,
the rates do not vary greatly from one compound to
another, and we may use the same quenching-rate
constant for phenanthreneas measured for anthracene,
that is, 7 x 107/sfor S1quenching.s(See also Ref. 1, p.
500.)The quenching-rateconstant for the tripletstate Tl
is lower by 1/9 or 8 x 1Os/s(Ref. 5). Calculationswith
the model have not been completedfor phenanthrene,
but we anticipateno difficultyin accountingfor satura-
tion.

PhotodecompositionRates in Anthracene
and Phenanthrene

An importantconsiderationwhenselectinga saturable
absorber to use with KrF lasers is their photochemical
promise.We determinedthe half-timefor photochemical
decompositionof both anthraceneand phenanthrenein a
16-cmJcell in which the irradiated volumewas 1 cm3.
The only stirring occurred before absorbance measure-
ments.We measuredsolutionsboth with and withoutair
present. Table VII-V presents results in which T repre-
sents the halftimefor the survivalof a moleculein the
irradiatedvolumein terms of pulseswith an energyof50
to 70 mJ/cm2.Oxygengreatly increasesthe stabilityof
both molecules;we attributethis increaseto the effectof
Oz on the relaxationof both the SI and Tl states back to
the ground state. The ground state is evidentlyrelatively
stable with respect to absorption of a single photon,
whereas the S1 and Tl states are much less stable.The
variationof T with pulseenergy in anthracenesolutions
saturated with air has been investigatedat energy levels
in the regionof saturation(> 15mJ/cm2).We foundthat
T varies inverselywith pulse energy to the first power.
This suggests that the mechanismof photodecomposi-
tion involvesabsorbinga photon by either the S1or Tl
state moleculesand internally converting the resulting

TABLE VII-V. PhotodecompositionRates for
Anthraceneand Phenanthrene

Solution (Pu;es)

Anthracene (Oz-free) 34
Anthracene (air-saturated) 135
Phenanthrene(Oz-free) 24
Phenanthrene(air-saturated) 41

excess vibronic energy into predominantlyvibrational
form. There is then a finiteprobabilitythat the molecule
will dissociatebefore collisionsin the liquid phase can
dissipatethis vibrationenergy.There is stillthe possibil-
ity that two-photonphotodecompositionwillbe observed
at higher pulse energies,but in the energy range of our
presentexperiments,there is no evidencethat it occursat
248 nm.

NonlinearAbsorptionin HexaneSolvent

We made an attempt to observe nonlineareffects in
the hexane solvent because such effects might present
seriousproblemsat higherfluences.However,the effort
was unsuccessfuleven with beam focusing;neitherself-
focusing nor stimulatedRaman emissionwas detected,
althoughthe beam fluenceat timesexceededthe damage
thresholdof quartz windows.At 1.06 ~m the nonlinear
refractiveindexnzof n-hexanecan be estimatedroughly
from the data of Cherlow et al.s on the coefficientsof
self-inducedpolarization change and their estimate of
C for CSZto be -2 x 10-13or only l/50 that for CS2.
Consequently, we expect the threshold for nonlinear
effects to be fairly high in hexane. On the other hand,
these effectscan be demonstratedin hexanewith a third-
harmonic YAG laser at 355 nm. We are, therefore,
inclinedto attribute the failure in this case to the poor
beam qualityof the Lumonics860 laser.

Summary

Anthracenein hexanesolventis a promisingsaturable
absorber at 248 nm with a saturation level of 0.0035
J/cm2 (0.35 MW/cm2)and a half-lifeat 0.070 J/cm2 of
135 pulses. The half-life decreases linearly with the
reciprocal of the pulse energy at this energy level.
Phenanthrene is both less stable photochemicallyand
more strongly absorbing in the excited state SI than
anthracene. However, a more extensivesearch should
reveal compoundswith propertieseven more favorable
than anthracene.

OBSERVATIONOF PHASE-CONJUGATE
REFLECTION USING A KrF LASER
(I. J. Bigio,B. J. Feldman,R. A. Fisher, M. SIatkine)

Introduction

Optical phase conjugation’ uses nonlinear optical
techniquesto preciselyreversethe directionof propaga-
tion of each plane wave in an incoming beam. This
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causes the beam to retrace its own path, even in the
presence of aberrating and polarization-distorting
(birefringent)materials. Phase conjugationprovides an
adaptiveoptics techniquethat performsopticalprocess-
ing in real time. We use such a system to point and
correct for distortionin laser fusion.8

Earlier demonstrationsof phase conjugationoperated
on eithervisibleor infraredlight.The onlydemonstration
in the ultravioletthus far used the fourth harmonicof a
Nd:YAG laser.gIt is importantto evaluatethe prospects
of phase-conjugation systems that are applicable to
excimer lasers because of their anticipateduse in laser
fusion systems.We are now able to markedly improve
the beam quality and to reduce the spectral linewidthof
our excimerlasers.

Our laser was an injection-locked,unstable KrF
double-dischargeresonatorwith 200-mJ,20-nsoutput in
a <0.1-~-bandwidth (coherence length -1 cm) nearly
diffraction-limited be~. ’” With this her we in-

vestigated phase conjugation and image retention
properties of three different nonlinear processes: de-
generate four-wavemixing,stimulatedBrillouinscatter-
ing, and stimulatedRaman scattering.

DegenerateFour-WaveMixing

We observed confirmed phase-conjugate reflection
using a number of liquidsolutions,for example,DMSO
dilutedin ethanol, CSZin hexane, ~-carotenein hexane,
anthracene in hexane, and various dilute optical dyes.
We obtained maximum reflectivityR of -10-4 (in an
anthracene-hexane mix) at a pump intensity of -1
MW/cm2 in a l-mm-thick sample. When the laser
bandwidth was increased to 5 A, no phase-conjugate
reflectioncould be observed down to the limit of our
detection apparatus (R = 10-7), indicating the im-
portance of KrF laser coherence in the interaction
region.

The reflectivityof 10-4 was not optimized; optical
damage on the turning mirrors had forced us to reduce
the pump-wave intensities. If other optics had been
available, we probably would have attained phase-
conjugatereflectivitiesof severalpercent.

StimulatedBrillouinScattering

In effortsto obtainhigherphase-conjugatereflectivity,
we investigated the process of backward-stimulated

Brillouinscattering.Il In these experimentsthe Outputof

the injection-lockedlaser (beam diameter -2 cm) was
focused with a 15-cmlens to just below the surface of
various liquidscontained in an open beaker. Backward
stimulatedBrillouinscatteringwas observedfrom ethyl
alcohol, isopropyl alcohol, and hexane at threshold
intensitiesof -109 W/cmz. Reflectivitiesapproaching
IOO?40were observed with some image retention
properties and significanttemporal pulse compression.
However,the reflectedbeam did not possessthe diffrac-
tion-limited character of the laser pulse, and only
10-20Y0of the stimulatedBrillouinlightcouldbe madeto
pass through the 50-pmaperturein an f/25 opticalfocus
that passes 85Y0of the laser light. Image retention
properties were clearly discernible,although somewhat
blurred.These observationsand others raise somedoubt
about the phase-conjugatequalityof the reflectedbeam,
suggesting that the beam is retroreflected somewhat
incoherentlyacrossits transversedimensions.Backward-
stimulated Brillouinscattering was also observed in a
light-pipegeometry,but with no observableimagereten-
tion properties. In all cases, no backward stimulated
Brillouin scatter was observed with broad-bandwidth
laser lightevenat intensitiesas highas 10*1W/cm2in the
focal volume.

Our subsequent work with an XeF excimer laser
(3511 ~) has shown that the introduction of a slight
linear absorption (to mimic the KrF case) can cause a
“perfect” Brillouinphase conjugator to reproduce the
KrF results we are reporting. The detrimental role of
absorptionis beinginvestigated.

StimulatedRaman Scattering

When liquid N2 was substituted for the Brillouin
liquids, high-efficiency backward-stimulated Raman
scatteringwas observedat the fkst Stokeswavelengthof
2630 A.Threshold for the Raman process was -1010
W/cm2. No backward-stimulated Brillouin light was
observed in this material. Image retentionpropertiesof
the Raman light,whilestilldiscernible,weresubstantially
degraded in comparison to the Brillouinscatter. Again,
the backward stimulated Raman signal disappeared
when the laser output was broadband.

Conclusion

Efforts are under way to gain a better understanding
of the phenomenaobserved,in particularthe roleof laser
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coherencelength,in an effort to improvethe reflectivity
of the phase-conjugateprocess. Our improved under-
standing should also affect the study of phase-conjuga-
tion processesfor other uv excimerlaser systems.
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VIII. HEAVY-ION FUSION DRIVER DEVELOPMENT
(G. A. Sawyer,R. Bangerter)

The Los AlamosNational Laboratory has been assigneda leadingrole in developing
heavy-ionacceleratorsas ICF drivers.Our effortsin acceleratordevelopment,magnetic
focusingsystems,and target designare describedin this section.

INTRODUCTION

An inertial fusion driver for commercialpower pro-
duction must have a lifetimeof 2109 pulsesand a high
average power capability. It must also be reliableand
efficient. High-energy ion accelerator technology can
meet these requirements,particularly that of etliciency.
The efficiencyof acceleratorsfor turningelectricpower
into ion kinetic energy can be as high as 20-40Y0,
compared with a typical laser efficiencyof <1094o.For
ICF, the fusionenergygain is definedby Q = ~G, where
q is the efficiencyof the driverand G is the target energy
gain. Most analyses show that Q must exceed 10 for
economicalcommercialpowerproduction.Accordingto
present calculations,some suggesteddriver/target sys-
tems are unableto meet this criterion.In any case, high
Q is advantageous.As a general rule, G increaseswith
increasingdriver output energy E and increasingtarget
complexity. The yield of a target is given by EG;
therefore,at a given Q, high q allowsoperation at low
yieldsand/or with relativelysimpletargets. This in turn
can amelioratecombustionchamber and target fabrica-
tion problems.

We are addressingthe followingsignificantquestions.
● Inertial fusionrequiresbeams that can be focused

to high power density (10’5W/cm2).What is the
best accelerator technology for producing these
high-qualitybeams?

● The magnetic lens system that focuses the ion
beams onto the target must be compatible with
combustionchamber requirements.How does one
designthis system?

● What are the best target concepts for ion-beam
drivers?

The fiist part of this sectiondescribesour research on
accelerators for inertial fusion. We have emphasized
RFQ and radio-frequency octupole systems because
they appear capableof producingthe high-qualitybeams
requiredfor fusion.Later in the sectionwe presentsome
preliminarycalculationson magneticfocusingsystems.

Finally we discuss fusion target design, in particular,
target performance as a function of target and beam
parameters such as power, energy, ion range, and
uniformityof illumination.

ACCELERATOR INERTIAL FUSION
(H. R. Crandall, R. H. Stokes,T. P. Wangler)

Introduction

We have continued to investigateseveral areas that
are essentialto the use of rf linearacceleratorsfor HIF.
The RFQ has been developed further, and two new
representativedesignshave increasedthe xenoncurrents
availablefrom a singleRFQ channel. At 12.5 MHz, a
frequencyused at ArgonneNationalLaboratory (ANL),
we were tirst able to obtain 50 mA, but then, at the
optimum frequency of 2.7 MHz, we obtained a design
current of 275 mA. This optimum frequency cor-
respondsto the shortestpossibleRFQ.

In addition,we are investigatinglow-frequencystruc-
tures for RFQ use, the funnelingof ion beams,the use of
higher multiples for radial focusing, and the newly
developed program, CHARGE 3D, that solves
Laplaces’sequationin three dimensionsto assistin RFQ
pole-tipdesign.

12.5-MHzXenon RFQ Design

Improvementsin our algorithmsled to a new RFQ
design called HIF5. Table VIII-I presents parameters
and performancecharacteristics.The peak surface field
assumedwas 20 MV/m.Thisexampleshowsthat at 12.5
MHz, a beam current of 50 mA can be bunched and
acceleratedin a singlechannel,providedthe peak surface
field of 20 MV/m can be attained and the injection
energy is at least 300 keV. Details of this design were
reported at the 1981ParticleAcceleratorConference.1
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At the requestof ANL, we prepared a second xenon
RFQ design, called ANL6, as a possible low-velocity
accelerator for their HIF accelerator program. Table
VIII-I shows parameters and performance charac-
teristics.This designassumeda more conservativepeak
surface fieldof 17.5MV/m.

2.7-MHz Xenon RFQ Design

The computer program CURMAX, which chooses
the designfrequencyto maximizethe beam current in an
RFQ, was used to generatea Xe+l RFQ withmaximized
beam current. Table VIII-I lists the parameters and
performance characteristics for this HIF6 design. We
assumeda peak surfacefieldof 20 MVlm.The increased
beam current and the reduced length,as comparedwith
the HIF5 design, result from lowering the frequency
from 12.5MHz to an optimizedvalueof 2.7 MHz. This
result shows that significant improvementsshould be
possiblein the low-velocityIinacif the frequencycan be
loweredfrom previouslyconsideredvalues.

Low-FrequencyStructures

For frequenciesbelow 20 MHz, the four-vane RFQ
cavity radial dimensionsbecomeso largethat fabrication
problemsarise. An initialstudy of RFQ resonantcavity
structureshas identifiedthe onesthat are moreattractive
for low-frequencyapplications.Both the spiralresonator
structure and the modifiedsplit-coaxialstructure appear
to warrant further quantitative study to evaluate their
size, mechanical properties, and power efficiency.We

TABLE VIII-L RFQ DesignParameters

Ion
Frequency,MHz
Input energy,MeV
Output energy,MeV
Nominalcurrent, mA
Transmissionefficiency,Yo
Output emittance’
Length,m

RFQ Designs

HIF5 ANL6 HIF6———
Xe+l Xe+l Xe+l

1 1 2
0 0 0

1 3 1
5 3 2
9 9 9

0 0 0
2 1 1

‘RMS-normalizedarea/nin cm-mradunits.

used a lumpedcircuitmodelto comparethe propertiesof
a varietyof TE-moderesonators.The applicationof this
model to TE-mode RFQ cavities of a fixed frequency
suggestsan approximateinverserelationbetweenpower
and radial dimensions.

Funnelingof Ion Beams

An essential component in the rf linear accelerator
approach to HIF is a deviceto combinechargedparticle
beams.To produce a finalbeamof highenergyand high
current, the linear accelerator system must start with
multiplelow-frequencylinacs,each havinga low-current
beam. Pairs of thesebeamsare then combinedintosingle
beams suitablefor further accelerationin Iinacsoperat-
ing at twicethe frequency.Thisprocess,calledfunneling,
combines two bunched beams by deflectinginterlaced
microstructurepulsesuntil they are collinear.Funneling
requires time-varyingdeflectionsystems.In principle,it
can be performedwith no emittanceincrease,so that the
radial brightnessof the finalbeam is doubledafter each
funnelingoperation. By repeating this process, we can
producea singlefinalbeam of the requiredintensityand
energy.

While the two beams to be combined are suitably
deflecteduntil they are collinear,funnelingrequiresthat
radial focusingbe maintainedand that the beams not be
allowed to debunch. To meet this requirement,a new
approach has been suggested*that uses the RFQ as a
deflector.The tip of the RFQ poleis modifiedto generate
an electricdipolefieldthat producesa first-ordertrans-
verse force on the beam pulses.Whilethe beam is being
deflected, the bunching and focusing functions of the
RFQ are maintained.After the two beams are deflected
toward each other, another deflection is required to
produce a finalcollinearbeam.To bringabout this final
coalescence,we are developingother specialformsof the
RFQ structure.

Octupole Focusing in Transport and AccelerationSys-
tems

The RFQ Iinacis capableof acceleratinghigh-current,
low-velocityionbeams.In acceleratorsystemsconsisting
———————
*G.N. Minerobo,LosAlamosNationalLaboratory,provided
t i ni “ o F S p
c od J 1 F 1 a F
a 1 1
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of an RFQ and higher velocityacceleratingstructures,
the current is high in most cases, but linacs with even
higher currents may be required. We have begun to
studyzhighermultipolesystemsto determinetheir capa-
bility for focusing and acceleratingvery high currents.
First, we examineda rf octupuletransport system and
developed a smooth-approximationanalytical descrip-
tion that includes the conditions for input radial
matching of a zero space-chargebeam. Then, we con-
structed a multiparticlebeam dynamics-simulationpro-
gram that accepts the low-current matched beam and
gradually increases its current as the beam is trans-
ported.This producesa matched high-currentbeam; the
procedure can be used to determine the saturation
current limit of a periodic octupole system. As we
expected,at high currents the beam developsa hollow
radial distributionthat reducesthe space-chargedefocus-
ing. Initial results show that high currents can be
transported. For acceleration,we have formulated the
design parameters for a section of a rf octupole linac,
includingthe potentialfunction,acceleration,and focus-
ing efficiencies,and the geometry of the radially mod-
ulated pole tips.

The CHARGE-3D Program

An important parameter in RFQ design is the peak
surface electricfieldon the RFQ vanes. In many cases,
particularlyfor high beam currents, the focusingelectric
fieldsshouldbe as highas possiblewithoutexceedingthe
sparking limit. Until recently, we have used a two-
dimensionalmodel to calculate the peak surface fields,
ignoringthe effectsof the longitudinalmodulationof the
vanes. Our newly developedprogram, CHARGE-3D,
solvesLaplace’sequationin three dimensionsand allows
the surface fieldsto be determinedon modulatedvanes.
Usingthis program we have learnedthat the modulation
often significantlyraisesthe electricfields,a fact wemust
take into account fully in our design procedures.
CHARGE-3D also allowsus to determinethe strength
of the higherfocusingharmonicsproducedby new RFQ
vane shapes, which are attractive because they are
simple to machine. These focusing harmonics can be
used in simulationprogramsto determinetheir effectson
beam dynamics.

MODELING OF A MAGNETIC
FOCUSING SYSTEM(W. A. Reupke)

Introduction

In this analysis,we assumethat focusingan ion beam
onto a target is governed by three conditions:space-
charge forces that limitballisticfocusing,matching the
emittance of the beams to the lens system,3and the
strong focusing (Maschke) current limit. The relevant
condition, the one specifying the design of the final
focusing magnet, is determined by the specific
characteristicsof the ion beam, the fusiontarget, and the
ICF reactor vessel.

The first of these conditions can be relaxed by
neutralization.The second must be met. The last was
originallyderivedfor very long transport systemsand is
probably a conservative limit for the short systems
considered here. However, because the effects of
geometricand chromatic aberrationshave not yet been
considered,our findingsmust be consideredpreliminary.
We havestudiedthe dependenceof the sizeand weightof
the final focusing magnet on the magnet standoff dis-
tance L and on the bulk supercurrent density in the
magnet when the ballisticfocusingconditionprevailed.
This conditionusuallydominatesin cases of commercial
ICF applications.We selectedthe standoffdistanceand
the bulk supercurrent density because they have a
significanteffect on the costs of the focusingmagnets
and the ICF reactor cavities.

Analysisand Results

I our analysis,we assumethat two 8-beamclustersof
singlycharged uranium ions are used to deliver3 MJ of
energy to the target. Table VIII-II lists the operating
parameters.

We know that a quadruple magnet focusing in the
horizontal plane is defocusingin the vertical plane and
that the magnetic lens (composed of two identical
quadruple magnets,one of whichis rotated 90° relative
to the other) focusesin both planes but not at the same
position. However, a pair of nonsymmetricquadruple
magnetshavingdifferentfocusingcharacteristicscan be
designedin such a way that the beam willfocus to the
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TABLE VIII-II. OperatingParameters

Driver energy,MJ 3
Ion species,charge state U+l
Ion kineticenergy,GeV 1
Spot size,mm 2.5
Pulse width at target, ns 16
Driver emittance~q/x for
each of four beams,mrad 8.3 X 1O-s

Emittancedilutionper four-waysplit 1.1
Number of finalbeams 16
Quadruple gradient,T/m 10
Superconductorbulk current density,MA/m2 60
Magneticiron saturationstrength,T 2
Dewar insulationthickness,m 0.1

same spot in both planes. We found that a properly
designed nonsymmetric pair of quadruple magnets
requires less material and occupies a smaller volume
than a symmetric triplet with the same focusing
characteristics.Therefore,we consideronly the nonsym-
metricdoublets.

UsingGarren’sanalysisand procedure,4wecan easily
determinethe dependenceof the overallcharacteristicsof
the magneticfocusinglens on the standoffdistance;the
resultsare presentedin Table VIII-III. In this table LI +
Lz is the combinedlengthof the quadruple pair, RLis
the beam radius at the exit from the magne~ RBis the
radius of the magnet bore, and B is the pole-tip field.
Figure VIII-1 illustratesthe configurationand notation;
Fig. VIII-2 graphs the results. It shows that as the
standoffdistanceincreasesfrom 6 to 12m, the combined
magnet lengthdecreasesfrom 10 to 8 m, but the magnet
bore radius increasesfrom 0.15 to 0.20 m. The poletips
at the field strengths remain well below practically
achievablevalues.

TABLE VIII-HI. Dependenceof Magnet Bore Sizeon
Focal Length L

LI + Lz
(:) (m) (:; (:; &

6 9.55 0.056 0.153 1.5
8 8.78 0.076 0.168 1.7

10 8.22 0.096 0.184 1.8
12 7.77 0.118 0.206 2.1

We estimated the magnet dimensions and weights
corresponding to the parameter values presented in
Table VIII-III for an assumed coil bulk current density
of 60 MA/m2,using the proceduredevelopedby West-
inghouseElectric Corp. under contract to DOE/OIF.s
The results are presented in Table VIII-IV, where ARC
is the superconductorthickness,AR~is the iron magnetic
shield thickness, and R~ is the overall radius of the
magnet including the two O.l-m-thick dewars. The
calculated results indicatethat the superconductingcoil
occupiesonly a smallfraction of the space and that the
weightis dominatedby the magneticshield.The individ-
ual magnetweightrangesfrom41 to 63 x 103kg and the
standoff distance increases from 6 to 12 m. Therefore,
the total weightof the 16 focusingmagnetsranges from
640 to 960 x 103kg. This result showsthat the increase
in the overall magnet radius outweighsthe decrease in
the magnet length because the weight depends on the
square of the radius but only on the first power of the
length. The variation of the weight is graphed in Fig.
VIII-2.

To investigatethe dependenceof magnet dimensions
and weightson the superconductorbulk current density,
we repeated the calculationsfor the 6-m standoff dis-
tance for current densitiesof 30, 40, and 50 in addition
to the nominal value of 60 MA/m2. Table VIII-V
presentsthe results.The weightincreasessharply as the
current densitydecreases.

The specificationsof the entire eight-magnetcluster
were determinedfor the current density of 60 MA/m2
and for distancesvaryingfrom6 to 12m; the dimensions
of completeconicalbundlesare shownin Table VIII-VI.
Here R~uis the approximateradius of the outsideof the
bundle where the magnets touch, a is the half-angle
containingthe bundle,a i the fraction of the solid
angle occupiedby the completedoublecone, and APis
the area of the port circumscribedwithin the magnets
that is availablefor reactor cavityevacuation.The values
of R~uare compatiblewith the smallfirst-wallradii that
may be feasible with the wetted-wall reactor cavity
protection scheme when neutron damage lifetimede-
termines the wall radius. Half-angles are sutliciently
smallto allowflexibilityin neutronicsdesign.

Summary

Our study showsthat a finalfocusing-magnetsystem
for a 16-beamreactor matchedto a 3-mJ4-beamheavy-
ion driver requires magnet lengths of 8 to 10 m,
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apertures of 0.3 to 0.4 m in diameter, overall magnet
diametersof 1,2 to 1.5 m, and single-magnetweightsof
40 to 63 x 103kg for magnet standoffdistancesvarying
from 6 to 12 m. For bulk superconductor current
densitiesmuch less than the 60 MA/m2value, assumed
weight penaltiesmay be significant.Characteristics of
the completemagnet bundle system show good dimen-
sionalcompatibilitywith a varietyof first-wallprotection
schemes,negligibleincursionson blanket tritium-breed-
ing performance, and adequate room if an additional
vacuum pumpingport is required.

The principaluncertaintyin the study is the impactof
neutron collimator and shield performance on the
permissiblemagnetclearancebore. Moredetailedstudies
of neutron collimatorand shieldconceptsare neededto
reduce this uncertainty.

SCALING LAWS FOR SIMPLE HEAVY-ION
TARGETS (W. P. Gula; G. R. Magelssen, Argonne
National Laboratory)

Introduction

Seriousattentionhas been givenin recent years to the
possibilityof producingbeams of high-energyheavyions
that may be capableof inducingthermonuclearfusionby
imploding small targets. Single-shell DT-gas-filled
sphericaltargets, irradiatedby a heavy-ionbeampulseof
constant power, do not produce high gain. However,
they can be analyzed to derive scaling laws and,
therefore,could be used as an experimentaltool.
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TABLE VII-IV. Dependenceof Magnet Dimensionsand Weights
on Focal Lengthat 60 MA/m2

ARC AR,
(:) (% (m) (m) ;; (lOYkg)

6 0.153 0.0427 0.213 0.608 41.1
8 0.168 0.0458 0.239 0.653 45.8

10 0.184 0.0491 0.268 0.701 52.0
12 0.206 0.0535 0.311 0.770 63.1

TABLE VIII-V. Dependenceof Magnet Dimensionsand Weights
on SuperconductorBulkCurrent Density~

ARC AR,
(Mjm’) (:; (m) (m) (R; (lOYkg)

3 0 0 0 0 7
4 0 0 0 0 5
5 0 0 0 0 4
6 0 0 0 0 4

a = 6 m.

This section describesour numericalmodelincluding
the ion depositionphysics,discussesthe behaviorof one
simpletarget as calculatedby a hydrodynamiccode,and
presents our analytical model. We compare analytical
and numericalcalculationsand discussresultsthat might
affect future experiments.

NumericalModel

In our numerical calculations, we employed a La-
grangian hydrodynamic codec that included a three-
temperature,one-fluidmodel.For example,the ions and
electrons moved at the same speed, but the ions,
electrons,and radiation fieldhad separate temperatures.
Only onedimensionalsphericallysymmetriccalculations
were performed. The model included the SESAME
equationof state,’ flux-limitedthermal conduction,sand
alpha-particletransport. A diffusionmodelwas used in
the alpha-particle transport technique. The heavy-ion
deposition model developedby T. A. Mehlhorn9con-
sidersfour contributionsto the absorbedpower:

TABLE VIII-VI. Selected Characteristics of Eight-
Magnet Cluster

a2/902
(?; ;; (d:g) (:$

6 2.19 20.9 0.054 12.1
8 2.35 16.8 0.035 13.8

10 2.53 14.5 0.026 16.0
12 2.78 13.3 0.022 19.3

(1)

(2)
(3)
(4)

stoppingby bound electronscalculated from the
Bethe equation with shellcorrectionsin the high-
energyrange. (In the low-energyrange, the model
of Linhard et al.’”is used.)
stoppingby Coulombforcesof the nucleus.
stoppingby free electrons.
stoppingby plasma ions.
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HydrodynamicCalculation

To exemplifythe targets for whichwe havedeveloped
scalinglaws,we willdescribethe calculationof one such
target. The target (Fig. VIII-3) was a gold shellwith an
initial outer radius of 3 mm, 0.2 mm thickness, 19.32
g/cm3 density, and 2.5 x 10-5 keV temperature. It was
filled with a 50:50 mixture of deuterium and tritium,
initiallyat 2.5 x 1O-skeVtemperatureand 2 mg/cm3(10
atm) density.The ion beam impingingon this target was
a 6.4-GeV xenon beam with a length of 10 ns and a
constant power of 300 TW for a total energy of 3 MJ.
We assumed all the energy was absorbed according:to
the ion range calculationsdescribed earlier. The yield
ratio (thermonuclearenergyproduceddividedby energy
absorbed)of this target was calculatedto be 14.

A snapshot of the pellet at 10 ns (Fig. VIII-4), just
after the ion beam has turned off, showsthe densityand
the ion, electron, and radiation temperaturesas a func-
tion of radius. At this time the pusher has moveda third
of its initialradius inward.The innerregionof the goldis
still cold, and a portion of it has been compressed to
about three timessoliddensity.The fueldensity,and ion
and electron temperatures are barely above their initial
values. The outer region of the gold shell that has
absorbed the ion beam has been heated to a maximum
temperatureof -250 eV and has started to blowoff.

Compare this condition(Fig. VIH4) to a snapshotof
the pellet at peak burn (-35 ns) (Fig. VIII-5). The fuel
density is now -80 g/cm3 and its ion temperature is
about 30 keV. The gold is much colder and now has
three regions. The first is a long blowofl region; the
second is a highly compressed pusher region (-40~0
g/cm3);and the third is a region expandinginto the fuel
that has a density of -300 g/cm3. Ion temperaturesof
elementswith differentmasses are shown in Fig. VIII-6
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V2= P , (VIII-1)

where M is the pusher mass, v is the average pusher
velocity,and P is the power achievedin the target.Thus,

( )v = AP “2 #2
M“

(VIII-2)

Equation(VIII-2)can be written approximatelyas

( )dr 2P ’12 tul .
x= G

The pushercollapsetime is, therefore,givenby

( r )3 2/3 1
t = 2

T z ‘0 ‘

(VIII-3)

(VIII-4)

as a functionof time.The temperaturecurveof the inner
zone shows preheating caused by thermal conduction wherer. is the initialradius fromthe spherecenterto the
and shocks.The strongestshockreachesthe centerat 25 inner edge of the pusher. Substitutinginto Eq. (VIII-2)
ns, about 10ns beforepeak burn. givesfor the finalpushervelocity

AnalyticalModel

Computational results similar to those presented
above suggest that heavy-ion targets consisting of a
spherical shell can be modeled in a simple way. The
target can be divided into three regions: (1) the hot
absorber (100-400 eV), (2) the cold pusher (a few eV),
and (3) the DT gas (Fig. VIII-4). The dividing line
betweenthe absorberand the pusherremainsconstantin
the sense that the mass of each region is constant.
Radiationand thermalconductionplay a secondaryrole.

To developa target model,we determinehow pusher
collapse time, velocity, and maximum kinetic energy
depend upon the target parameters. The pusher kinetic
energy and velocitybehavior are particularly useful in
designinga target becausecomputationalresultssuggest
they are the primaryvariablesin determiningwhetherthe
target will igniteand burn. The model presentedbelow
assumes that constant driver power gives rise to a
constantpowerwithinthe target. The driverpoweris on
throughout shell collapse.The momentumequation for
the pushercan be writtenas

‘f=(3’’3(a’’3r0u3(VIII-5)

The maximum pusher kinetic energy K, Vp and tc,
therefore,scalein the followingway:

K m (Arpo)]13Pu3(ri– Ar)4’3, (VIII-6)

( p 1/3
— (ri - Ar)-’” ,

‘f= ArpO

and

( )Arpo 113
tc cc — (r, - Ar)’/3 .

P

(VIII-7)

(VIII-8)

In these expressions,we have substituted4nArpor~for
M; Ar is the initial pusher thickness, POis the initial
pusherdensity,and r, is the initialradius from the sphere
centerto the outer edgeof the pusher.

114



Comparisonwith NumericalResults

For comparison with our analytic model, we have
numericallystudiedthe pusher collapsetime and kinetic
energy as a function of beam power, pusher thickness,
and target radius. Figure VIII-3 showsthe target design
used in our calculations.In the graphsthat follow,points
represent our numerical results and solid curves rep-
resentour analyticresults.The heavy-ionparticleenergy
for Figs. VIII-7 through VIII-12 was 6.4 GeV.

Figure VIII-7 plots collapse time as a function of
power for targets with a 200-~m-thick shell. Collapse
time is definedas the time from initialbeam absorption
to the time of maximum pusher kinetic energy.
Analyticaldependenceof P-1’3and numericalresultsare
in good agreement.FigureVIII-8 plotsmaximumpusher
kineticenergyas a functionof driver power; again there
is good agreementwith theory.

The collapse time as a function of inner radius (the
shell thickness was 200 ~m with a 50-~m pusher) is
shownin Fig. VIII-9,and the kineticenergyas a function
of inner radius is depictedin Fig. VIII-10. Both results
compare wellwith the predictedr4’3dependence.

4

!

R = 3 mm

3

‘ ( ) R=2 m

2 !

R = 1mm

I I I I I

o 1 2 3

P ( 1

)

F V IC ot v p of 2 m -g
s h

The plots in Figs. VIII-11 and VIII-12 display the
collapse time as a function of pusher shell thickness.
Initialtarget radii in Figs. VIII-I 1 and VIII-12 were 1.0
and 1.5 mm, respectively.Our results compare reason-
ably well with the predicted (rl – Ar)4{3radial de-
pendence.The deviationat a pusher thicknessof 25 ym
is due to ion range shorteningduring the pulse.In every

4oo~

I ! I 1 I 1
0 100 2 3

P ( T

F V M k e v p f 2
p mg s

4

3

I
~
-20
u

I

1

0
1 1 1 I 1

1 2 3
Rr (mm)

F V C ot v i i r f 2
y ig s

1



- :/

P = 100 TW

~ P : 200 T

g 2

u

/

P = 3 T
x

o 1 2 3

F V IM ak ie nv i ni r
f 2 0m -g s h

.; :ep P=50TW

P=75TW

-:/

P = 150 TW

s~
o 5 1

Ar(/IM)

F V III C ot v s t hf l -
t a

_C(ns)

2

1
-/ /

7

,..
0 5 1

A p

F V IC ot v s t hf l S
r at a

case, the collapsetimeis longerthan the predictedresult.
(The 50-~m pusher shell calculations were used to
determine the curves.) Range shortening, in effect, in-
creasesthe pusher mass (Ar) and, therefore,the collapse
time. For the results shown, we assumed Ar was the
initialpusher thickness.If the time-averagedvalueof Ar
is used, agreementis better.

Figures VIII-13 and VIII-14 show how the incoming
ion particleenergyaffectsthe shellcollapsetimeand the
maximumkineticenergy.For each calculationwe chose
the total shell thicknessthat would give a pusher shell
thicknessof 50 #m. The targets with inner radii of 0.8
and 1.3 mm were irradiated by 100 and 150 TW,
respectively.From Fig. VIII-14 it is apparent that the
maximum pusher kinetic energy is achieved with an
incomingion energy of 5-10 GeV for the 0.8- and 1.3-
mm targets. The maximum pusher kinetic energy de-
creases with increasing ion particle energy (above 10
GeV) becauseof the increasein the ion range. Because
the sameenergyis absorbedin a greatermassbecauseof
the longer range, the maximumplasma temperature is
reduced. This temperature drop results in smallerpres-
sure gradients and, therefore, a smaller force on the
pusher.

For a givenpower, the plasma temperatureincreases
as the absorbing mass decreases (ion particle energy
decreases).This temperatureincreaseand mass decrease
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can also eventually produce negative effects (Fig.
VIII-14).The pusher kineticenergybeginsto drop when
the plasmatemperaturebecomesso highthat the blowoff
expansioncarries away too much energy.

Conclusions

We have derived analytical scaling laws for single-
shellDT-gas-fdledtargets and have shownthat the laws
are in good agreementwith numericalcalculations.If the
ion depositionmodel represents the physical processes
well,the laws could be used as a straightforwardway of
comparingthe theory of hydrodynamicimplosionswith
experiments. An example would be the experimental
study of shellcollapsetimeas a functionof pushermass.
Our results suggestthat breakevenis possibleat 75 TW
for 6.4-GeV xenon ions impingingon a target with an
inner radius of 0.8 mm. Targets with a total radius less
than 1 mm were not consideredbecause focusing 6.4-
GeV xenon at 75 TW to spot sizesless than 1.0 mm is
ditlicult.For a givenpusher, DT mass, and inner radius,
there is an optimalionparticleenergyfor maximizingthe
pusher kinetic energy. As the incoming ion energy is
increased to higher values, higher power is needed to
create fuel conditions similar to those of the lower
particleenergy case.

EFFECTS OF NONSPHERICALLY SYMMETRIC
ION-BEAM DEPOSITION ON SPHERICALLY
SYMMETRICTARGETS (W. P. Gula)

A directlydrivenheavy-ion-beaminertialfusiontarget
is very desirablebecause it converts energy efficiently.
However, such a target requires a high degree of
symmetry in beam illumination,at least according to
conventionaltheory.Most of the target calculationshave
been one-dimensional.As a result, we could not show
various effects,for example,asymmetrictarget illumina-
tion. To rectifythe situation,we used a two-dimensional
cylindricalLagrangianhydrodynamiccomputercode in
whichion-beamdepositionis as describedby Mehlhorn,9
and the ion beam is followedin the mannerdescribedby
Rinker and Bohannon.1~ We used a double-shell
cryogenic target. The original onedimensional target
design had been prepared at LLNL.12The ion beam in
these calculationswas a 5-GeV uranium beam with a
peak power of 90 TW and a total energyof 1.7MJ. The
energy gain of the target was 260. The objectiveof this
study was to observe the behavior of the target under
nonsymmetricion-beamillumination.

To test the symmetryof the computercode,we setup
a two-dimensionalsymmetricallyilluminatedrun. Fig-
ures VIII-15 and VIII-16 show the Lagrangianmesh of
the inner fuel region at 42.5 and 45 ns, respectively.In
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thesefigures,the x-axisis an axisof rotationalsymmetry
and the y-axis is a plane of symmetry. Figure VIII-15
showsconditionsnear peak compression;a slightasym-
metricalflatteningat the equator(at the top of the figure)
can be seen.The inner fuelregionhas expandedand the
asymmetries, though small, are more obvious (Fig.
VIII-16). They may be produced by Rayleigh-Taylor
instabilities introduced because a sphere cannot be
represented by a Lagrangian mesh exactly with this
code.

Let us describetwo asymmetriccases. First, consider
two cylindricalbeams, one on each side of the target,
with a flat radial powerprofde.FiguresVIII-17 through
VIII-19show the mesh and the rays representingthe ion
beam at O,20, and 35 ns, respectively.Beampenetration
into the absorbinglayer of the outer shellshowsthat at
the equator the beam penetratesmuch lessdeeplyin the
radial directionthan at the pole(Fig. VIII-17).At 20 ns
minor asymmetriesdevelop(Fig. VIII-18),and at 35 ns
the outer shell is very asymmetric(Fig. VIII-19). The
polehas movedinward to a radius of 0.12 cm, whilethe
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equator is at a radiusof 0.30 cm. Ion-beamdepositionas
a functionof the cosineof the polar angle at the initial
time is shown in Fig. VIII-20 for different radii. The
figure indicates that beam deposition is indeed asym-
metric.

In the secondcase we attemptedto study the effectsof
a finite spot size for the ion-beamfocal spot. However,
Fig. VIII-21,showingthe initialion-beamdepositionas a
functionof the cosine of the polar angle, indicatesthat
the initializationprocedure was in error and that the

depositionvaried from equator to pole by -50V0. The
results of this variation on the outer shell are shown in
Figs. VIII-22 through VIII-24. At O ns the mesh is
undisturbed(Fig. VIII-22);slightasymmetryis shownat
20 ns (Fig. VIII-23); and at 35 ns the asymmetry is
obvious(Fig. VIII-24).

We willcontinueto investigatethe effectsof different
kinds of beam asymmetries and will investigate the
possibilityof designingasymmetrictargets.
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IX. SYSTEMSAND APPLICATIONS STUDIES OF INERTIAL FUSION
(T. G. Frank, L O. Bohachevsky)

The objectives of systems and applications studies are to (1) identify potential
applications of ICF, (2) devise conceptual devices and systems that will ensure
economic viabilityof these applications,(3) define the technologyrequired for the
realization of ICF systems, and (4) link research and technology developmentsto
ensurecompatibilityand complementarilyof these activities.We are investigatingboth
laser and heavy-ion-beamdrivers. The applications studied include electric power
generation, fissile-fuelproduction,process heat generation,syntheticfuel production,
and weapons-relatedresearch. The studies consist of conceptual designsof devices,
constructionof mathematicalmodelsto analyzetheir technicalfeasibilityand perform-
ance characteristics,and developmentof costingalgorithmsand computerprogramsto
investigatewhethervariousICF applicationsare economicallycompetitive.

INTRODUCTION

To be effective, systems and applications studies
should consist of two complementary activities.The
objectiveof the first activity is to devisethe integrated
systems—ICF reactors—necessary to realize and ex-
ploit potential applications of the ICF process. The
objectiveof the second activityis to deviseanalysesfor
the mathematical modelingof technical and economic
characteristics and performancesof generic classes of
ICF reactor systems and subsystems.These analyses
provide a quantitative basis for tradeoff studies and
comparative assessmentsof differentICF reactor con-
cepts, suggest promising novel concepts or configura-
tions, and point out the most profitableresearch direc-
tions.

The performanceanalysisof the reactor designbased
on the wetted-wallreactor cavity showed that the fuel
pelletfiringfrequencywas limitedby the timerequiredto
remove the lithiumvapor and pellet debris through an
exhaustnozzle.Recentmodelingand approximateanaly-
sis of the restoration of the interpulsecavity conditions
showedthat removalprocessduration is proportionalto
the ratio of cavityvolumeto nozzle-throatarea whenthe
cavity is evacuatedthrough an exhaustnozzle.However,
that duration is proportional to the ratio of volumeto
cavity surface area when evacuation occurs by con-
densation on the cavity wall.1In practical ICF reactor
concepts,the ratio of the nozzle-throatarea to the cavity
surface area willbe very smallby design;therefore,this
simpleestimate suggestsmodifyingthe originalwetted-
wall reactor cavity so that the liquidlithiumflowallows
cavity evacuationby condensationon the relativelycold
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liquid 1ayer.Z,qBased on this concept, the operating
frequencyof the reactor cavitycouldbe increased50-to
100-fold.

In 1981 we investigatedthree topics and obtained
results that increased our understandingand modeling
capability.These topicsare (1) responseof liquidlithium
layers to neutron and x-ray pulses,’(2) plasmabehavior
in magneticallyprotectedICF reactor cavities,s-’and (3)
cyclictemperatureexcursionsand thermal-stressfluctua-
tions in fusionreactors.8’9

RESPONSE OF LIQUID LITHIUM LAYERS TO
NEUTRON AND X-RAY PULSES
(I. O. Bohachevsky)

Introduction

Many currentlyproposedICF reactor-vesselconcepts
employliquidlithiumin blanketsand/or in relativelythin
layers that protect the inner wall of the vessel from
products of fuel pellet microexplosions.Thermal loads
on the liquid lithium are imposed by intense pulses of
nonuniformspatial intensitythat are much shorter than
hydrodynamicand thermal relaxation times; therefore,
they generate pressure pulses and/or pressure waves.i
We have investigatedresponsesof lithiumblankets and
layers analytically and numerically;results show that
these responseswillnot pose severedesignproblems.

We distinguishtwo cases:whenthe lithiuminitiallyis,
and remains,at a pressurehigherthan its vaporpressure,
and when its pressureis equal to or lowerthan its vapor
pressure. In the first case, an analytic solution can



accuratelydescribethe wavemotion;in the secondcase,
the solution cannot be approximated with analytic
expressions,and numerical computations that include
phase transitionsare required.

AnalyticSolutions

A layer of liquid
spherical surfaces is

lithium between two concentric
shown in Fig. IX-1. The outer

surface at Rz is a rigid wall on which the normal
component of the velocity vanishes at all times. The
inner surface at RI is either a rigid structural shell on
which the normal componentof the velocityvanishesor
a free surface on which the pressure perturbation van-
ishes.The symbolA denotesthe thicknessof the liquid
layer, Rz– Rl, and 5 the depth of the layer into which
energy is deposited.For neutron energy deposition,5 =
A; in general for x-ray and debris energy deposition,
61A<<1.

The contemplatedconvectivevelocitiesparallelto the
ICF reactor vessel walls are much smaller than the
sound speed in the liquidlithiumand can be neglected.
Also, we expect the ratio A/Rl to be significantlyless
than unity; therefore, the plane wave approximation
describesthe motionwith adequateaccuracy.Withthese
approximations,the linearizedequationsthat governthe
propagation of pressure p and transverse-velocity
perturbationsu across an incompressibleliquidcan be
solved by using the Fourier-series expansions. The
details of the analysis have been published;4here we
present typical results for a liquidblanket betweentwo
structural shellsand for a free layer on the insidesurface
of a sphericalvessel.

Figure IX-2 shows the calculateddependenceof the
ratio of the amplitudeof the firstharmoniccomponentto
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the mean pressurerise (thevaluethat wouldobtain if the
energy was depositeduniformlyand so slowlythat the
waves did not develop)on the nondimensionalblanket
thickness A/h. @ is the scale depth of neutron energy
deposition.)The values of A/A for current conceptual
ICF reactor designs range between 1.0 and 2.0; there-
fore, the amplitudeof the pressurewavefor thesedesigns
increases steeply and approximately linearly with the
blanket thickness. This trend indicates that blankets
should be designedto be as thin as possibleconsistent
with energy-extractionand tritium-breedingneeds.

Figure IX-3 shows sample results for neutron energy
depositionin a 5-cm-thickfree-surfacelayer. The solid
curve representsthe pressurep(Rz,t)at the wall, and the
dashed curve represents the velocityu(Rl,t) at the free
surface. These curves indicate a square wave traveling
back and forth betweenthe walland the freesurface;this
resultwas expectedbecauseneutronenergydepositionis
nearly uniform in a layer that is thin relativeto the e-
foldingdistance.

The small amplitudeof the velocity perturbation is
significant;it is less than 0.5 m/s evenfor an amplitude
of the pressure perturbation as high as 107dyn/cm2
(10 atm). With a calculated velocity of 41.5 cm/s, the
free surface travels only 8.3 x 10-4cm before the pres-
sure perturbationreversesits sign.

NumericalSolutions

Anticipated requirements for transmission of driver
pulses to the fuel pellet are such that the residual
interpulsepressurein an ICF reactor cavityprotectedby
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a lithiumlayer willbe close to the vapor pressureof the
lithium.3Calculatingthe responseof the layer to energy
deposition at these conditionsrequires includingtran-
sitionsbetween liquidand vapor phases. This inclusion
impliesa nonunique relationshipbetween the pressure
and density (specific volume) and requires numerical
computationsfor an accurateanalysisof the phenomena.
The results reported here have been obtained with the
CHART-D code developedat Sandia National Labor-
atories (SNL); because the code is well known and
adequately documented,10-13we will not describe it in
detail. The code numerically solves the equations of
hydrodynamicsin Lagrangiancoordinatesand uses the
most accurate availableequationof state of the medium,
includingphase transitions. We limit the study to the
layer of liquidlithiumon the insideof a sphericalvessel
and investigateresponses to neutron and x-ray energy
depositions.

We considera 5-cm-thicklayerof liquidlithiumon the
insideof a sphericalvessel(radius R = 170cm). Neu-
tron transport calculations indicate that energy depo-
sition by 14-MeV neutrons in liquid lithium is well
approximatedby a source $ givenby

$=$ e [-(r -R,)/l] ,

where p i t density, 1.= 53 cm, and SO= 0.71 x
1017erg/cm3.s for a 150-MJ pellet and an energy
depositiontime of 1ns (10-9s). The initial conditions
were cell size = 0.1 cm (1 mm), temperature T
769.41K (0.0663eV), and densityp.= 0.48 g

Calculated results show no perceptibleeffectsexcept
for a temperature increase of 3.77 K and a pressure
increaseof 1 dyn/cm2.There is no indicationof percep-
tible motion even when the energy deposition rate is
increasedtenfoldto S. = 0.71 x 1018 erg/cm3.sand the
temperature increase becomes 38 K Significantwave
and particle velocities appear only when the energy
depositionrate is increasedanother factor of 10to S. =
0.71 x 1019erg/cm3.s.

The energy of the x rays (and of the debris ions)
emitted by ICF pellets may range from 100 eV to
100 keV; the corresponding opacities of cold
lithiumll’13’14are such that the characteristic depth of
energydepositionmay vary fromtensof centimetersto a
f ro a m iW t p d i
m l t t l t A the effect of x
rays is indistinguishable(exceptfor the source strength)
from the effect of neutron energy depositiondiscussed
above.The effectof x rays whosedepth of penetrationis
small (less than a millimeter)or comparable (a few
centimeters) to the thickness of the lithium layer is
discussedbelow.

The characteristicheat conductiontime 7C(TC= 5

whereK is h d if a l l l
i 3.4 x 10-2s, and a representativex-ray pulselengthis
10-8 s. Therefore, the initial imbalancecaused by the
temperaturediscontinuitywillbe resolvedwith pressure
waves (Ref. 1, Sec. V).

For -8% of a 150-MJ(certainly an upper bound)
pellet emitted as x rays and depositedin a l-mm-thick
layer of liquid lithium at a distance of 165 cm during
1O-ss, the source strength is S. = 3.5 x 1017erg/cm3.s,
and the exponentialfunctioncan be replacedwith unity.
Figure IX-4 showsthe temperaturerise duringthe pulse
in the l-mm layer adjacentto the free surface.The total
temperature increase of 193 K is 8’%0lower than the
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F 1X-6.The developmentof mass veloeityassociated with
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The neutron and x-ray pulsesin ICF applicationsare
much shorter than the hydrodynamic and thermal
response times of the liquid lithium; therefore, they

1

deposit energy at constant specific volume, that is,
isochorically.The effect of such processes in a liquid-
vapor mixtureat or near the saturation lineis transition
to pure liquid accompanied by a sharp and intense
pressure increase in the region of energy deposition.
However, the pressure pulse generated in this way
propagates only a short distance before dissipating
because of the low sound speed in two-phase liquid-
vapor mixtures.This result is consistentwith the use of
liquid sprays to suppress intense acoustic oscillations.
Computed results indicate that pressure pulses with
amplitudes of up to 1OOOatm dissipate in a few
millimetersof lithiumat vapor pressure.

Analysis of the results indicatesthat the phenomena
that developin lithiumlayers becauseof pulsed energy
depositioncan be assessedaccuratelyonly if the validity
of the assumptionsthat enter into the computationsis
establishedexperimentally.

PLASMA BEHAVIOR IN MAGNETICALLY
PROTECTED ICF REACTOR CAVITIES
(I. O. Bohachevsky,J. C. Goldstein,D. O. Dickman)

Introduction

In the ICF process the fusion reaction occurs suffi-
ciently fast (in < 10–9s) to resemblea small explosion
that producesions of relativelyhighenergy(1-100keV).
Investigationsof the expansionof these ions and their
interaction with an externallygenerated magneticfield
embedded in a residual background fluid led to the
constructionand study of a plasma modelconsistingof
an ionized fluid, relatively energetic ions not in
thermodynamicequilibriumwith the surroundingfluid,
and an electromagneticfield.Discussionsof motivation,
parameter estimates, and physical assumptionsleading
to this modelhave been publishedpreviouslys’ctogether
with the governing equations and the results that il-
lustrate engineeringimplicationsfor ICF applications.

Here we present (1) a brief descriptionof the plasma
model,(2) an outlineof the numericalprocedureused to
calculate the results, and (3) results of a parametric
investigationof the ion propagationthrough electrically
conducting fluids with embedded magnetic fields of
moderate intensity(severalthousand gauss).

Plasma Model

In practical applications, ICF
occur inside containment vessels

microexplosionswill
fdled with a residuaJ



interpulsefluid.1The laser or particlebeam transmission
requirementsto initiate the fusion reaction impose an
upper limit on the admissibleresidual fluid density n.
This limitis not knownprecisely,but it is not expectedto
exceed a value between 1015or 1O1satom/cm3, A
representativevolumeof an ICF containmentvessel(4-
m-long cylinder with 2-m radius) is 5 x 107 cm3;
therefore, the total number of atoms involvedmay be
between 5 x 1022and 5 x 1023.If only 0.1?40of the
nominalpellet energyreleaseof 150 MJ is absorbedby
these atoms, the energy per atom willbe higher than 1
eV, enough to ionize the medium so that it will be a
perfectlyconductingplasma.

Under theseconditionsthe collisionalcross sectionso
for the fluidparticlesare -10-15 cm2;consequently,the
mean free path 1.(1 x l/nns) is between0.30 and 0.03
cm. These estimatesshow that phenomenawith charac-
teristic lengths of several centimetersor more can be
modeledwith a continuumdescription.

Fuel pellet debris generated in the microexplo-
sion, however,behavesdifferently.Calculationslsbased
on the Lindhard stopping theory show that even at a
densityof 1.5 x 1O1satom/cm3(exceedingthe allowable
limit),the meandebrisionrange in neonis between2 and
5 m. Ion ranges of that magnitudeare comparableto or
greater than characteristic dimensionsof ICF contain-
ment vessels and much greater than the background
medium mean free paths. Therefore, the ion motion
cannot be approximatedwithinthe frameworkof a fluid
model but must be determinedfrom kinetic theory. In
our analysis this is accomplishedby calculatingtrajec-
tories for a statisticalsample(5 OOOto 20 OOO)of ions.

To prevent the high-energyions from striking and
erodingthe wallof the cylinder,an axialmagneticfieldis
impressed that deflects the ion trajectories and guides
them into the cylinder ends.l’c Preliminary inves-
tigational’show that a magneticfield intensityof a few
thousand gauss is sufllcientto accomplishthis.

In accord with the estimatesmade above, the plasma
model for the analysisof cavity phenomenaconsistsof
three parts: background fluid; discrete, relativelyhigh-
energy ions; and an electromagneticfield. We assume
that the flash of x rays emitted by the reacting fuel
ionizes the single-componentbackground fluid to a
degree that makes it a perfectlyconductingplasma. Its
behavior is describedby modifiedLundquistequations
supplementedwith an appropriateequationof state and
a rate equationthat determineschangesin the degreeof
ionization.We modelthe expansionof debris ions using
a representativesampleof ion trajectoriescalculatedby

integratingthe equation of motion for each simulation
ion with the Lorentz force contributingto the accelera-
tion. The model also includesphenomenologicalterms
that describe momentum and energy transfer between
the fluid and the discrete ions and a rate equation that
determinesthe averageion charge.

We describethe electromagneticfieldwith Maxwell’s
equations, neglectingthe displacementcurrent. We re-
place Ohm’slaw with postulatesthat the electricfieldbe
always and everywhereperpendicularto the magnetic
field, that local charge neutrality prevail, and that the
electrons be massless and drift without inertia in the
direction perpendicularto electric and magnetic fields.
Thus, the model constitutes a generalizationand ex-
tension of considerations introduced by Dickman,
Morse, and Nielson.ls

Solution

Solutions describing the evolutionof plasma condi-
tions inside reactor cavities are obtained by numerical
integrationof the governingequations.Toward this end,
the differential equations are replaced with finite-dif-
ferenceapproximationsusingthe Lax-Friedrichsscheme
introduced by Lax19 and applied effectively by
Bohachevsky et al.* t c multidimensional

flowswith shock waves and radiation effects.
The integration is initializedby (1) determiningthe

desiredmagnetic-fielddistribution(eitherby placingcoils
at appropriate locations or by solving the boundary
value problems for the magnetic vector potential); (2)
placing simulationparticles into desired locations with
desired velocities(energies);and (3) prescribing initial
distributionsfor the density,velocity,and temperatureof
the backgroundfluid.

After initialization the variables are advanced in
discrete time steps in the following order: (1) the
simulationparticlesare moved;(2) the valuesof density,
velocity,and internal energy of the fluid are advanced;
(3) the auxiliary thermodynamic quantities (including
ionization fraction) are determined; (4) the current is
calculated;(5) the electricfieldis calculated;and (6) the
magneticfieldis advanced,completingthe cycle.

The computations are continued until all simulation
particles disappear into containment walls or a quasi-
steady state has been reached. We record the time,
position, and ion energy at the time of impact into the
wall to help analyze first-wallheatingand erosion.23
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Results

Figures IX-7 and IX-8 illustratethe
expansionof ions through tenuous(1014
-lO1s atom/cm3) media. The relatively
extensive dispersion of ions and the
smooth variation of the magnetic-field
intensity are significant.Figures IX-9
and IX-10 illustrate the ion expansion
through relatively dense (1016-10]7
atom/cm3) media. Here the concentra-
tion of ions in a thin sheet and the
associated discontinuityin the slope of
the magnetic-fieldintensity are signifi-
cant. The linesin Fig. IX-7 and IX-9 are
contoursof constantmagneticflux.

FiguresIX-11 and IX-12illustratethe
pressure and the axial fluid velocity
distributionsfor an ambient density of
3.44 x 10-8g/cm3(lO1satom/cm3).The
maximumvaluesof thesevariablesat the
timesof the plotswere 7 x 104dyn/cm2
and 1.6 x 107cm/s. These results show
that the ions impart such a highvelocity
to thebackgroundfluidthat despitelarge
energy deposition,the temperature and
density in the region interior to the
expanding ions decrease to very low
values. (This result is predicatedon the
assumption that radiativeenergy trans-
port is negligible.)Thus, the individual
ions act likejet ejectors, and the effect
reduces the density inside the shell of
expandingions to a valueless than one-
thousandthof the initialambientdensity.

Our general investigationdid not un-
cover any fundamentalphysical reason
that would eliminatethe possibilityof
magnetically protecting the reactor
cavity wall.

CYCLIC TEMPERATURE AND
THERMAL-STRESSFLUCTUA-
TIONS IN FUSION REACTORS
(L O. Bohachevsky; R. N. Kostoff,
DOE/ER)

Introduction

Early commercial fusion reactors,
whether they operate as pure fusion
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electricitygeneratorsor as fusion-fission
fuelfactories,willuse the D-T fuelcycle.
The D-T fusion reactor produces
predominantly14-MeVneutrons,which
interact with an absorbingblanke~ and
charged particles and radiation, which
are absorbed in the wall facing the
reacting plasma. The resulting energy
depositionin the blanketand in the wall
raisesthe temperaturenonuniformlyand
inducesthermal stresses.In general, the
fusion plasma core is not expected to
burn continuously but intermittently;
consequently, the induced thermal
stresseswiIlbe cyclic.The cycletime,or
period, may range from tens of minutes
to small fractions of a second, and the
fraction of a cycle during which fusion
energy is released may range from
nearly unity to 10-6. Thus, the
characteristicsof cyclicthermaland me-
chanical loads in fusion reactors will
span a widerange of parameter values.

We havemodeledand analyzedcyclic
thermal loads and stresses in the com-
plete potentialrange of operatingcondi-
tions.We haveexaminedthe two critical
componentsof fusionreactors, namely,
the solid wall adjacent to the fusion
plasma (first wall)and the fuelelements
in the high-power-densityregion of the
blanket. These two components ex-
emplify two limiting cases of thermal
loading: the first-wall loads are gener-
ated by predominantly shallow energy
deposition that may be approximated
with a flux across the surface, and the
fuel-element loads are generated by
predominantlyvolume-energydeposition
of volumetric heating. For these two
typesof loading,we have derivedsimple
closed-formexpressionsfor temperature
excursionsand thermalstressesthat may
be evaluatedconvenientlyand rapidlyto
compare valuesfor differentsystems,

The explicitexpressionsfor the para-
metric dependenciesof thermal stresses
may be used to identify critical stress
areas, to derivecomparisonsbetweenthe
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relative merits of fusion reactor operation in ditTerent
parameter regimes, and to estimate benefits that may
obtain from changes in operating characteristics.The
results also provide a quantitative basis for tradeoff
studies.

Assumptions

To ensure that the results are simple and accurate
enoughfor practical applications,we assumethat energy
is released during fuel fusion in pulses that have the
shape of a square wave with constant intensity for a
specifiedpulse duration. We also assumethat the faces
of t structural elementsin contact with fluidcoolants
are at the bulk coolant temperature, which remains
constant.This second assumptionis a good approxima-
tion when the coolant mass flow rate and conductivity
are so high that the coolant behaves as an isothermal
sink.

We assumefurther that the fuelelementsare enclosed
in a thin metallic cladding whose thermal expansion
coefficientand heat capacity (but not necessarily the
tensileor yieldstrength)are the sameas thoseof the fuel-
element material and that the cladding and the fuel-
element materials remain in intimate contact. These
assumptionsmay result in absolutedifferencesbetween
the model predictions and actual fuel-elementstresses
because of gaps providedbetween fuel and claddingto
accommodate differentialexpansion.However, relative

s
Es

differences predicted in fuel elements under
fusionpulsingscenariosshouldbe predictable.

Analysis

different

We used two approachesto solvethe heat conduction
equation and to calculate stresses in terms of system
parameters.The first is expansioninto Fourierseriesand
determinationof periodic solutions. In the second we
obtain a solution for a single pulse and sum the
contributions of individual pulses weighted with ap-
propriate time delaysand timedecaysto obtainboth the
transient and the long-termsolutions.The first approach
is more accurate when the temperatureduring a given
pulsedependsstronglyon the temperatureprofileof the
precedingpulse.On the other hand, the secondapproach
is more accurate when the temperature during a given
pulse is independentof the temperature profideof the
preceding pulse (for example, when the time between
pulses is so long that the component cools to bulk
coolant temperaturebeforethe start of the nextpulse).

Results

Figure IX-13, a summary of the results, shows the
variation in the ratio of the amplitudeof the fluctuating
stress component to the mean steady-state stress. This
ratio is plotted as a function of the pulse length

5.

Fig. IX-13. Combined dependenceof
stress ratio o frequency and pulse
length.
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normalized with the cycle period tP and the non-
dimensionalfrequencyexpressedin cyclesper character-
istic thermal responsetime tCof the structural element.
The scale on the axis represents the reciprocal of the
nondimensionalfrequency t#C to ensure accuracy at
highfrequencies.These resultswerederivedby usingthe
Fourier-seriesexpansionof the solution;the detailsof the
analysis and results were presented at the 3rd IAEA
CommitteeMeeting and Workshop on Fusion Reactor
Design and Technology.s

When the pulse duration equals the cycle period,
which occurs for steady-state fusion systems such as
stellarators, the ratio of stress components vanishes,
implyingthe presenceof onlysteady-statethermalstress.
When the pulselengthis about 0.85 to 0.90 of the cycle
period, as it would be for nominal tokamak operation,
the amplitudeof the fluctuatingstresscomponentequals
about 0.10 to 0.15 of the steady-statestress for reason-
able values of the frequency; the presence of the
fluctuatingstress component is considereddetrimental.
For very short pulses, like those in ICF reactors and
magneticpinches,the amplitudeof the fluctuatingstress
componentis a strongfunctionof the frequency,whichis
the ratio of the characteristicthermal diffusiontime to
cycle time. For smallvalues of ~ and high frequencies,
which representnominal 1O-HZoperation of ICF reac-
tors withcharacteristicthermaldifTusiontimesexceeding
1s, the fluctuatingstress componentis nearly negligible
and in effect the system is in steady-state stress. For
short pulses and low frequency, the amplitudeof the
fluctuating stress reaches the maximum value of 1.16
timesthe steady-statevalueof the stressfor the firstwall
and 0.92 timesthe steady-statevaluefor the fuelelement
in the fusion-fissionhybrid.This resultmay not be exact
becausethe accuracy of the Fourier-seriesrepresentation
deteriorates as the cycle time increases significantly
abovethe characteristicthermaldiffusiontime.

When the single-pulseapproach is used to analyzethe
low-frequency case, the results show that for short
pulses, the ratio of the fluctuatingstress componentto
the value of the stress that would obtain in the case of
high-frequency (equivalent to steady-state) operation
equals the ratio of the cycle time to the pulse length,
whichmay be very large. In this case one can reducethe
fluctuatingstress amplitudeby reducingthe component
size and thus its characteristic thermal diffusiontime;
this effectivelyincreases the nondimensionalfrequency
of operation. Reduction of component sizes appears
practical for magnetic-pinchsystems but difilcuh for
slow-pulsed,large ICF systems.
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Both the Fourier-seriesand the single-pulseanalyses
predict the same valueof the steady-statestress limit as
the pulselength~ approachesthe cycleperiodtP.
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X. RESOURCES, FACILITIES, AND OPERATIONAL SAFETY
(F. P. Durham)

All buildings for HEGLF (Antares) have been constructed. Operational safety
policiesand procedurescontinuedto be appliedsuccessfullyto minimizethe hazards of
operatinghigh-powerlasers.

MANPOWER DISTRIBUTION

The distributionof employeesassignedto the various
categories of the DOE-supported Inertial Fusion Re-
search Program is shown in Table X-I.

FACILITIES

High Energy Gas Laser Facility(HEGLF)

Construction Package I, which includes the Laser
Hall, the mechanicalbuilding,the ofiicebuilding,and a
warehouse,and ConstructionPackageII, whichincludes
the Target Building,the power-transmissionsystem,and
miscellaneousconstruction,have been completed.

Target Fabrication Facility

Constructionof the InertialFusionTarget Fabrication
Facility began early in July and is 15’%0complete.Bids
were opened on June 9 and a contract was awarded by
DOE to Davis and Associatesof Santa Fe, New Mexico,
for $9347000. The work, whichwilltake about 2 years,
has two phases. Phase I consists of site preparation,
utilities preparation, and construction of the building
structure. Phase II, authorized in December 1981,
comprises completion of interior laboratory construc-
tion, includingthe mechanicaland electricalsystemsand
installation of laboratory equipment.The facility was
designed by Black and Veatch, Consulting Engineers,
Kansas City, Missouri;an artist’ssketchis shownin Fig.
x-1.

The facility will provide a centralizedtarget fabrica-
tion laboratory and oftlcespace to supportthe expanded
needs of the Helios and Antares laser systems, SNL’s
pulsed-powerfusionprogram, and related inertialfusion
programs.The facilityis dedicatedto the developmentof
target fabrication techniques,materials, processes, and

characterization methods, and to the production, as-
sembly, and characterization of targets for the above
programs.

Davis and Associateswillbuild a two-story building
(Fig. X-1) with -50000 t12of laboratory space divided
among60 individuallaboratoriesand 12000 ftzof office
space. It willbe located at Los AlamosTechnicalArea
35 near the Antares and Helios laser facilities.A large
penthouse enclosure will house 13 air-handlingunits,
with a total capacity of 205 OOOcfm, and 10 exhaust
systemsfor more than 50 fumehoods,witha capacity of
125000 cfm.

Special features of the facility are large clean areas
requiredfor target preparation and assemblyoperations,
as wellas for processdevelopmentand characterization;
a tritium-handlinglaboratory for fillingtargets with DT
gas; target coatinglaboratoriesequippedfor electroplat-
ing, PVD, and CVD; plastic foam developmentand
production laboratories; a laser weldingand solid-state
joining laboratory; and a precision machining and
measurementslaboratory.

OPERATIONAL SAFETY

The excellentlost-time injury rate continued during
this periodwith no seriousaccidentsreported.

TABLE X-I. ApproximateStaflingLevelof Laser
Program, 1981.

Laser development 45
Target experiments 140
Target design 40
Target fabrication 52
Diagnosticsdevelopment 48
Systems studies 5

G
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Fig.X-1.Artist’s sketch of Target Fabrication Facility.
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XI. PATENTS, PUBLICATIONS, AND PRESENTATIONS

PATENTS

Serialnumbers,filingdates, patent numbers,and issue
dates may not be known for several months after they
are assigned.Therefore,for any givenperiod,casesmay
be missingfrom these listingsif patent activityoccurred
later in the reportingperiod.

The following applications were fded in the U.S.
Patent OffIce.

S.N. 226,575 — “Segmented Pyroelectric Detector,”

S.N. 233,530

S.N. 242,807

S.N. 271,141

Suzanne C. Stotlar and Edward J.
McLellan.

“SingleElectron Beam RF Feedback
Free Electron Laser,” Charles A.
Brau, Stephen D. Rockwood, and
WilliamE. Stein.

“Method of Forming Metallic Coat-
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“Combination Free Electron and
Gaseous Laser,” Charles A. Brau,
Stephen D. Rockwood, and William
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Judd.
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F. Benjamin.

S.N. 293,912 — “Microscope and Method of Use,”
Wayne L. Bongianni.

S.N. 294,601 — “Reinfection Laser Oscillator and
Method,”Edward J. McLellan.

S.N. 297,477 — “Method and Use for Producing
Cryogenic Targets,” James T.
Murphy and John Miller.

The followingpatents were issuedby the U.S. Patent
Office.

U.S. Pat. 4,243,888 — “Laser Beam AlignmentAp-
paratus and Method,”Charles
R. Gruhn and Robert B.
Hammond.

U.S. Pat. 4,264,868 — “High Power Gas Laser
Amplifier,”WallaceT. Leland
and Thomas F. Stratton.

U.S. Pat. 4,265,982 — “Coated Woven Materials
and Method of Preparation,”
William J. McCreary and
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“Apparatus for Producing
Cryogenic Inertially Driven
Fusion Targets,” John R.
Miller.

“Beam Heated LinearTheta-
Pinch Device for Producing
Hot Plasmas,” Ihor O.
Bohachevsky.

PUBLICATIONS

This list of publicationsis prepared from a stored
computerdata base.
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B. J. Feldman, R. A. Fisher, and S. L. Shapiro,
“Ultraviolet Phase Conjugation,” Opt. Lett. 6, 84
(1981).

I. J. Bigioand M. Slatkine,“Attainmentof the Theoreti-
cal MinimumInput Power for Injection-Lockingof an
Unstable Resonator KrF Laser,” Opt. Lett. 6, 336
(1981).

I. J. Bigio,B. J. Feldman,R. A. Fisher, and M. Slatkine,
“Phase Conjugationand Image-RetainingReflectionof
KrF Laser Radiation at 2486 A,”IEEE J. Quantum
Electron.QE-17, 220 (1981).

M. Slatkine and I. J. Bigio,“Demonstration of Ultra-
Low InjectedPowerfor Lockinga High PowerUnstable
KrF Resonator,” IEEE J. Quantum Electron. QE-17,
228 (1981).

PRESENTATIONS

Target Fabrication

The following presentations were made at the
American Vacuum Society 28th Annual Symposium,
Anaheim,California,November2-6, 1981.

N. Elliott W. Anderson, T. Archuleta, and D. Stupin,
“Thin Film MeasurementUsingX-Ray Peak Ratioing.”

W. L. Bongianni,“Beam Profde Measurementson the
MagnetoelasticMicroscope.”

D. E. Cooper, “Phase Modulation Interferometer for
ICF Target Characteristics.”

B.Jorgensen,“A Techniquefor CalculatingDT Content
in Glass MicroballoonsFrom X-Ray Counts.”

D. M. Stupin, K. R. Moore, G. D. Thomas, and R.
Whitman, “Automated Computer Analysis of X-Ray
RadiographsGreatly FacilitatesMeasurementsof Coat-
ing Thickness.”

A. T. Young, D. K. Moreno, R. G. Marsters, “Prep-
aration of Multishell Target Plastic Foam Cushion
Material by Thermally Induced Phase Inversion
Processes.”

J. T. Murphy, “ExperimentalEvidence in Support of
David A. Glocker’sMulti-ShellCryogenicLaser Fusion
Target Using SuperconductingLevitation.”

L. R. Foreman, “Novel Cryogenic Target for Laser
Fusion.”

D. M. Stupin and G. H. Stokes,“It May Be Possibleto
Detect CoatingThicknessVariationsas Smallas O.IYoin
Laser Fusion Targets.”

In addition, the followingpresentationswere givenat
variousinstitutions.

A. T. Young,“New, Low Density,MicrocelhdarFoams
for ICF Target Cushions,” Lawrence Livermore Na-
tional Laboratory, Livermore,California,February 20,
1981.
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H. Farnum, “Fabrication Techniquesfor Laser Fu-
sion Targets:’ Colloquiumon ICF Target Fabrication,
Argonne National Laboratory, Argonne,Illinois,March
20, 1981.

A. T. Young, “A Phase Inversion Process for the
Preparation of Plastic Foams for ICF Targets,” KMS
Fusion Corporation, Ann Arbor, Michigan, April 3,
1981.

E. H. Farnum, classifiedtalk, Las Vegas,Nevada, May
7, 1981.

R. Jay Fries, “The Use of Low-Pressure-PlasmaPoly-
merization in the Fabrication of Targets for Inertial
Confinement Fusion,” 1lth Symposium on Plasma
Chemistry,Osaka, Japan, June 12, 1981.

E. H. Farnum, J. K. Feuerherd, S. Pederson, M. H.
Thomas,and P. Gobby,“Materialsin ICF Targets;How
Materials Choice AffectsTarget AssemblyTechnique,”
ICF Topical Conferencein Seattle,Washington,August
11-13,1981.

A. T. Young,M. C. Lee, I-An Feng, D. D. Elleman,and
T. Wang, “Polymer Coating of Glass Microballoons
Levitated in a Focused Acoustic Field,” Materials Re-
search SocietySymposium,Boston,Massachusetts,No-
vember 16, 1981.

Theory

The following presentations were made at the
American Physics Society Annual Meeting of the
Plasma PhysicsDivision,New York, New York, Octo-
ber 12-16,1981.

R. F. Benjaminand E. L. Lindman,“MagneticControl
of Laser-ProducedHot Electrons.”

J. U. Brackbill, “New Developments in Modeling
Nonlinear, Low Frequency Plasma Physics
Phenomena.”

J. U. Brackbill and D. W. Forslund, “Nonlinear Evo-
lutionof Low FrequencyPlasma Instabilities.”

C. W. Cranfti, C. H. Aldrich, and D. W. Forslund,
“General Self-similarDescription of Fast-ion Blowoff
from Laser-heatedTargets.”

C. J. Elliot4 “Optical Mode Quality in a Free-electron
Laser.”

D. W. Forslund and J. U. Brackbill,“Magnetic Field
Enhanced Lateral Transport.”

S. R. Goldman,D. C. Wilson,R. H. Day, A. Hauer, W.
C. Priedhorsky,and P. D. Rockett, “Computer Simula-
tion of Laser-irradiatedMicroballoonswith Thicknesses
both Large and Small Compared to the Superthermal
Range.”

W. P. Gula, “A Study of the Effectsof Non-spherically
Symmetric Ion Beam Deposition on SphericallySym-
metric Targets.”

K. Lee, J. U. Brackbill, D. W. Forslund, and K. B.
Quest, “Dissipationof ReflectedIon Beamsfrom Quasi-
Perpendicular Shocks Due to Electromagnetic Ion-
cyclotron Instability.”

R. D. Jones, “Heating and Transport of a High Z
Plasma in the Presenceof an Intense Laser Field,”

J. M. Kindel,“Implicationsof Current COZExperiments
for Target Design.”

K. B. Quest J. U. Brackbill,D. W. Forslund, and K.
Lee, “Anisotropy Driven InstabilitiesDownstream of a
Parallel Shock.”

R. J. Mason,“SuprathermalElectronCouplingFor Thin
Foils.”

H. M. Ruppel and J. U. Brackbill, “An Adaptively
Zoned Particle in Cell Method for Multi-MaterialProb-
lems.”

E. K. Stover, D. C. WiIson,J. Mack, D. van Hulsteyn,
G. McCall, and A. Hauer, “Enhanced Energy Depo-
sitionSymmetryby SuprathermalElectronTransport.”
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T. H. Tan, C. Barnes, R. Benjamin,A. W. Ehler, G.
Schappert,A. Williams,and D. van Hulsteyn,“Vacuum
Insulation Experiments From COZ Laser Irradiated
Targets.”

D. C. Wilson, S. R. Goldman, R. H. Day, W. C.
Priedhorsky,P. D. Rockett, and A. Hauer, “Numerical
Modelingof X-ray Emissionfrom 10.6 Micron Laser-
Irradiated High Z Shells.”

M. A. Yates, J. Kephart, R. Robertson,F. Begay,T. H.
Tan, A. W. Ehler, A. Williams, K. Wilson, D. van
Hulsteyn,R. Benjamin,S. Pederson,J. Hayden, and C.
Barnes, “Ion Emission From COZ Laser Irradiated
Vacuum InsulationTargets.”

The following presentations were made at the
American Geophysical Union Spring Meeting, Balti-
more, Maryland,May 25-29, 1981.

C. Barnes,“Double Layers and Ion-cyclotronWaves.”

D. W. Forslund and J. U. Brackbill,“Lower Hybrid
.Drift Instabilityin Self-consistentDensityGradients.”

K. Lee, J. U. Brackbill,D. W. Forslund, and K. B.
Quest, “Dissipation of Reflected Ion Beams From
Quasi-perpendicularShocks Due to Electromagnetic
Ion-cyclotronInstability.”

K. B. Quest, K. Lee, D. W. Forslund, and J. U.
Brackbill, “Angular Wavenumber Spectrum of the
Finite-Larmor-RadiusFirehoseInstability.”

The followingpresentationswere made at the 1981
IEEE International Conference on Plasma Science,
Santa Fe, New Mexico,May 18-20,1981.

D. E. Casperson and D. W. Forslund, “Stimulated
Backscatter Measurementson Helios Using a Double-
pulse Technique.”

C. J. Elliott,“Ergodic Behaviorof PendulumMotionas
in a Free ElectronLaser.”

D. W. Forslund and J. C. Comly, Jr., “Analytic
Formulae for Stopping Power of One Dimensional
ElectronDistributionsin High Z Material.”

R. J. Mason, “Apparent and Real Thermal Inhibitionin
Laser Produced Plasmas.”

A. J. Scannapieco, “The Stability of Planetary Type
Waves in Laser FusionTargets.”

The followingpresentationswere made at the 1lth
Annual Anomalous Absorption Conference,Universit6
du Quebec,Montreal,Quebec,Canada, June 2-5, 1981.

R. J. Mason, “Thermal Transport Inhibition in Laser
ProducedPlasmas.”

F. Begay, D. W. Forslund, and D. E. Casperson,
“Observation of a Two Component High Energy Elec-
tron Distribution in Double-pulsedCOZ Laser-induced
Plasmas.”

The followingpresentationswere made at the Topical
Conference on Symmetry Aspects of Inertial Fusion
Implosions,Naval Research Laboratory, Washington,
D.C., May 27-28, 1981.

D. C. Wilson, J. M. Mack, E. K. Stover, D. van
Hulsteyn, G. H. McCall, and A. Hauer, “Enhanced
Energy Deposition Symmetry by Hot Electron Trans-
port.”

G. S. Fraley, “Rayleigh-TaylorStability for a Shock
Wave-DensityDiscontinuityInteraction.”

The followingpresentationswere made at the Con-
ference on Lasers and Electro-Optics’81, Washington,
D.C., June 10-12,1981.

J. R. Ackerhalt, H. W. Galbraith, and J. C. Goldstein,
“Self-Focusingin SFc.”

I. J. Bigio, J. C. Goldstein, and M. Slatkine, “Mode
Development in Injection-lockedUnstable Resonators
with Short-gainDuration ExcimerMedia.”

J. C. Goldstein,R. F. Haglund,Jr., and J. C. Comly,Jr.,
“Small-signalGain Spectrum of an 1800 Torr C02
Amplifier.”

In addition, the followingpresentationswere made at
variousinstitutions.
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C. J. Elliott, R. G. Bjurstrom, J. P. Carpenter, E. L.
Coffelt,J. J. Hayden, D. E. Hebron, J. McLeod,and V.
Romero, “In-situ Optical Breakdown - Studies for a
Large COZ Laser Amplifier,”Proc. Los Alamos COnf.
Optics, Santa Fe, New Mexico,April 6-10, 1981,D. H.
Liebenberg,Ed., SPIE Vol. 288 (1981).

D. W. Forslund,“Large ScaleSimulationRequirements
for Inertial Fusion,” 1981 Workshop on High-Speed
ComputingArchitecture and Large Scale Calculations,
GlenedenBeach,Oregon,March 30-April2, 1981.

D. W. Forslund and J. U. Brackbill, “New Multi-
dimensionalElectromagneticPlasma SimulationMeth-
ods and Applications,”20th General Assembly of the
International Union of Radio Science, Washington,
D.C., August 10-18,1981.

J. C. Goldsteinand W. B. Colson,“PulsePropagationin
Tapered Wiggler Free Electron Lasers,” International
Conferenceon Lasers, New Orleans,Louisiana,Decem-
ber 14-18,1981.

J. C. Goldstein,“Chirped Pulses in Tapered - Wiggler
Free Electron Laser Oscillators,” 1981 IEEE Interna-
tional Conference on Infrared and MillimeterWaves,
Miami,Florida,December7-12, 1981.

W. P. Gula and G. R. Magelssen,“Scaling Laws for
Simple Heavy Ion Targets,” Fourth InternationalTop-
ical Conferenceon High Power Electron and Ion Beam
Research and Technology, ~cole Polytechnique,
Palaiseau,France, June 23-July3, 1981.

J. M. Kindel, B. Bezzerides,D. W. Forslund, R. S.
Goldman, R. D. Jones, E. K. Stover,and D. C. Wilson,
“TheoreticalUnderstandingof Carbon DioxideInterac-
tion Experiments,” IOth European Conferenceon Con-
trolled Fusion and Plasma Physics, Moscow, USSR,
September14-19,1981.

R. J. Mason,“SuprathermalElectronTransport in Laser
ProducedPlasmas,”Proc. ANS/ENS InternationalTop-
ical Meetingon Advancesin MathematicalMethodsfor
Nuclear EngineeringProblems,Munich,West Germany,
April 27-29, 1981;presentedcolloquiaon same subject
at ~cole Polytechniqueand at Centre d’ Etudes de
Limeil, France, June 23-July 3, 1981; Max Planck
Institut fur Plasma Physik, Munich, and GSI,
Darmstadt, in West Germany, and the Rutherford
Laboratory and AWRE in Great Britian,May 6-9, 1981.

R. J. Mason, “Electron Transport in Laser Produced
Plasmas,” National Research Council of Canada, Ot-
tawa, Canada, September4, 1981.

R. J. Mason,“Prospectsfor ImplicitMomentSimulation
of Plasmas,” Colloquiumat Princeton University and
Rutger’sStatisticalMechanicsMeeting,Princeton,New
Jersey, December 17-18,1981.

J. S. Saltzman and J. U. Brackbill,“Applicationsand
Generalizationsof Variational Methods for Generating
Adaptive Meshes,” Symposiumon the NumericalGen-
eration of CurvilinearCoordinate Systems and Use in
the NumericalSolutionof Partial DifferentialEquations,
Nashville,Tennessee,April 13-16,1981.

B. R. Suydam, R. A. Fisher, and B. J. Feldman,
“Transient Phase Conjugation in a SluggishKerr Me-
dium,” Optical Society of America Annual Meeting,
Orlando, Florida, October 26-30, 1981.

Experimentsand Diagnostics

The following presentations were made at the
American Physics Society Annual Meeting of the
Plasma Physics Division,New York, New York, Octo-
ber 12-16,1981.

A. Hauer, “SpectrographMeasurementsof 50-1000eV
X-Radiationfrom SphericalTargets at Helios.”
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S. K. Wilson and F. Begay, “Analysis of Charged
ParticlesRecordedin DielectricPlasticDetectors.”

M. M. Mueller,“Calculation of Electron Transmission
Spectra for an IncidentContinuumby Means of Fitting
Data in Four Variables.”

A. W. Ehler, J. Kephar4 F. Begay,T. H. Tan, and A.
Williams,“Measurementsof Fast Ion EnergyFrom COZ
Laser Heated Targets.”

A. W. Elder, F. Begay, T. H. Tan, and A. Williams,
“Comparison of the Angular Distribution of Ions
Emittedfrom Laser Heated Targets.”

B. A. Hammel, L. A. Jones, and K. C. Chambers,“The
Z-Pinch of an Annular Gas Jet.”

D. Kani~ “Laser Heatingof AluminumExplodingWire
Plasma.”

R. L. Shet%eldand M. D. Montgomery,“Dense Plasma
Heating Usingan IntenseRelativisticElectronBeam.”

The followingpresentationswere made at the IEEE
InternationalConferenceon Plasma Physics,Santa Fe,
New Mexico,May 18-20,1981.

J. V. Parker, K. B. Riepe,M. D. Montgomery,and R. L.
Sheffield,“Heating of a Dense Plasma by an Intense
RelativisticElectronBeam.”

C. W. Woods, J. D. Seagrave, and L. A. Jones,
“Nitrogen Laser Arrays for Schlieren and Shadow
Diagnosticsof a Magnetic-PinchImploding-CylinderX-
Ray Generator.”

B. A. Hammel, L. A. Jones, and M. Hamm, “The Z-
Pinch of a Gas Jet.”

In addition, the followingpresentationswere made at
variousinstitutions.

R. L. Carman, “Influenceson Target Irradiation Sym-
metry in COZLaser-FusionExperiments,”Topical Con-
ference on Symmetry Aspects of Inertial Fusion Im-
plosions, Naval Research Laboratory, Washington,
D.C., May 27-28, 1981.
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A. Hauer, “Survey of Atomic Physics Issues in Ex-
perimental Inertial Confhement,” International Con-
ference on Physics Electron and Atomic Collisions,
Gatlinburg,Tennessee,July 19-21,1981.

R. L. Carman, “Nonlinear Optical PhenomenaOccur-
ring in COZ Laser Produced Plasmas,” Gordon Con-
ference on Nonlinear Optics and Lasers, Wolfeboro,
New Hampshire,August 3-5, 1981.

T. H. Tan and A. H. Williams,“Use of Fiber Optics in
the COZLaser FusionEnvironment,”SPIE 25th Interna-
tionalSymposium,San Diego,California,August24-28,
1981.

J. F. Figueiraand S. J. Thomas,“Generationof Surface
Microstructurein Metalsand Semiconductorsby Short-
Pulse C02 Lasers,” XIIth InternationalQuantum Elec-
tronics Conference, Munich, Germany, June 22-25,
1981.

J. F. Figueira, S. J. Thomas, P. B. Mumol~ and D. C.
Jordan, “Grazing Incidence Damage Thresholds of
Metal Mirrors at 10 Micrometers,” Conference on
Lasersand Electro-Optics1981,Washington,D.C., June
10-12,1981.

J. F. Figueira, S. J. Thomas, and R. F. Harrison,
“Damage Thresholdsto Metal Mirrors by Short Pulse
COZ Laser Radiation,” Laser Damage in Optical
Materials—1981, National Bureau of Standards,
Boulder,Colorado,November 17-18,1981.

R. L. Carman and R. F. Benjamin,“Self-Focusingand
High Harmonics Production in COZ Laser-Produced
Plasmas,” 1Ith Annual Anomalous Absorption Con-
ference, Universit6du Quebec, Montreal, Quebec, Ca-
nada, June 2-5, 1981.

J. F. Figueira, S. J. Thomas, and R. F. Harrison,
“Generation of Microstructure with Short-Pulse COZ
Lasers,” Optical Society of America 1981 Annual
Meeting,Orlando, Florid%October 26-30, 1981,

SystemStudies

The following presentations were made at various
institutions.



M. D. Thomason and B. J. Feldman, “Laser Double
Resonance Determination of Rapid Vibrational and
Rotational Energy Transfer Rates in COz,” 34th
Gaseous Electronics Conference, Boston, Massachu-
setts, October 20-23, 1981.

I. O. Bohachevskyand R. N. Kostoff, “First Wall and
BlanketStressesInduced by CyclicFusion Core Opera-
tions,” 9th Symposium on Engineering Problems of
Fusion Research, Chicago, Illinois, October 26-29,
1981.

T. G. Frank, J. H. Pendergrass,D. L. Cook, and J. H.
Pitts, “Power Plant Design for Inertial Confhement
Fusion—Implicationsfor Pellets,” American Vacuum
Society28th National Symposium,Anaheim,Californi&
November2-6, 1981.

J. H. Pendergrass and T. G. Frank, “Inertial Fusion
CommercialApplicationsEconomicStudies:’American
Nuclear Society 1981Annual Meeting,Miami,Florida,
June 7-11, 1981,Trans. Am. Nucl. Soc. 38,228 (1981).

I. O. Bohachevskyand R. N. Kostoff,“Cyclic Thermal
Stresses in Fusion Reactors,” 3rd InternationalAtomic
Energy Agency CommitteeMeetingand Workshop on
Fusion Reactor Design and Technology,Tokyo, Japan,
October 5-16, 1981.

Laser Development

The followingpresentations were made at the Los
Alamos Conference on Optics ’81, Santa Fe, New
Mexico,April 6-10, 1981.

W. Bauke, A. C. Saxman, and N. O’Kay, “Optical
Toolingfor Antares.”

J. P. Carpenter, R. G. Bjurstrom, E. L. Coffe14C. J.
Elliot~ and J. J. Hayden, “In Situ Optical Breakdown
Studiesof a Large COZLaser Amplifier.”

R. Day, V. K. Viswanathan,A. C. Saxman,R. E. Lujan,
G. Woodtln, and W. C. Sweatt, “Antares Alignment
Gimbal Positioner.”

B. J. Feldman, R. A. Fisher, and S. L. Shapiro,
“UltravioletPhase Conjugation.”

T. Swarm, C. Combs, and J. Witt, “Opto-Mechanical
Devices for the Antares Automatic Beam Alignment
System.”

V. K. Viswanathan,I. Liberman,A. Gibbs, P. S. Bolen,
and B. D. Seery, “High-Power Infrared Smartt Inter-
ferometer.”

R. C. Smith, E. K. Hodson, and R. L. Carlson,
“MultigigahertzBeam Diagnosticsfor Laser Fusion.”

The followingpresentationswere made at the Con-
ferenceon Lasers and Electro-Optics,Washington,D.C.,
June 10-12,1981.

R. Gibson, R. Sierra, and G. York, “Double-Pulse
Energy Extraction in an Electron-Beam Sustained
Carbon DioxideLaser Amplifier.”

R. B. Gibson,M. J. Kircher, C. E. Knapp, W. T. Leland,
R. Sierra,and G. W. York,“InversionRecoveryFollow-
ing Saturated Extraction in E-Beam-ControlledC02
Amplifiers.”

A. C. Saxman, “Analysis of a MultiplexLaser System
Design Based Upon the Antares System.”

I. J. Bigio,B. J. Feldman,R. A. Fisher, and M. Slatkine,
“Phase Conjugation and Image-RetainingReflectionof
KrF Laser Radiationat 2486 A.”

M. Slatkineand I. J. Bigio,“Demonstrationof the Use of
Ultra-low Injected Power for Locking a High-Power
UnstableKrF Resonator.”

The followingpresentationswere made at the Gordon
Conference on Nonlinear Optics and Lasers, Wolfe-
boro, New Hampshire,August 3-5, 1981.

I. J. Bigio and M. Slatkine, “Injection Locking of
ExcimerLasers.”

B. J. Feldman, R. A. Fisher, S. L. Shapiro, I. J. Bigio,
and M. Slatkine,“UltravioletPhase Conjugation.”

B. J. Feldman, M. Slatkine,and I. J. Bigio,“Ultraviolet
Phase Conjugation.”

B. J. Feldman, “StimulatedScattering Processes in the
Ultravioletand Implicationsin Phase Conjugation.”
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The following presentations were made at the
American Vacuum Society 28th National Symposium,
Anaheim,California,November2-6, 1981.

N. G. Wilson,R. H. Swinderman,J. W. Allen,and C. R.
Winkelman,“Vacuum System and Target Chamber for
the Antares High-EnergyGas Laser Facility.”

N. G. Wilsonand C. R. Winkelman,“Vacuum and Gas
Systems for the Antares High-Energy Laser Facility
COZPower Amplifier.”

C. R. Winkelman and P. J. Flemming,“The Antares
Laser Fusion VacuumSystem.”

The followingpresentationsweremadeat the National
Bureau of Standards Workshop on Measurement of
Electrical Quantitiesin Pulse Power Systems, Boulder,
Colorado, March 2-4, 1981.

W. R. Scarlet~“Measurementof ElectricalQuantitiesin
Pulse Power Systems.”

M. E. Thuot and W. R. Scarlett, “A Fiber Optic
MonitoringSystemfor Antares PulsePower System.”

The following presentations were made at the
American Physics Society Annual Meeting of the
Plasma Physics Division,New York, New York, Octo-
ber 12-16,1981.

F. Begay, W. Priedhorsky, A. Hauer, and P. Rockett,
“Observation of High Energy Electron Distribution in
COZLaser-ProducedPlasmas.”

S. J. Czuchlewski, T. Sheheen, J. Hyde, and R.
Ainsworth, “Vacuum Plasma Isolator for High-Power
10-~mLasers.”

P. Lee and K. Mitchell,“Soft X-Ray Emission From
Laser Produced Plasmas.”

W. Priedhorsky and E. Stover, “Bremsstrahlung
Measurements of Hot Electron Penetration into COZ
Laser Targets.”

The followingpresentationswere made at the 1981
InternationalConferenceon Lasers, New Orleans,Lou-
isiana, December 14-18,1981.

I. J. Bigio and M. Slatkine, “Injection Locking of
ExcimerLasers.”

I. J. Bigio,B. J. Feldman, R. A. Fisher, S. L. Shapiro,
and M. Slatkine,“UltravioletPhase Conjugation.”

The followingpresentationswere given at the SPIE
25th International Symposium,San Diego, California,
August 24-28, 1981.

B. J. Feldman,R. A. Fisher, and C. R. Phipps,“Optical
Phase Conjugationat Los Alamos.”

J. L. Longmireand M. E. Thuo~ “A Fiber OpticAnalog
and Timing MonitoringSystem for the Antares Laser
Fusion Program.”

V. K. Viswanathan, “Phase Aberrations and Beam
Cleanup Techniques in Carbon-DioxideLaser Fusion
Systems.”

V. K. Viswanathan,“Use of Zernike Polynomialsand
Interferometry in the Optical Design and Assemblyof
Large Carbon-DioxideLaser Systems.”

In addition, the followingpresentationswere made at
variousinstitutions.

L. Burczyk,“A SimplifiedExtensionof the Q-Busfor a
High-Energy Laser Control Application,” IEEE and
Universityof New MexicoConferenceon Systemsand
Circuits, Mini and Microcomputer Session, Albu-
querque,New Mexico,February 25, 1981.

L. Burczyk, “A SimplifiedExtensionof the LSI-11 Q-
Bus for a High-Energy Laser Control Application,”
IEEE Conference, Circuits and Systems Proceedings,
Albuquerque,New Mexico,June 30, 1981.

L. Burczyk, D. Call, R. Dingier,A. J. Kozubal, M. E,
Thuot, and S. White, “The Antares Control Network,”
US Department of Energy Mini/MicrocomputerInfor-
mation Interchange Meeting, Sandia National Labor-
atories,Albuquerque,New Mexico,March 10-12,1981.

R. Cutler, “An Alternative Way for Non Contacting
Measurementsof Long Radii Elements,”Conferenceon
ConicalElementMetrology,Albuquerque,New Mexico,
June 24-25, 1981.
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R. Hammond, N. Paulter, A. Iverson, and R. Smith, W. Priedhorsky,“Lead Stearate as a High Reflectivity
“Sub-100 ps Bulk-Recombination-Limited InP:Fe Coating for X-Ray Optics,” SPIE Program Committee
PhotoconductiveDetector,” InternationalElectron De- on Soft X-Ray Optics, Brookhaven National Labora-
vicesMeeting,Washington,D.C., December8-10, 1981. tory, Upton, New York, November 18-20,1981.

J. P. Hong and R. L. King, “Implementationof NCAR M. Slatkine and I. J. Bigio, “Injection Locking an
Graphics on UNIX using Pipes,” 14th Hawaii Interna- UnstableXeF Resonator with an Ar-ion Laser at 3511
tional Conference on System Sciences, University of ~,” Optical Society of America Annual Meeting,Or-
Hawaii, Honolulu,Hawaii,January 8-9, 1981. lando, Florida, October 26-30, 1981.

C. R. Phipps, “Modern Applicationsof Nonlinear Op- R. Wright, “Automatic Generation of C-Code for the
tics,” Department of Physics Seminar, University of Antares Control System,” 1981 IEEE International
Washington,Seattle,Washington(1981). Conferenceon Plasma Science,Santa Fe, New Mexico,

May 18-20,1981.
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