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FOREWORD

This KMS Fusion Semi-Annual Technical Report covers the period October 1989 through

March 1990. lt contains a review of work performed by KMS Fusion, Inc. (KMSF), in support

of the national program to achieve inertially confined fusion (ICF). A major section of the

report is devoted to target technology, a field which Is expected to play an increasingly
/

important role in the overall KMSF fusion effort. Among the highlights of our efforts in this

area covered in this report are:

• Improvements and new developments in target fabrication techniques, including a

discussion of techniques for introducinggaussian bumps and bands on target surfaces.

• Development of a single automated system for the interferometric characterization of

transparent shells.

• Residualgas analysisof the blowing gases contained in glass shells made from xerogels.

These usually include CO2, 02 3nd N2, and are objectionablebecause they dilute the fuel.

• Efforts to observe the ice layers formed in the R-layering process in cryogenic targets,

and to simulate the formation of these layers.

In addition to our work on target technology, WEconducted experimentswith the Chroma

laser and supported the ICF effort at other labs with theoretical and computational support as

well as diagnostic development, included in the work covered in this report are:

• Experiments on Chroma to study interpenetration of and ionization balance in laser

generated plasmas.

• Diagnostic development, including an optical probe for the Aurora laser at Los Alamos

National Laboratory, and a high energy x-ray continuum spectrograph for Aurora.

, Investigation of the radiation cooling instability as a possible mechanism for the

generation of relatively cold, dense jets observed in ICF experiments.
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SECTION ONE. TARGET TECHNOLOGY

James R. Gaines, Scientific Editor

Introduction

The Department of Materials Science (DMS) at KMS Fusion (KMSF) provides direct,

program-wide support of experiments performed for the Department of Energy's

inertial confinement fusion (ICF) program. Research and development work Is pursued

in target fabrication, coating technology, and target characterization so that targets

supplied to the national laboratoriescan meet the ever-changing requirements of the ICF

program. While some of the targets used for experiments can be fabricated by now-

routine techniques, new and more challenging targets are,being requested. Therefore the

development of new approaches to target fabrication, a search for new materials, and the

pursuit of new characterization techniques are ali important activities for DMS. In this

report, we summarize those activities for the six-month period, October 1989 through

March 1990. We also describe our activity in delivering characterized targets to the

national laboratories, an ever-increasing part of our overall effort.

Departmental Structure. Recognition that target deliveries had become a major

activity of DMS precipitated a reorganiz3tion of the department effective January 1,

1990. As a result of this reorganization, a new group, Microfabrlcatlon and Assembly,

was formed. This group was assigned the responsibility for making, characterizing, and

delivering to the national laboratories those targets and target components that require

little new development work. In this ,_eportingperiod, deliveries were made to

Lawrence Livermore National Laboratory (LLNL), Los Alamos National Laboratory

(LANL), Sandia National Laboratory (SNL), and the University of Rochester's

Laboratory for Laser Energetics (LLE). As a result of the reorganization, DMS now

comprises five groups: (1) Engineering Analysis, (2) Cryogenic and Tritium

Technology, (3) Capsule Fabrication, (4) Coating Technologies, and (5)

Microfabrication and Assembly. The activities of ali these groups are reviewed in this
report.

Engineering Analysis. This group supports the activities of ali other DMS groups

through modeling and fundamental studies as well as characterizationof developmental

samples. In this reporting period, we began work in several areas that are central to the

main target issues in the ICF program. One such area is the use of ray-trace modeling
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and calculations that are based on the paraxlal approximation in optics to design a new

optical system capable of three different functions: (1) fast, accurate, and unattended

characterization of batches of samples, (2) automated capsule selection, and (3) precise

optical determination of capsule nonuniformity. The ideas that guide the design and

construction of this system will be applicable to other precise characterizations

required by the ICF program, such as the quantitative determination of the

nonuniformity of the DT ice layer in a cryogenic fuel capsule,

Another activity of high practical importance is determining the amount of residual

gas (i.e., gas evolved during capsule formation that remains in the capsule) in capsules

that are subsequently filled with fuel gases by permeation techniques. Ideally, no gases

would remain after the capsule is formed, so that only usable fuel would be present after

permeatlon-fi!ling with DT. Our work has centered on (1) determining the effective

pressure of the residual gases in such capsules and (2) identifying the gases present as a

function of storage time when DT, which can alter the chemistry as a result of its

radioactivity, is also in the capsule.

One additional area of investigation that has both short- and long-term implications .

for the ICF program Is the development of techniques for determining the properties

(thickness, uniformity, surface finish, etc.) of poly(vinyl alcohol) (PVA) layers on

plastic fuel capsules. Our previous work in this area has been extended to capsules that

also have coatings deposited by glow discharge polymerization (GDP). We anticipate

requests from the national laboratories for increasingly complex characterizations of

coated and layered plastic fuel capsules. The details of the activities of the Engineering

Analysis group appear in Section 1.1.

Cryogenicand Tritium Technology. Efficient laser implosion of a target requires that

electromagnetic energy from several beams be combined at the Iocattonof the target. In

the ideal case where the spatial distrlbuti_n of energy is spherically symmetric, the

target also must be spherically symmetric for maximum efficiency. Production of such

a target has long been the goal of target fabrication in the ICF program.

The requirement for a high density target (to obtain high energy output) led to the

suggestion that the fuel be either solid or liquid since solid and liquid densities are

nearly one thousand times greater than gas densities. For hydrogenisotopes, this means

that the sample must be held at low temperatures. Unfortunately the natural shape of

both solid and liquid hydrogen samples formed at near-atmospheric pressure is not very

symmetric. The discovery that 13-heatingof hydrogen samples containing tritium (such
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as DT or T2) could, in principle, produce uniform layers of DT ice Inside spherical

capsules was of major importance to the ICF program. The study of the effects of

13-heating,both theoretically through modeling and experimentally in fuel capsules of

the size currently of Interest in the ICF program, has been the major focus of our work

in Cryogenic Technology. The activities In both theory and experiment will be covered in

Section 1.2.

The work on modeling _-heatlng includes development of a three-dimensional model

of heat transport via free convection and conduction. The model is now being applied to

i3-1ayeringIn cryogenic DT ice targets cooled by an exchange gas with pressure high

enough to provide significant convective cooling.

The main emphasis in the experimental program has been on demonstrating,via

holography, that p-heating drives a thin layer of DT ice toward a highly symmetric

shape. In previouswork at KMSF, we took hologramsof a capsule that containedgaseous

fuel, then froze the fuel and took a series of holograms of the capsule containing frozen

fuel. Comparison of the interferogram created by superimposing the gas hologram and

the first of the solid holograms with interferograms created from the gas hologram and .

later solid holograms showed that the symmetry of the fuel layer Increased with time. In

fact, the Interferogramsapproached the "bull's eye" pattern that would be expected for a

perfectly symmetric distribution. Since the evidence for this increased symmetry came

from only one view, it could be argued that the DT ice layer had only become

cylindrically symmetric and that a second, orthogonal view would not be the same. This

proved to be a difficult argument to counter because the apparatus used for the

measurements had only one possible viewing axis, which meant that the sample itself had

to be rotatedl This work was finished during this reporting period and is described

below. Basedon these experiments,we concludedthat the ice layer does approachthe

shape of a uniform spherical capsule but that it is not possible to quantify the layer's

uniformity from this work. One very important conclusion can be drawn from the

qualitative observation that these thin Ice layers (so thin that only half the 13-energyis

deposited in them) become more uniform in time: If the innermost layer (8 I_m)of ice

becomes roughly uniform, then in a thick fuel layer, say 800 IJ.m,the overall

uniformity can be excellent, better than 1%.

In addition to the experimental work performed at KMSF, we have provided one

person to support the program at LANL. This person is assisting LANL In taking and

analyzing I_-heatingdata obtained from direct imaging of the fuel layer. Preliminary
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analysis of the LANL data has Indicated that the j3-heatingdoes tend to produce a uniform

DT ice layer. That work has been submitted (by LANL scientists in collaboration with

the KMSF scientist) as a manuscript for the next International Conference on Low

Temperature Physics.

Capsule Fabrication, The major development activitiesof this group have focused on

plastic capsules, with special emphasis on improving their wall thickness uniformity.

Our primary method of making these capsules, a drying column, has been augmented by

another technique, mlcroencapsulatlon. KMS Fusion previously made plastic capsules by

microencapsulatlon, but characterization of those capsules revealed that voids (or

vacuoles) existed in the capsule walls. This was unacceptable, so KMSFdeveloped drying

column technc_logyfor making plastic fuel containers.

Improvemems in the microencapsulatlon process made at the Institute for Laser

Engineering in Osaka, transferred to LLE (where additional refinements were made), and

then transferred to KMSF have resulted in a re-examination of this process. As a result

of these advances in the technology, KMSFcan now make plastic capsules (by

microencapsulatlon) of the size and uniformity of interest to the ICF program that are as .

good as those made in any other laboratory. The problem with the vacuoles has been

reduced, but not entirely eliminated, lt is safe to say that the number of large (0.5 _m

or larger) vacuoles per capsule is now reduced to ten or fewer. The actual number that

can be tolerated is unknown (arid may be zero), but lt is certain that progress has been

made toward developing a usable plastic fuel container that will have high wall

uniformity and a narrow range of outside diameters.

Another major activtty Involves the design of a new PVA coating system. This system

will be of great immediate use in plastic capsule fabrication and should be able to

provide coatings of the quality _nd thickness likely to be requested in the future. Ali of

these activities are described in Section 1.1.3.

Coating Technologies. The majoractivity of the CoatingTechnologies Group has been

the support of ion beam diagnostic work being done at SNL. This work has involved (1)

producing and then precis_ly characterizing very thin gold foils that can be used to

measure the distribution of ion beam intensity and (2) producing and then

characterizing both free-standing metal foils and supported foils that can be used as x-

ray filters.

The films made from very thin gold foils have proven to be of very high quality, with

unprecedented uniformity, so that they have given very valuable information about the
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ion beam's intensity distrlbutlon. The filter arrangements have consisted of single

metal, single polymer, metal/metal, metal/polymer and even polymer/polymer films.

This work is reported in Section t.1,4.

Mlcrofabrlcation and Assembly, This group, charged with making and characterizing

those fuel capsules requested by the national laboratories that do not require extensive

development, has been able tu maintain a timely delivery schedule for ali the

laboratories to date. The actual deliveries covered in the period January 1, 1990, to

March 31, 1990, are detailed in Section 1.1.5. Not included In this list are deliveries

to SHL of films and filters that are madeby our Coating TechnologiesGroup.

1.1 Engineering Analysis

In the followingsection,activitiesof this groupin three areas are detailed: (1)

automated interferometry, (2) characterization of poly(vinyl alcohol) (PVA) or NaCI

layers on polystyrene (PS) shells, and (3) residual gas analysis. Additional activities

of this group are described in other sections of this report, most notably Section 1.1,3,

Capsule Fabrication, which describes the use of modeling results to improve our

fabrication and coating techniques,

1.1.1 Automated Interferometry

We are developing a single automatedsystem for the Interferometrlccharacterization

of transparent shells.1 There are three specific goals for this system. The first goal Is

to provide an automated system capable of selecting shells with specified diameters,

specified wall thicknesses, and wall uniformities determined at the 3% level from a

large sample of shells. This process should make possible the unattended identification

and locationof good shellsIn a batch. The second goal is to provide a systemcapable of

the unattended characterization of shells In a batch for statistical purposes. The third

goal is to provide a system capable of accurately characterizing the wall nonunlformlty

of individual selected shells to the 1% nonunlformity level. This final goal does not

require full automation, but lt does require the same image-analysis techniques as the

other goals.

An automated interferometry systemconsistsof several componentsof both hardware

and software. Hardware includes an interferometer, a motorized stage, stepper motors

for selected interferometer adjustments, controlling electronics, a camera/image

digitizer, display hardware, and a computer. Software tasks include stage and
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interferometer control, image acquisition, image analysis, optical modelinLj/analysls,
and overall coordination of the various elements,

A Jena Jenavert interference microscope has been purchased. This Interferometer

was chosen for its exceptional stability, which is essential for analysis techniques

involving multiple fringe images. This is a shearing Mach-Zehnder Interferometer, in

which an split Image shear generates two Images, which are Interfered against each

other. When the shell from one image Is Interfered against the background in the second

image, the familiar bull's eye pattern is seen. This Instrument Imposes some important

limitations on our image acquisition In that, as now configured, its useful field of view

(maximum shear)Is 500 mm, with a resolution of 2.8 mm. We are looking into

modifications to Improve these figures, and we will be uslng image analysis techniques to

reduce the consequencesof the limited resolution.

Motorized stages meeting the required standards of accurate motion are commercially

available as off-the-shelf components. Motorized control of compensator, and possibly

filters and aperture diaphragms, will also be required.

The choice of image-acquisition hardwaredepends upon available light, dynamic-

range requirements, and resolution requirements. Although the nominal resolution of

the interferometer gives us only about 180 resolution lines across the usable field, we

will need a finer grid of ptxels to a,,ow maximum use of the information available. We

also must consider dynamic range, as the actual photometric intensity across a fringe

pattern is critical for phase-shift analysis. Finally, the light levels of the fringe image

must be assessed for the configuration of interest when delivery of the interferometer is

completed. Based on our current understanding, a 1024 x 1024 eight-bit camera

shouldbe adequate.
.,

t_

Interface electronics will ultimately depend on the choice of camera. A VAX

workstation, capable of meeting our anticipated computing needs, may be available in-

house, lt will need additional boards for the required interfacing.

Executivesoftware design has begun. We have conceived strategies for shell location,

focus, and centering. Control software Is to be developed as mechanicaldesign

progresses. Image.acquisition software will depend on the camera decision.

Image-processingsoftware has been tested on images acquiredwith a video camera

attached to a Leitz Interferomete,'. The phase-shift analysis software2 has generated

high-quality phase n0apdata and fringe contours, as shown in Fig. 1-1.
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Fig, 1.1 a. Thisraw phasemap of a glassshellwasproducedfrom threefringe

images, BrightnessIndicatesphase;sharpedgesare phasejumps

occurringat 360° intervalsof phase, (Vertical stretchIs an artifactof

the Imagingsystem.)
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Fig.l.lb. PhasejumpsfromtheimageinFig.l-la. Thesecanbe usedasfringe
contoursand interpretedas ordinaryinterferencefringes. (Vertical

stretchis an artifactof the Imagingsystem.)
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F_jj.li-l!c. Surface I:_t of phase banct_onfrom imag_ein F_. 1-1a, processed to

remove _a,se jumps. Th_ function contains more information _han

s_e fringe con|ours.



The ultimatecharacterizationof shellgeometrydependson modelingof shellopticsto

relate processedimagedata to shell properties.We are concentratingoureffortson

interpretingtringe offset and ellipticityin termsof shell wall P1 and P2 defects. We

have usedtwo methodsfor thismodeling: ray-traceand the paraxialmethod.3 Both

methodsdirectlypredictphase front or fringepropertiesproducedby given shell

geometries. Bothmethodsrequire.*omesortof iterativeapproximationmethodto

determineshell geometry from fringe patterns. Paraxial modelingis preferable for

real-timeuse, as it is fast and yieldsconcisefringeor phasedata. However,paraxial

resultsare strictlytrueonly at thecenter of a phaseor fringe image. To extendthese

resultsand make them usableover the entireusefularea of a fringe image, ray-trace

modeling is required. Ray-tracemodeling is too slow for real-time use, so itsvalue is

limited to determiningcalibrationsor correctionsfor paraxial modeling.

We are examiningseveralschemesfor the analysisof phaseor fringedata. In each

case, analysisbeginswith the acquisitionof at least three stepped-phasefringeimages,

whichare then processedintoa raw phasemap. Thismapis then sampledeitherin

radial vertical slices, for phase profiles (see Fig=1-2), or horizontalslices, for phase

contours(roughlycorrespondingto fringes -- see Fig. 1-3).

If we slice vertically,the figuresof interestin each slice are offsetof the phase

maximumandthe secondderivativeof thephaseat the imagecenter. Phase maximum

offsetis causedby P1 defect. Variationsinse,",._ndderivativearecausedby P2 defect,

while the meanvalue of secondderivativeindicateswall thickness. Bothvaluesare best

judged from the parametersof a curve-fitto the phase frontdata. We are lookinginto

two approachesto this fit.

The first approachis to use a simplepolynomialfit. Unfortunately,thismethod

produceserrorsof severalpercentin secondderivative. We are lookingintoquantifying

this error over a wide range of parameters,so that we can use ray-trace-derived

correctionfactors in practice. A preferableapproachwouldbe to curve-fit to an

analyticalfunctionthat morecloselyapproximatesthe actualphase function. We are

evaluatingseveral functionsfor sucha fit.

If we slice the phase map horizontally,to generate fringe-likecontours,there are

other options for analysis. We may select fringes at particularradii, or at particular

phases. In eithercase, we can use correctionfactorsdeterminedwithray-trace

modelingto relate the offsets and ellipticitiesof measLbredcontoursto the idealizedzero-

radius fringe used in the paraxialmethod.
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Fig.l-2. R_..dialvertical slices of the phase map generate phase-front functions.

The curvature of the function at the center, averaged over many slices,

gives thickness information. Variation and offset of slices is caused by

nonuniformity
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Fig.l-3. Horizontalslicesof phasemapgeneratecontourscorrespondingto

fringes. Deviationfrom circularconcentricfringesis caused by

nonuniformity.Radiusandphasedifferencesbetweencontours

together indicatethickness.
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Whichever strategy is ultimately adopted, correctionsor fit functionswill be

determined in advance by an array of ray-trace models covering a widely spaced array

covering many shell parameters. The paraxlal model will be used In real time to zero in

on actual values of various P1 and P2 nonunlformltles.

For additional Information, please contact Peter Alway

1.1.2 Characterization of Layers on PS Shells

Polystyrene(PS) is a leading candidatematerial for inertial confinement fusion

(ICF) fuel capsulesbecaus_ of its loweffectiveatomic number and its expectedease of

formation into high quality shells. However, one of the problems with PS is its high

permeability tc, the hydrogen isotopes. An alternative capsule is a composite, a PS shell

with a coating of poly(vinyl alcohol) (PVA), which serves as a permeation barrier. For

such a PVA/PScomposite capsule, a procedure to measure the wall thicknessof the

layers is needed.

In our 1989 Annual Technical Report4 we described a procedure to determine the

layer thicknessof PVA/PS shells, based on optical measurement of a radiographic image

of a PVA/PSshell. This procedure has been modified to enable us to measurethe layer

thicknesses of such PVA/PS shells that also have glow discharge polymerization (GDP)-
depositedcoatings.

We currently deliverNaCI-coated PS shells that have a thick GDP coating. We have a

standard procedure for characterizing the uniformity of the NaCI layer, which was

described incur 1989 Semi-Annual Technical Report.5 This procedure involves

radiographing witness shells after the NaCI coating but before the GDP coating, digitizing

the radiographic images, and using image analysisto analyze the digitized images. Our

desire is to expand this capability to allow characterization of the NaCI uniformity of

each shell after the final GDP coating.

Poly(vinyl alcohol) Layers on PS Shells. The ability to detect an interface between

two materials in intimate contact, such as PVA on PS, from a radiographic image is

determined by the relative x-ray absorptivttles of the two materials under the x-ray

exposure conditions used. The x-ray exposure is selected to give the greatest absorption

difference in the two materials. The x-ray path length through the materials is taken
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into accountwhen selectingan acceleratingvoltage. The voltage must be high enough to

allow a sufficient x-ray flux to penetrate the shell and reach the x-ray plate without

eliminating the x-ray absorption differences in the two materials. Once the proper

voltage is determined, the exposure time can be varied to give the desired plate density,

A simple computer model, based upon chord length, was used to predict the intensity
L

profile through the shell wall that would be expected from a radiographic image. This

model determined the chord length throughthe GDP, PVA, and PS componentsof the

wall, and multiplied the PVA chord length by 1.8, the ratio of PVA to PS absorption

coefficients for the energy range of interest. The relative GDP/PS absorption was

assumed to be 1. Figure 1-4 shows the intensity profile through a shell with a 3 p.m

thick wall, a 3 p.mthick PVA coating, and a 40 _m thick GDP layer. The vertical lines a,

b, c, and d are located at the computed inner wall of the PS, the PVA/PS interface, the

GDP/PVA interface, and the outer edge of the GDP, respectively, The distinct peak at the

PVA/PS Interface (b) and sharp change In slope of the curve at point c from this

intensity profile demonstrated that lt sl'lould be possible to see both the PVA/PS and
0

GDP/PVA interfaces from a radiographic image exposed under the right conditions. As a

comparison, Fig. 1-5 shows a trace through the shell wall from an actual GDP/PVNP5_

composite shell.

Poly(vinyl alcohol)-coated PS shells with and without 40 I_mof GDP were used as

samples for the radiography. The shells were supported on a 50 p.mberyllium strip

with a thin layer of grease to hold the shells in place. The beryllium strip was weighted

down during the exposureto secure it. The x-ray unit used a sealed tube with a tungsten

target as the x-ray source, with an x-ray spot size 400 _m in diameter. The anode-to-

sample distance was approximately 40 in. Kodak high-resolution glass plates were used

to record the radiographic images. An accelerating voltage of 5.5 kV was used with

exposure tirnes ranging from 30 to 120 min. "['heradiographic plates were developed

for 5 min at 68°F using Kodak D-19 developer.

An exposure time of 60 min was best for PVA/PS shells without additional GDP

coating. Using exposuretimes much less than this decreased the contrast of the

interface, while exposure times much greater than this made the interface appear
thinner and less distinct.
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Fig.l-4. The predictedshapeof an intensitytracethroughthe wall of a

radiographicImageof a GDP-coatedPVA/PS shell. The shell Innerradius

Is 200 p.mandthe Innerwall is locatedat peaka. The walland PVA

coatingthicknessesare3 pm each andthe(_DPthicknessis 40 pm. The

PVA/PS Interfaceis at the dottedline b, whichts alsolocatedat a peak.
Dottedlinec ts at theGDP/PVA Interface. A lineat the PVA/PS Interface

shouldbe visibleon a radiographicImagecorrespondingto peak b on this

model,andthe GDP/PVAinterfaceshouldbe visiblewherepointc is
located.
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Fig.l-5. A radial trace through the wall from a digitized radiographic GDP/PVNPS

shell Image. The Inner wall of the shell is at peak a, the PVA/PS Interface

Is at peak b, the GDP/PVA Interface is at point c, and the outer edge of the

GDP coating is at d.
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For the shellswithGDP coating,exposuretimesfrom90 to 120 rainwere best, The

PVA/PS Interfacewasquite distinctwithinthisexposuretime rangebut was

considerablylessdistinctfor the 30 and 60 rainexposures, The GDP/PVA Interfacewas

quite distinctfor ali four of the exposuretimes,althoughlt was also somewhatbetter for

the90 and 120 mlnexposures,TheouterGDP edgewasverysharpat each of the

exposuretimes,

A NikonOptlphotmicroscopewas usedto examinetheradiographicshellimagesat

high magnification(400x), On the shells withoutGDP coating,the PVA/PS interface

appearedas a fine,distinctlinebetweenthe inneredgeof thePS andtheouteredgeof the

PVAcoating, The PVAthicknesscanbe measuredat locationsaroundtheshellImageto

determineaveragethicknessand uniformity,Thesemeasurementscan be made directly

on the microscopeusinga reticleor from a photographof the shellimageusingPolaroid

type 52 film.

On the shells with GDP coating, the PVA/PS interface appeared as a fine, distinct line

between the inner edge of the PS and the PVA/GDPInterface, although lt was not as clear

as on the shell,_without GDPcoating. The GDP/PVAinterfacewas not as sharp as the

PVA/PS interface although lt was still quite obvious, especially on the photographs,

which tend to enhance the contrast between the layers, For this reason, Is lt better to

measure the PS and PVA thicknesses from a photograph, lt probably will be necessary to

make the GDP thickngss measurements directly on the microscope using a reticle --it

is virtually impossible to achieve correct exposure of both the inner and outer edges of

the GDP simultaneouslyon Polaroid 52 film because the background outside the shell Is

so dark. Polaroid type 51 film, which Is a hlgh-col_'.rastfilm, may be useful In

accentuating the layer Interfaces, However, lt Is highly sensitive to exposure conditions

and much trial-and-error may be needed to obtain optimal exposure condltions.

Figure 1-6 is a photographof a PVA/PS shell, The PVA/PS is quite distinctand lt Is

obvious that the PVA coating is not uniform. Figure 1-7 is a photograph of a

GDP/PVA/PS shell. The Inner edge of the PS is the sharpest Interface, but the PVA/PS

and the GDP/PVA Interfacesare also quite obvious. The outer edge is the GDP isnot

visible on the photograph, although lt Is visible on the radiographic plate.
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Fig.l-6. This Is an imageof a PVA/PScompositeshellwherethe PVA Isseveral

mlcrome_ulsihickat the thickestpointanddecreasesto an undetectable

level. Thebrightestline is at the inner edgeof the PS shell. The second

line half thedistanceto theouteredge of the shell is at thePVA/PS
Interface.
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Fig.l-7, This Is an imageof a typicalGDP/PVA/PScompositeshell. The brightest
line tsat the inneredge of the PS shell. The next lineis at the PVA/PS

Interface. The GDP/PVA Interfaceis where the Intensitydropsoff

sharply, Theouteredge of theQDP is not visiblefor theexposure

conditionsof thephotographbecauseplatedensityinthebackground
aroundthe shellis too high,
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Oharacterlzatlonof NaCI Uniformity0"7PS Shells, Two types of Imageanalysis are

used for our current procedure, The first uses several edge-detection schemes to locate

various interfaces, The second type uses the plxel Intensity variation along a particular

edge contour (the Inner wall of the shell), There are two oontrlbutlng factors to the

plxel Intensity under this contour, the PS shell wall and the NaCI coating, The

contribution due to the she!l wall can be determined and removed, leaving the

contribution due solely to the NaCI coating, The remaining intensity variation around the

oontour oan then be related to NaCI coating uniformity, As previously stated, the final

targets have _n additional GDPcoating addedover the NaCI layer, Sincewitness shells

are used for the NaCI uniformity analysis, only an average uniformity for the batch Is

obtained, The desire Is to be able to determine the NaCI uniformity on each shell after

GDP coating, The current effort Is directed toward this goal,

The question Is how best to remove the Intensitycontributiondue to the GDP coating

and PS wall, Since GDP absorbsoxygen, the contribution due to this unknownamount of

oxygen mustbe taken Into account, We havedesignedand are now testinga scheme for

doing this,

EachGDP coating run of NaCI-coatedPS shells will Include samples of PS shells

without NaCI. The shells without NaCI will be used In place of the uncoated PS shells In

the radiographic characterization procedure, Since both types of shells will be from the

sameGDP coating run and exposed to the sameconditions, theyshould both have the same

GDPcompositionand the effects of the oxygen In the GDP can be mitigated, The rest of

the analysis should be very similar to the previous analysis on shells without GDP

coating.

Several questions will have to be answeredas this procedure Is investigated. One

question Is how the additional GDP coating will affect the performance of our current

edge-detection programs and whether they will need any modification, Another question

is the effeot the GDP coattng has on the sensitivity of the NaCI uniformity measurements,

These concerns will have to be answered before we can characterizecompleted targets

individually.

For additional Information, please contact Steven Welch
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1,1,3 Residual Gas Analysis

Glass shells made fromxerogelscontainresidual blowinggases that usually include
CO2, 0 2, N2, andsometimesH20 (Raft 6), Theseresidualblowinggases,at pressures

i

up to 0,25 atm (roomtemperature), are especially objectionable In ICF targets with

low fuel pressurebecause they dilutethe fuel significantly,

Residualgases may, however,reactwiththe flJelto form productsof loweraverage
atomic number, The hydrogenationof CO2 and0 2 to CO (or hydrocarbons)andwaterare

classical reactions,but requirecatalysis;7,8 these reactionscan also be activated by the

p-flux of tritiumdecay,9,10 While the reactionsare thermodynamicallyfavored at the

pressuresand temperaturesemployed In the permeationfillingof shells, the rates of

these reactionsIn ICF targets,an_ th_ extentof activationby the 13fluxfromthe decayof

tritium, are not known quantitatively, In addition,reactionwith the shell wall can

remove some residualgas components, If matrix modifiers(e,g,, alkali metals) diffuse

to the Insidewall, theycan scavengeCO2,

The objectiveof thisworkwas to Identifythe residualgases In targetspreparedfor
4,

LawrenceLIvermoreNationalLaboratory(LLNL). These targetswere glass shellswith

dimensionsof 370 x c_I_m (o,d. x wall thickness)that were filled with 2 or 5 atm of

fuel. We neededtodeterminethecompositionandamountof the residualgasesas a

functionof DT or D2 fill pressure(2 and 5 atm) as well as the cumulativeeffect of the
am

li-flux on the gases In storedDT-fllled shells.

In the pastyear,we measuredthe compositionandamountof residualgasesIn glass

targetsthat are typicalof the usual ICF targetssuppliedto LLNL. This report extends

our previouswork11with results from DT-fllled shells that were stored for almost two

months. Deuteriumwas not investigatedduring this period.
Procedure, Glassshellswere chosenfrombatchesthatwere thesourcesfor LLNL

orders. These shell batches(T4R1218, T4R1220, and T4R1229) were ali made from

the same xerogelundersimilarfurnaceconditions.Each batch had approximatelythe

same mean diameter (425 p.m)and wall thickness(10 p.rrt), Generally, shells from

T4R1218 and T4R1220 were chosen from the 400 to 450 I_m diameter range, although

In four cases shells from the 300 to 350 _m range were also used in the analysis. Ali

shells from T4R1229 were 350 to 390 t_m In diameter.
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Residualgases fromtheseshellswere analyzedunderthreeconditions:

1, As m,'_de,to determinethe initial residualgas composltlon(whichdepends on gel

composition,furnace conditions,and shell size),

2, After filling with 5 atm D2, Shells were filled accordingto our standard

procedure at 360°C for two days, Shellscontaining D2 were not evacuated

before analysis,

3, After fliling wlth 2, 5, or 10 atm DT, Shells were filled at 360°C for two days

and storedfor variousperiodsof time (from0 to 50 days). These shellswele

evacuatedfor threedays beforeanalysisto mlnlmlzethe radiationhazard as the

DT exitedthegas chromatography(GC) apparatusandto allowmeasurementof

total residualgas pressureby the gas entrapmentIn a viscousfluid (GEVF)
technique,

Compositionalanalysesof theseresidualgaseswere performedby GC. Between30 and

150 shellswere brokenin the inletof the instrumentper run. Most analyseswere run

in triplicate.The responseof theGC wascalibratedagainsta gas standardwhose

compositionis traceableto a NationalInstituteof StandardsandTechnologystandard,

For samples havinga narrowshelldiameterdistribution,the GC resultswere reducedto

an averageresidualgas pressureper shellby usingthe totalvolumeof residualgas

(obtainedby addingthe measuredvolumesof Individualspecies)dividedby the number

of shellsin the sample,the averageshell volume(determinedfrom the averageshell

diameter),and the idealgas law. Resultswere adjustedto 298.2K. In manycases, total

residualgas pressurewas measuredIndependentlyby ourGEVF method,for comparison
withtheGC calculatedpressure.

Resu/ts and Comments. Table 1-1 listsresultsfrom exposingthe residualgases to

2 atm DT for varioustimes, Data are listed separatelyfor each shell batch examined.

Valuesof gas compositionare givenas volumepercent. In fourcases,shellsof mixed

diameterswere analyzed (i.e., the samplecontainedshells in the 300 to 350 t_mand

400 to 450 p.mdiameterrange);since the numberof shells in each diameterrange is

unknown,GC-derivedtotal pressureper shellwas calculatedassumingonlymeasured
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O2 loss from the as-made shell. One sample, T4R1220, stored with 2 atm DT for 51

days, was not emptied before analysis. Its analysis seems to fit in with the other

samples, which were emptied first. This suggests that the heating required to remove DT

does not substantiallychange the composition of the residual gases after appreciable

exposure time. This may be due to rapid removal of the bulk of DT in the first few hours

of heating.

Table 1-2 lists similar data for 5 and 10 atm DT exposures for various times, as well

as D2 data. Figure 1-8 shows the change in total residual gas pressure with duration of

exposure to 2 atm DT for each shell batch, based on GC-derived total pressures. Error

bars display _+la calculated from ali sources of error for the GC (see Error

Considerations, below). Figure 1-9 shows similar data obtained from the GEVF test on

the same batches oi shells. Here, error bars display _+1_based on the 20 to 30

measurements from which each GEVF average pressure reading is derived. The GEVF data

show unambiguous loss in residual gas pressure after the initial fill period (2 days).

Thereafter, both graphs show equal, Continuingpressure losses. Figure 1-10 presents

loss of residual gas pressure in 5 and 10 atm DT fills as a function of time. At higher

fuel gas pressures, residual gas loss occurs more rapidly and to a greater extent than in

the lower pressure fills.

Discussion. Oxygen quickly (i.e., within the DT fill time of 2 days) drops to a steady-

state value of 1 to 3% of its original value and remains constant thereafter, lt is

convened to water during the DT fill step and permeates out of the inner void of the

shells.

Nitrogen is only slightly affected by DT and remains near its original amount in 2 atm

fills. After two months' storage at room temperature, losses ooserved in N2 levels are

approximately 10%. Probable reactions for nitrogen include formation of ammonia

(NH 3) or low molecular weight amines (e.g., CH3NH2), neithsr of which can be seen by

the GC as currently configured. However, neither of these compounds has been observed

in the mass spectroscopywork done on these filled shells at KMSF. 12

During the fill step, about 25% of the CO2 is converted to CO by the DT as it

permeates into the shell at 360°C. Thereafter the room-temperature reduction of CO 2

proceeds more slowly, forming step-wise reduction products according to the sequence,

CO2 -_ CO _ CH4 _ C2H n.
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Fig. 1-8. Variation of total residual gas pressure in glass shells with exposure time

to 2atm DT fuel gas. Error bars show +1tj (.18.7%). Parenthetical

points are calculatedvalues based on measured loss of oxygen (shell

sample had mixed diameters).
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Fig. 1-9. Variation of total residual gas pressure in glass shells with exposure time

to 2 atm DT fuel gas, as measured by the GEVF method. Error bars show

_.+la. The parenthetical point was calculated from measured loss of

oxygen.
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Fig. 1-10. Variation of total residual gas pressure in T4R1220 glass shells with

exposure to 5 atm DT, and in T4R1229 glass shells with exposure to 10

atm DT, as measured by both GC and GEVF methods. Error bars show ±1o'.

Parer}theticalvalues at 1.9 days for the 10 atm data are calculated, based

on lossof oxygen.
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Carbonmonoxide concentration peaks during the fill process,then slowly declines at
roomtemperatureas methane,and possiblyCO2 (by disproportionation),Is formed.

Higherhomologuesof methane(acetylene,ethylene,ethane) form slowlyin shells

containing2 atm DT, constitutingabout 1% of the total gas In the shellsafter 37 days;

higher pressuresof DT Increasethe formationratesof these species,

This informationIs summarizedIn Table 1-3, which tabulatespartial pressuresof

constituentspeciesbased on percentcompositionand GC-derlvedtotalpressuresfor

2 atm fills. Data are organizedaccordingto shellbatch, In the far rightcolumn Is

listedthe sum of the partialpressuresof ali carbonspeciesfor each exposure. For the

first two or three weeks of exposuretime, the sum of the partialpressuresof ali carbon

species ts reasonablyconstant, Afterthis time we see a decreasein totalcarbon content,

but the precisionof the 2 atm data makes the exactamounto; decreaseuncertain,

These trendsare shownmoreclearlyIn graphsof normalizedcompositionfor the

residualgases, Data from ali threeshell batcheshave beencombinedand presentedas an

averagepercentof the originaltotalamountof each gas species,plottedagainstduration

of exposureto 2 atm DT. Figure1-11containsdataon the gases0 2, N2, andCO2, as

well as a plotof total residualg'_s pressurefor reference. Figure 1-12 shows the
carbongases (CO2, CO, andCH4), again with totalresidualgas pressurefor reference,

and witha plotof totalgaseouscarbonspecies. Figure1-11 showsa trendof N2 mass

loss with time over the entireperiod. The graph for total carbon species in Fig. 1-12

showscarbon mass loss beginningafter about 2 to 3 weeks. The precisionof the data

makes the magnitude of this loss trend uncertain, but the total pressure curve is

consistent with this trend.

Experimentsdone at hlgher DT fill pressures have confirmedthe trends seen in the

2 atm DT-ftlled shells, In fills of 5 and 10 atm DT, total pressure of residual gas Is

down 30 to 50% from the original, as-made pressure, and the loss of residual gases

beyond that due to oxygen is more obvious. The major fraction of this loss Is from

carbon species, whlch decline to about 50% of their originalvalues in a few days in both

5 and 10 atm DT exposures. Nitrogen falls to about 70% of its original value in these

same exposures. This is presented graphically in Fig. 1-13 (data on 5 atm DT fills) and

Fig. 1-14 (data on 10 atm fills). Loss of carbon in the gas phase may result from

several different mechanisms, operating singly or in concert, Some possible reactions

are listed below,
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Fig. 1-1 ;, Eachcomponentof the residualgas,O2, N2, and CO2, is normalizedto Its

originalcompositionin as-madeglassshells. The graphshowsvariation

of thisnormalizedcompositionwithexposuretime to 2 atm DT fuelgas,
Normalizedtotal residualgas pressureIs also shown,
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Fig.l-12, These carbon gasesare normalized to the originalcomposltlonof CO2 In as-

madeglass shells, since the CO and CH4 originate in the CO2. The graph

shows variation of this normalized composition with exposure time to 2 atm

DT fuel gas. Normalized total residualgas pressure is also shown, along with

a trace for total gaseouscarbon species.
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Fig, 1-13, Normalizeddata on residualnitrogenandtotal oarbongasesIn 5 atm DT.

filled glass shells, Normalizedtotal residualgas pressureis also shown,
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Fig, 1-14, Normalized data for nitrogen and total carbon residual gases In 10 atm

DT-fllled glass shells. Normalized total residual gas pressure Is also
Included,
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1, Combinationof 002 with base compoundson li'le Innerwall:

0 2 + 2H2 _ 2H20

SI-O-M + H20 _ SIOH + MOH

MOH + CO2 _ MHC03,

where M., Na, K, Rb,

2, Disproportionationof carbon monoxide',

2C0 _ 002 + C

3, Polymer formation, Both CH (Ref, 9) and CHO (Ref, 10) polymers have been

reported to form under conditions found In filled shells,

Ali of these reactionsdeposit carbonon 'the Inner surfaceof the shell In the form of ,i

bicarbonate,elementalcarbon,or polymer, We have looked for this depositedcarbon In

shellsexposedto DT for longerperiodsof time withour scanntngelectronmicroscope,

but were unableto detect it, The quantityof carbonwould be very small,probably

distributed uniformlyover the Inner surface of the shells,and wouldbe difficult to
detect,

To summarize, quantitative analysis at longer storage times confirms that reduction

reactions between restdualgases and low-pressureDT fuel proceed slowly at room

temperature, In 2 atm DT fills, oxygen Is almost eliminated during the fill step and

about 25% of the C02 is converted to the CO, Thereafter loss mechanismsare slow; after

two months' storage, total pressure falls another 20%, mostly from loss of carbon, with

some slight contribution from nitrogen, Experiments at 5 and 10 atm DT fills show

faster reaction times for residual gases with DT and offer a promise of more complete

reduction of residualgas contamination in the fuel, We will be examining shells stored

for longer times with 2, 5, and 10 atm DT to expand our understandingof these gas
reactions,
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Error Considerations,

Gas Chromatography,_ One.pointcalibrationwas used for the GO, the reference gas

beingan analyzedmixtureof 02, N2, OH4, CO, andC0 at 1,000 ppmeach, fromScott

SpecialtyGases, Troy, Michigan, A one.time check, with a calibratinggas mixtureof

the same componentsat the 5% concentrationlevel,gave similar responsefactors,

Indicating a linear calibrationcurve through the origin, In every analysis, calibration

pointswere taken before, between,and after the shell ga,_analyses, Repeatability of

response from the GO to the calibratinggas gave relatlve standard deviations of 1 to 3%

for ali calibration points on any given day, For over a year, GC response factors were

constant to wlthtn :t:3% for CO2, ± 5% for N2, and within the range of 3 to 5% for the

remaininggases, The calculatedrelative standard deviation for the volume percent

composition data Is 5.3% (Ref. 10), The error connected with GC.derlved total residual

gas pressure per shell derives principally from two factors,

1, Shells for analysis from T4R1218 and T4R1220 were chosen by eye to be in the

400 to 450 _.mdiameter range, However,sometimesmost of the shells In a ,i

given sample were near the upper limit of this range, and other times mostwere

at the lower limit, Thus, assumingan averageo.d. in the sample of 425 _m for

calculationof average pressureper shell will sometimesbe in error.

2, The number of shells per analysis may be Incorrect, This error derives from the

difficulty of keeping track of over 100 shells during a protracted operation, and

from the fact that someshells break, unseen, as they are loaded Into the sample

needle. (The possibility of shells not breaking In the GC Is eliminated, since

shards are examinedwhen the needle ts cleaned after a run. At most, one

unbroken shell may occasionallybe found, and lt is subtracted from the total

number m shells for that analysis.)

Pooling the standard deviations for ali runs on DT-exposedshells yields a sigma value

of 0,0135 atm, which gives a 90% confidence level of :t:0,024atm for the mean valu6s,

GEVF Method. This total pressuretest method requires two measurementswith an

optical microscope on shells immersed In glycerine', a reading of the shell i.d. before

breaking it, and a measurement of the bubble diameter after breaking the shell to

release the Internal gas. Bubble measurement Is straightforward stnce refractive Index
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cause lhe bu_ _ be ciemty out_ed, l_teasu_ementoi shell i.d. is the largest

s_u_'ceoi:enor. Whi_e the index of the glass wall is c,'osetymatched by the. index ot

gltyceeiine._ necessily of viewing the i.d. obik:luety lhrough the glass wall material

w_Ch h_s iilLS_ optk:aJabewTaEons,makes this, _he chore difticu_'measurement due to

_eeii_ ot_ imacje. Errors in _e measurernenls are <0.4%, while errors Ior

shet| ii.d. _'e =11%.

We, have _aledi lhe solubility o! luel]gases anO res_duaJgases in glycerine.

H_j_eocje_and]_¢si_otepic¢0Hn_b[r_tlj_n$are insoluble, as are 02, hl_ CO, and CH4. Carbon

dii0,x_d_iisstli_h_yscAut_e in gl_ceriine, but over the duration of the,measurernenl (20

s)). n_ii_ amo_|s d_l_e_ so this potent_| e_or in GEVF Iotal residual gas

peess_e measurements _; _eac_nabi_ _px_redL

Fc_rac_'_,a_= ;n#orm_#i_, p_ease c_mact Matlthias Ebt_er

11.2: Cryogenics and Tritium Technology

Du_ _he eepo_rv_ pe,_k_. KMS Fusi_on{KMSF_ c_n|inued its work in the

";s_u_l_n orrthe J_heatie_ _ocess and ex_ende_ its previous experimental_work in Ihe

o_i¢_ cha,_actecf_ o,t:lfrozen 'i_e__ayers. _nacllclit_onto these aCtivilies, KMSF

p_oviide_assiistaece w_h _e expe¢imer_l_aJpeog_am at Los,Nantos Nat_ona_Laboratory

((LA_L_ t_ obse_.e _he eltiec_sof _-t'_al_n_ on DT _ r_=yersnear their thermodynamic

_ei_e point.

t.2.11 Bet=-Hea=t[et_ _oclel;i_nff,,Stu_dies

S_tJ_j, ,_-/=e/e_, _e,C_o#_, Tarp,ees Coe_ed _y C_vec_ and Cor_ct_n. We.

I_, ¢[_ettopedia l_ee-, d_na_ mode| of heat transport via f_ee convection and

_. The:equations govem_ng__ee convecti_onsare13 listed betow.

1l,. M__m ectua_iioe:

w_mee_ is _,, ¢_ is _he:vel_y vect,_r,,P _ p_ess_re,, _:is _he vLscositystress

_o_,_ and}gl iS _¢av_,..



2. Heatequation:

T t * 0 -VT = z{div[k(T)VT] .q},

where T is temperature,V.VT is the convectiveterm, ;( = 1/(pCp), div[k(T)VT] is the

usual term forconductiveheat transport,q is theheat source(= 13-decay),Cp is the

specificheat at a constantpressure,and k(T) is a nonlinearconductivitycoefficient.

3. Continuityequation:

Pt + div(pg) = 0,

where Pt = 0 in an elastic approximation.

_nthese equations,exponentiallyaccuratespectralmethodsare used. Thevariables

V, T, andp are expandedinorthogonalsystemsof Chebyshevpolynomialsinradiusand
spherical harmonicsin angularvariables. For example,

Nr _q_ IT(r,q>,_,t)= _ T almn(t) Cn(r)
n=O _0 m=-1 Yml(q)'_)

where Cn(r) is the nth Chebyshevpolynomial and Yml(q_,_)isthe sphericalharmonics

of orderm and degree 1. Time differencingis similarto the methodin Ref. 14.

Nonlineartermsin the abovesystemare calculatedin physicalspace,then

transformedto spectralspace usinga sphericalharmonictransformpackage,
Spherepack.15

Our computercode implementingthese mathematicalmethodsincludessubroutines

for the heat, momentum,and continuityequations,as well as transform,initialvalue
output, coefficient, and time-marchingroutines.

We are currentlyapplyingthismodel to _-iayeringin cryogenicDT ice targetscooled

b'yan exchangegas with pressurehighenoughto providesignificantconvectivecooling
{see Fig. 1-15).

In compressiblefluidflow,the evolutionof the flow patternscan depend in complex

ways on the initialvelocityand temperatureprofiles. We are experimentingwith
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Fig. 1-15. Convection dominates as a heat-transport mechanism at pressures

greater than about 1 Torr. Here, power is approximately equal to haT.

The data are from Evan Maypoles, Lawrence Livermore National

Laboratory.
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carefully chosen initial conditions(Fig. 1.16) to study the stabilityand uniqueness of

the flow evolution.

To illustratecomplexflowsand makecomparisonsto otherfree convectionresultsIn

the literature, KMSF has developed three-dimensional color graphics software (see Fig.

1-17). Features Include shading, variable-flow ribbon size, and variable perspectives,

An application we are just begtnnlng to develop Is Including DT Ice layer movement In

the evolution from initial to equilibrium state (Fig. 1-18). This requires us to address

issues like mass transport in the interior vapor region and the possibility of multiple

equilibrium states for both flow and ice-layer shape.

For additional Information,please contact Stephen Wlneberg

1.2.2 Holographic Studies of DT Ice Layers

We have continued to develop sandwich holography as our primary optical diagnostic

to determine the geometry of fuel distributions resulting from the S-layering process.

In the KMSF 1989 Annual Technical Report16 we reported that the fringe patterns in

our holographic interferograms become symmetric as the solid DT is redistributed due

to 13-decayheat. The symmetry of those patterns is consistent with that expected from a

uniform solid layer. Our recent work has been directed toward obtaining further

evidence that a uniform solid DT layer forms during our 13-layeringexperiments.

The interferograms shown in the 1989 Annual Technical Report were ali obtained

along a single viewing axis. A single-axisview is not conclusive evidence for a uniform

solid layer. Symmetry can be present in a single axial view of a target whil9 a second

(orthogonal) view demonstrates a high degree of nonuniformity.17 Succinctly stated, a

single radially symmetric interferogram implies, at most_ cylindrical symmetry.

To address this issue, we have performed experiments on S-layered DT distributions

employingtwowidelyseparatedviewingaxes. Sinceour presentapparatus has a single

viewingaxis, we rotate thecapsuleoncethe solidlayerhas becomesymmetricto obtain

the secondview. Two holograms,onewiththe fuel ingas phaseanda secondwiththe

fuel in solidphase,are neededto evaluatethe DT distribution.We obtaintheneeded
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Fig. 1-16. We are studyingthe evolution of flow and temperaturedistributionsfrom

a variety of axisymmetricinitial conditions.
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Fig. 1-17. Representation of a three-dimensional color illustration of free

convective flow patterns.
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InttlalT, _ _ Mass transport In ._._}p.. New ice
Initial DT/He3vapor shape
Ice shape driven by based on

mass transport

aT

t = time, _t = time step a _ solid/vapor [
= Convection velocity surface

1

(exchange gas region only)
T = Temperature (ali regions)

At to= 0

At t = to + At New T, V_ a T .!'! Solve free

-'--" at time "_n __,__ _ convection

to+ At equations

Mass transport In the vapor Includes He3and DT, Transport
rates depend on diffusion,coefficients and partial pressures,
Mass transport Iscoupled to

aT

a _ s/v surface

via a sublimation/condensation equation,
Bulge from Excess
Condensation

Support Evaporation from
Hotter Areas

Shell

Condensationon Area of Excess
ColderAreas Sublimation

Fig, 1-18. Time-dependent simulation of _-Iayering with a convection/conduction

model,
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hologramsIn the followingmanner:

1, Obtainthe firstgas phase hologram,

2, Admit helium exchange gas18 and allowthe DT to becomesymmetric (additional

holograms are made during this process),

i,

3, Make a hologram of the symmetrical solid distribution,

4. Rotate the capsule approximately 75° and make another hologramof the solid

distribution.

5. Evacuatethe helium exchangegas and allow the DT to return to gas phase due to

13-decayheat (additional holograms are made during this process).

6. Obtain a gas-phase hologram for the rotated view.

We have performed experiments starting with both the normal view and the rotated

view. The capsule mounting configuration (Fig. 1-19) prevents us from recording two

orthogonal views, since one viewing axis is chosen to be normal to the mounting frame to

allow the least obstructed view.

At the end of the experiment we have a gas-phaseand a solid-phasehologram for both

views. We combine the reconstructedwavefrontsfrom the gas phase and the solid phase

to form an Interferogram, which gives Information on the uniformity of the solid

layer.19 Gas-phase/solid-phase hologram pairs from both views can be used to form

holographic Interferograms using the micropositioner we have built specifically for this

purpose.16 The resultsof one of these experiments are shown in Fig. 1-20. Both the

normal and the rotated views show the concentric circular interference fringes, which

indicate a fuel distribution that is symmetrical about the viewing axis. Although the

rotated view shows more refractive features, which make the fringe pattern difficult to

distinguish, these fringes can be identified easily when the interferogram is phase-

shifted by moving one hologram slightly with respect to the other during reconstruction.

The presence of two symmetric circular interference patterns about two widely

separated axes removes the ambiguity inherent in single-axis viewing _nd supports our

position that the DT solid is distributed in a uniform solid layer.
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Fig, 1-19. Diagramof the capsulemountingconfiguration,showingthe normaland
rotatedviewingaxes.
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Fig, 1-20. Concentriccircular fringe patternsare seen along both the normal (a)

and rotated(b) viewing directions, The shell in these Interferogramshas

an o.d. of 880 I_mand a wall 7,5 tJ.mthick, lt is filled with 80 atm DT,
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In addition to the dual-axis vlews, we have studied liquid-phase/solid.phase

Interfero_rams, These compare the solid distribution to that of a liquid layer, When the

fuel Is In the solid state or a liquid layer just above the triple point, there Is little mass

remaining In the vapor, Therefore, reconstruction of a liquid-phase with a solid.phase

hologram will give an Interferogram that Indicates the differencesbetween the liquid and

solid distributions, The case of Interest Is the Interferogram of a slumped liquid layer

and a solid distribution, A slumped liquid layer Is symmetric about the gravitational

axis (the vertical axis In Fig,l-21), A uniform solid layer Is spherically symmetric,

If the solid Is distributed as a uniformly thick layer, the liquid-phase/solid.phase

Interferogram should then be symmetric about the gravitational axts, The

Interferogram that results when the wavefront from a slumped liquid layer

(Fig,,1-21a) interferes with that from the solid distribution (Fig, 1-21b) shows

linear fringes traversing the capsule perpendicular to the gravitational axis

(Fig, 1-21c), The left-to-right symmetry of these fringes implies that the solid

dtstrlbutlen is symmetric left-to-right about the vertical axis, Also, the Interferogram

clearly s_'lowsa localized nonunlformlty In the solid layer (upper left of the Capsule In "

Fig, 1-210). This feature corresponds to a feature In the gas/solid tnterferogram

(Fig, 1-21b) that does not show discernible fringes. The fringes are visible in the

solid/liquid interferogram because the wavefronts from the solid and the liquid in that

area of the capsule are sufficiently similar to give a fringe spacing above the 10 t_m

resolution limit of our optical system, The presence of this feature 23 hours after the

onset of solidification implies that, although B-layering is giving a symmetrical solid

distribution (as evidenced by the concentric circular interference patterns), localized

nonunlformittes persist.

l"he light used to make the hologramsIs coherent. Thus, an obstacle in the beam

causes noise due to diffraction.20 This fact can be used to determine that a given layer

contains solid DT. We have notedthat the concentric fringe patterns obtained from solid

layers thicker than about 10 _m develop considerable noise as time progresses.21

Comparison of the fringe patterns within a shell containing aged DT solid (Fig, 1-22a)

with the fringe patterns obtained from the same shell containing liquid DT (Fig. 1-

22b), as well as with the background interference patterns of the tnterferograms

themselves (for example, the background fringes in Fig. 1-22b), shows that the

patterns within the capsule containing solid are definitely noisier, The noise is present

In ali areas of the capsule. The only causative agent for this noise Is solid
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Fig, 1-21, When the wavefronl from a liquid layer (a) Interferes with that from a

solid layer (b), linear fringes are formed (c), Left+to-right symmetry

of the fringes Implies leVo-right symmetry of the fuel dlstrlbutlon,

(Interferograms in [ai and [b] are formed by Interfering with the

recon'_tructedwavefront from gas phase,) The shell in these

Interferograms has an o,d. of 880 I_mand a 7,5 #.m thtck wall, lt Is filled

with 80 atm DT,
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Fig, 1-22. Noisedevelopsthroughouta capsulecontainingsolid DT (a). The

Interferogramon the right (b)is of a liquid layer formed earlier In the

same experiment, The shell In these Interferogramshas an o,d, of 3750

_m and a 176 _m thickwall, lt is filled with 75 atm DT.
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on thecapsulewall,The presenceofIncreasednolseconflnedtothereglonwlthlnthe

shellcontainingan agedsolidlayerIndloatesthatfueltsdlstrlbutedon thecapsulewall,

The presenceofsolldIna symmetrlolayeron thecapsulewalltsindlcatedby the

presenceofspeolflorecognlzablefeaturesInshadowgramsofthesolldlayerthatmap to

areasofconoentrlofringeson theInterferogram,The arrowsInFlg,1.23apolntto

brlghtfeaturesthatwerenotseenbeforetheDT solldlfled,ThesefeaturesIndloatethat

DT loetspresent,The subsequentobservatlon,uponInterferencewltha gas-phase

hologram, of smooth, unbroken arcs of concentrlo circular fringesthrough the same

areas Indicates that fuel Is distributed symmetricallyIn that region, Tile arrows In

FIg,1.23b point to the regionscorrespondingto the features Indicated In Fig, 1-23a,

Concentric circular fringes Indicatinga symmetric fuel distributionare seen In each
case,

To summarize,we nowhave fourseparate observationsthat Indicateeither thatthe

solid distribution Is 'symmetric,or that it Is distributed In a layer on the capsule wall,
or both:

1, Concentric circular fringes seen In two widely separated views are consistent

with a spherically symmetric solid distribution,

2, Solld-phase/slumped.ltquld-phase hologram pairs Indicate left-to-right

symmetry of the solid distribution,

3, "Optical noise" or haze developing In the aged soliddlstrlbutlonIndicatesthe

presence of a solid layer on the capsulewall,

4. Correlation of specificfeatures In shadowgrams,which Indicate the presence of

solid,with areas of concentrlofringes In Interferograms,which Indicate a

uniformdistribution,showsthat there Is a symmetricsolid layer In these areas,

These observationsmake a goodargumentfor the presenceof uniformsolidDT layers in

thesecapsules,
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As has been noted above, refractive features are present when the DT is in the solid

phase. These features obscure the intederence fringes in parts of the capsule, Once the

solid distribution has fczmed, most of these refractive features are stable in time.

Furtherrr_re, these features are not reproducible from one experiment to the next, as

would be. the case if they were uniquely associated structures on the inner wall of the

capsule. 22 There is, however, evidence that some of the refractive features are

associated with the Formvar® mounting film. The rotated view allows better

observation of the regions where the Formvar® first contacts the capsule. More

relractive features are consistently seen in the rotated view than in the normal view, in

which much of the information from the regions where the Formvar® first contacts the

.... capsule is lost.23 This observation suggests that the mounting film may be having an

effect.

To test this hypothesis further, we conducted two experiments with a capsule mounted
d

between two Formvar_ films with holes_so that the capsule contacted the film only near

its base. in both experiments a U-shaped refractive feature was seen to form where the

mounting film contacted the capsule. Figure 1-24a shows the capsule within the

mounting film. Since the capsule in Fk3. i-24a contains oniya small amount of liquid,

the region where the. film contacts the capsule and the details of the film are clearly

visible.. Figure 1-24b shows the same capsule with the DT in the solid phase, While

some refractive features are scattered throughout the capsule, a large feature obscures

the entire area where the 300 nm thick Formvar_ film contacts the capsule, Since this

happened in two separate experiments, it seems that the mounting film is affecting the

distribution of refractive features. We are currently pursuing alternative mounting

configurations, to minimize the effect of the mounting fixture.

One possible explanation tor the refractive features is based on earlier observations

of gaseous contaminants (i,e., CO2, 0 2, and N2) within similar capsules,24 These

contaminants solidity at higher temperatures than DT and could be transported as small

crystallites within the DT liquid, As the DT crystallizes, these contaminants can be

exciuOed, Concentrations of many fine contaminant crystallites along DT grain

boundaries could account tor the nonrepeatable refractive features we observe, As part

o| our effort to eliminate refractive features, contaminaqts will be minimized in future

work.
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Fig. 1.24. A U-shaped refractive feature forms where the mounting film contacts

the capsule: thin liquid layer, showing detail of the mounting film (a),

solid distribution (b). Incoherent light was used for these photographs,

The shell in these photographs has an o.d. of 880 p.m and a 7.5 I.=.mthick

wall. lt is filled with 80 atm DT. The mounting film is 300 nm thick.
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While we feel that this is the explanationfor the refractivefeatureswe observe,and

that the underlyingfuel distributionis uniform, other interpretationsof our results are

possible.Chiefamongthese is thatmostof thesolidis localizedinthe regionsof the

refractivefeatures that obscurethe interferencefringes. In this case the underlying

concentriccircularpattern we observe is due to the (necessarily)uniformgas

distributioninterfering with regionswithinthe capsule where little or no solid is

present.

To improveour experimentalcapabilities,we are currentlybuildinga dual-axis

holographicdiagnosticstationwith a cryogenicrefrigerator. This systemwill allow us

to controlthe capsuletemperatureand obtainbetteropticaldata. For example,if the

fuel were distributedin lumps or crystals, closelyspaced fringepatterns indicating

rapidlyincreasingsolid thicknesswouldbe presentin theseareas. We plan to employ

diffraction-limitedf/2 documentationoptics, which will give 1 to 2 _m resolution.

Comparedto the currentsystem,whichgivesabout 10 I_mresolution,the new system

will give us better informationabout the fuel distribution,especiallyin areas where the

interferencefringes are closelyspaced.

For additional information, please contact Janet Ankney

1.2.3 Experimental Design Considerations

The national ICF programcontinuesto focuson the_-Iayeringprocessfor forming

uniformsolidlayers of DT insidesphericalcapsules. Duringthe repofling periodwe

embarkedon an ambitiousprogramto maintainand enhanceour experimental

capabilitiesfor studyingDT layers.

The apparatuswe use to studythe_-Iayeringeffect insideglassshellsis configured

as a classicalcryogenicinsertsuitablefor immersioninto a liquidheliumbath.25 The

liquid heliumprovidesan exceptionalisothermalenvironment. Unfortunately,the

saturationtemperatureof liquidheliumat atmosphericpressureis 4.2K, whereas the

I_-Iayeringprocessproceeds mostrapidly at temperaturesonly slightlybelow the triple

pointof DT (19.8K). Therefore, in practice,we attemptto maintainthe temperatureof

the capsuleonly slightlybelow the triple pointby balancingthe internalheat generation

of the fuellayeragainstthe coolingeffectof a low pressureheliumexchangegas in the

experimentalchamber. Lackof precisetemperaturecontrolhas becomean increasing

concernas our experimentalprogramhas progressed. Variationsin temperatureafter a
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DT layerbecomessolidcan thermallyinducestresscracks. Thiscouldhelpexplainthe

degradationin qualityof the Interferometrlchologramswe have beenobtainingafter the
DT fuelbecomessolid.

Alongwiththe desire to improvethequalityof ourholograms,we wouldliketo

increasethe speedof our primaryimagingopticand providesimultaneousviews,

Increasingthe speed of the optics would improve the resolution of our holographic

system. Obtainingtwo simultaneous viewsof the capsulealong orthogonal axes would add

valuable information to aid in interpreting the condition of the fuel layer.

Unfortunately, it is not possible to easily retrofit the current apparatus to improve the

optical system.

Concurrently, we are performing x-ray phase probe studies26 that could lead to the

development of an interesting new diagnostic for understanding the _-Iayering process.

In brief, we have found that lt is possible to monitor the thermodynamic phase of the DT

fuel Inside glass shellsremotely by examining the soft x-ray signal emanating from

them. We were able to perform a proof-of-principle experiment on our current I_-

layering apparatus, but found the retrofit Impractical for routine use because of the low

signal-to-noise ratio and the operational hardships in attempting to use the insert In a

manner for which it was not originally designed.

Our desire for better temperature control and improved optical imaging along

orthogonal axes, along with our desire to explore further the x-ray signal emanating

from a shell, has motivated us to begin the designof a new p-layering apparatus. The

fundamental new feature of th'e design is the use of a mechanical refrigeration system for

the production of the cryogenic environment, rather than the boiling helium bath in our

previousdesign. To thisend we have chosen a Cryomechmodel GB37 cryogenic

refrigerator, which can provide 60W of refrigeration at 70K on its first stage and 25W

at 20K on its second stage. In our new design we are incorporatinga temperature

control system to accurately maintain the experimental chamber at the desired

temperature. We are also attempting to allow for an f/2 primary Imagingoptic along

two orthogonal axes. Finally, we are attempting to maintain, if not improve, the signal-

to-noise ratio of our low-energy x.ray detection scheme by using a commercially

prepared low-energy sclntillator/photomultiplier tube detector (Bicron

2XM.040/2BLP).
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The mostpressingdesignconcernat presentis the mechanicalvibrationcreatedby

the physical cyclingof the refrigerator'sinternalcomponents, During the reporting

period, we attemptedto quantifyboththe magnitudeand frequencyof the vibrations. The

mechanicalvibrationspresenta seriouschallengeto the holographicdiagnosticfor two

reasons. First,the capsulewill not be In the samephysicalspaceevery time a hologram

Is taken (makingthe backgroundphasegradient flducialof paramountimportance),and

second,unlessthe shutterspeedsare fast relativeto the motlon,the hologramswillbe

blurred. We haveperformeda simpleexperimentto measurethe magnitudeof the

vibrationproblem. With the refrigeratormounted in the experimentalchamber, we

used a crudelycollimatedwhite light sourceto backlighta cylindricalcalibrationrod,

mountedwhere the target normallywouldbe, projectingfrom the refrigerator'ssecond

stage (the shell-mountingplatform). A simplemicroscope,compatiblewith the

chamber'sflanges,was usedto forma sharpopticalimage (shadow)of the loweredgeof

thecalibrationrodon a whitescreen. We placeda photodiodeIn the vicinityof the

shadow'sedge,andobservedthechangein thesignalas themotionof the rodmovedthe

shadowacrossthe sensitivesurfaceof the photodiodedetector. The electricalsignal

producedbythephotodiodewasdisplayedon anoscilloscopefor analysis.The

oscilloscopetrace revealedthat themotionof the secondstageof the refrigeratorfall

into two distinctdomains:a gross translationalmotionof approximately30 t_mtotal

deflectionat intervalsof roughly1 Hz, and a second, higher-ordermotionsuperimposed

on thegrossdeflections. We notedthatthe superimposedvibrationsalmostcompletely

disappear at certain recurringintervals. Therefore, our next objective will be to

search for a repeatabletimingfiducial for triggeringtheexposuresso that they occur

during periods of relative inactivityand nearly identical position.

We have decideduponthe conceptualstrategythatwill be used for the fabricationof

the next-generation_-Iayeringapparatus. A capsule,sandwichedbetweentwo thin

films of Formvar®,resides inside the innermostof three cylindricalcontainers. The

container is made from oxygen-free,high-conductivity(OFHC) copper. Four sapphire

windowsallow for the opticalobservationof the capsulealongtwoorthogonalaxes, while

a 0.020 in. thickberylliumwindowat the bottom permitsthe low energy x-rays to pass

throughto our room-temperaturedetector. A machined OFHC copper web mechanically

reinforcesthe thin beryllium. Althoughopticallybaffled to prevent perturbationsin
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the Isothermalenvironment, the atmosphere In this (first)container Is common with

the Immediateouter (second) container. A thin-walledfiberglass/epoxytube on the

flangeof the secondcontainersupportsthe Innermostcontainer,

The secondcontainerIs nearlyIdenticalto the first exceptfor two Important

differences. First, lt Is Intendedto be leak-tight. Indium foil will be used for

cryogenicallysealingthe container. Second,thisenclosureis to be thermallyattachedto

the secondstageof the cryogenicrefrigerator. A thermometerandheaterwillbe placed

on thiscontainerto providea meansof measuringand controllingthe temperatureof the

enclosedvolume.

The third cylindrical container ts attached to the first stage of the cryogenic

refrigerator, and functions as a 70K radiation shield, lt is Intended to provide a thermal

radiation barrier between the 300K room.temperature environment and the 20K

experimental environment. The outermost cylindrical container Is the vacuum chamber.

lt does not require a thin beryllium window for the low energy x.rays since our detector

can be used In a vacuum environment,
t

In our approach we perceive three areas of engineering risk: (1) use of large

diameter (up to 2.0 In,) sapphire windows optically cemented to a thick copper

substrate with a known differential thermal contraction coefficient, (2) use of thin

beryllium windows epoxled to a copper substrate, which also has a known differential

thermal contraction coefficient, and (3)reliance upon a thin washer of Indium foil to

provide a leak-tight and reliable seal as the apparatus is cycled between room

temperature and cryogenic temperatures. To mlnimtze our engineering risk, we are In

the processof constructing a simple test piece to examine the three major areas of

concern. At the same time we are proceeding with the more detailed and meticulous

design of the actual experimental apparatus,being prepared to make changes as the

subsequenttestingmay mandate.

For additional information, please contact Mtchael Mruzek
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1.3 Capsule Fabrication

Two aspectsof the workof the Capsule FabricationGroup are reporied here, These

are (1) the continuingwork to Improvepolymerfuel containersand (2) the fabrication

of glassfuel containersof large volume. The workon plasticfuel containersis dictated

by both near- and long-termInterestIn low.densitycapsules, while the work on large

glasscontainersIs needed to fulfill an Immediateneed In the Inertialconfinement fusion

(ICF) program,

1.3,1 Polymer Fuel Containers
Introduction

Our primaryObjectivefor this year is to improve shell wall uniformity. We are

closelyscrutinizingali aspectsof the dryingcolumn processfor capsule formationto

identify the conditions that influence uniformity. We have also initiated a modeling

effort to support our experimental work with drying columns. We are simultaneously

evaluating microencapsulatton as an alternative capsule-fabrication technique, This

process can produce capsules in useful size and wall thickness ranges,and with good wall

uniformity. However, small voids (vacuoles) in the walls are a persistent problem. We

have identifieda mechanism for vacuole formation,and have made signlficant progress

toward reducingthe number of vacuoles produced with this process.

The polymer solution droplets that are formed into polystyrene (PS)capsules in the

drying column are produced by a stripping gas droplet generator (SGDG). Before we

could begin systematic experiments to identify the drying column process parameters

that affect the wall uniformity of PS capsules,we had to stabilize the SGDG so that we

could produce repeatable runs. The effects of process parameters on wall uniformity

cannot be determined without precise control of the droplets that constitute the input for

the process.

Demand also exists for composite PS/poly(vinyl alcohol) (PVA) capsules (that is, PS

capsules with PVA coatings) which combine the desirable qualities of both polymers.

Experiments with the composite capsule-fabrication process, combined with results

from modeling studies, have defined practical limits for our present equipment in terms

of the largest composite capsule that can be fabricated. Near-term target requirements

are likely to exceed the capabilities of our present system. Also, our options for
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Improvingcoating uniformityare limited with the presentequipment, We are therefore

designinga new systemthat will meetboththe near-termand anticipatedfutureneeds,

The fabricationprocessesfor PS and PVA/PS shellsinvolveseveralphysical

processesand manyexperimentalparametersthat can be variedwidely. To developan

understandingof theseprocessesand to guideexperimentation,a theoreticalmodelis

underdevelopmentat KMSFto modelthedryingcolumnformationof PS shellsand the

fabricationof compositeshells.The objective Is to Improveshell and coatinguniformity,

Modelingwill helpachieve this objectiveby narrowingthe range of experimental

conditionstested,suggestingnew approaches,and helpingInterpretexperimental

results. Modelsof the mechanismsthat causeor mightpreventnonunlformityare to be

added In futurework.

Droplet Generatorsand Drying Columns

Fabrication(polystyrenel. The dimensions of the shells required to support the ICF

program are 230, 360, 445, and 510 p.m in o,d. with walls 2 to 4 I_m thick. We have

made ali of these sizes previously, but our runs were not repeatable. The lack of

repeatability was attributed primarily to insufficient precision in the control of process

parameters.

Solution injection rate is an Important parameter because it, along with the flow rate

of the stripping gas, determines the size of the droplets that are injected into the drying

column. A new syringe pump was installed to improve control of the injection rate. The

pump utilizes a PID controlled zero-cog DC motor. The system Is capable of using 50,

100, 500, and 1000 ILlgas-tight syringes. The injection speed Is variable from

0.15 to 88.19 bl/s, selectable in 0,01 p.I/sincrements. Depending on the syringe

used, steady-state volumetric flow is approximated from 9 x 10.5 to 2 x 10.3 _l/s.

The new syringe pump has made injection rate selection accurate and repeatable.

To break the injected PS stream into drops, a strippinggas is required. We use

nitrogen for the stripping gas. Methylene chloride is incorporated into the stripping gas

to keep the polymer from drying on the injection needle. The methylene chloride adds

mass to the stripping gas, thus affecting the drop slze. As the nitrogen is passed over the

methylene chloride, the methylene chloride cools. As lt cools, less methylene chloride

is added to the strippinggas. The stripping gas becomes less denseand the drops increase

in size. To control this problem the methylenechloride was placed in a three-necked

flask (see Fig. 1-25).
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' ' Chloride

Fig, 1-25. Schematic Illustration of the arrangement for dissolving methylene

chloride in the SGDG strippinggas for PS capsule fabrication: The

nitrogen Ispassedin and out of one neck, The secondneck Is usedfor a

thermocouple to record the methylene chloride temperature, The third

neck ts a fill port, The flask Is Immersed In a water bath up to the necks,

The water bath is set at 35°C. Before a run, the strlppinggas Is started.

When the temperatureof the methylenechloridestabilizes(usually5°C

belowwater bath temperature)the run Is started. The flow rate of the

N2/methylene chlorideis recorded,
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A thirdparameterwe adjustedwas the dryingcolumn temporatureprofile, In the

past,we have used a "ramping"profile, We wouldgraduallyIncreasethe temperature,

thendeareaseIt, There aresomeadvantagesto this approach;however,the actual

temperaturewithin each zone mustbe controlledprecisely, Our systemcurrentlyuses

thermocouplesmountedbetWeenthe heatersandtheoutsidewall of the dryingcolumn, If

a coolzone Is locatedabovea warmzone, the heat risesand affectsthe coolerzone, With

the thermocoupleslocatedoutsidethe tube,the aatualtemperaturein the zone is

unknown, Small shifts from run to runadded to the overall Instability, Until we can

controlthe temperaturetn the zones, we have opted for a "block"profile, where the

entire tube is heated to one temperature, This has eliminatedtemperatureshifts,

The controlgained over the Injectionrate and strippinggas flow rate, alongwith the

stable temperaturezones, has allowedus to derive a fairly linear relationshipbetween

polymerconcentrationand shell o,d. We kept the followingparametersconstant:

Injeatlon rate (6.00p.I/s), nitrogen flow rate (1,32 I/rain), methylene

chloride/nitrogen flow rate (1.82 I/rain), and temperature (220°C), The graph tn

FIg,1.26 showsthe relationship between polymer concentrationand shell o,d,

lt Is our belief that these data representonly a small part of the entire ptoture,

These parametersallow us to producethedesired ICF targetsreliablyand repeatably,

However,as the concentrationof the polymerchanges,viscosityahanges,thusthedrop

size alsochanges. This accountsfor partof the o,d, shift. Eventhougha varietyof shell

sizes are possiblewith these parametersheld constant,the optimumsolution

concentrationIs around2,7%.

Controlof Injectionrate, strippinggas flow rate, nitrogen/methylenechloride ratio,

dryingcolumntemperatures,and polymerconoenlratlonshave allowedus to make ali the

current ICF targets with a uniformity that Is state-of-the-art for droplet tower

technology,

Improvement of Wall Unlformlty, The first step toward Improving w._ll unlformlty

is to 0nderstandthe shell-formlngprocesswithin the SGDG system, We have begun

statistical modeling of the system (see Simulation and Modeling, below). Informal

experimentshave begun to define the boundariesof the SGDG system,

One of the first discoverieswas that we were not operating the SGDG as intended. In

an Ideal droplet generator, a fluid Is passedthrough a needle, As the fluid exits the

needle, a drop Is formed, A strippinggas passingover the sidesof the needle pulls

individualdropsfrom the needle, If the Injectionspeed and strippinggas flow rate are
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Fig. 1-26. Plot of PS aapsule diameter as a function of solution concentration. The

heavy straight line Is a linear regression of average batch o. d. The data

points are :1:2G for the o. d. statistics of each batch, and form a 2G

"envelope" around the least squares line.
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held constant,the dropsformedshouldbe uniformin size, With the parameters

mentionedabove,a varietyof drop sizes werebeingformed, Between80 and90% of the

dropswere thesame size, butquitea few were notbecausethe injectionrate was too

high In relationto the strippinggas, Insteadof pullingoff Individualdrops,a stream

was beingproducedthatwas beingbrokenup Intodrops, To remedythis situationwe

slowed the Injectionrate to 1,00 tj.l/s,

ControlIs the key to thisprocess, Overthe nextsix monthsour goal Is to Increase

controlover ali the parametersof the system,to define the shell.blowingprocess

theoreticallyand experimentally,and to use this knowledgeto Improvewall uniformity,

As part of that effort, we willevaluateways to controlbubble nucleation,the effectsof

aerodynamicdrag,and theeffectsof variousmolecularweightsand blends,

Coating (PVA), Polystyreneand PVAare the twocomponentsof the compositeshells,

Eachc,omplementsthe otherto producea fuelcapsulewhosetotal attributesexceedthe

sum of the individualcomponentattributes,

The substrateIs a PS shell. These shellsare quicklyand reliablyproducedtna

variety of desiredsizes, Polystyrene,being a poor containmentbarrier for any gas, Is

quicklyandeasilyevacuated,thenbaokfllledwttha desiredcompositionandmassof gas.

The PVA, being a relativelygoodcontainmentbarrier,producesa 'seal" surroundingthe

PS shell, essentiallyentrappingthe desiredgas, The net resultIs a strong,low.Z,

shielded fuel capsule that exhibits good barrier properties,

The conceptfor fabricatingPS/PVAcompositefuelcapsuleshas notchan(2edmuch

_. since the basic technologytransfer to KMSF from Lawrence L.ivermoreNational

Laboratory(LLNL)In 1988, However,since that time, there has been considerable

refinement In the coatingprocess,whichhas led to tremendousImprovementsin

reliabilityand yield, and reductionIn batchprocess time, These refinementsare

beginningto acceleratethe experimentalprogressas weil, Many refinementswere

basedon theoreticalprocessmodelsusedto simulatevariousaspectsof thecoating

process. Other refinementswere basedon results from statisticallydesigned

experiments, The experimentaland theoreticalworkthroughthe first half of this

reportingperiod resultedtn a basic conclusion: If progressIs to continue,especiallyIn

the area of coatingquatttyand uniformity,a next-generationcoatingsystemmustbe

engineeredandconstructed, Muchof the work In the secondhalf of this reportingperiod

wasdirectlyrelatedto thedevelopmentof such a system,
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ForPVAcoatingresearchand produotlonpurposes,we have replaoedour 15 om

dlamterdryingcolumnwith a dryingoolumnhavinga 0,6 m x 0,6 m squarecross

seotlon, The averageyieldof coatedshellswithdefeot-freesurfaoes,as evaluatedby

optioal Inspeotlon(defined as "good" coated shells), from the 15 om diameter drying

column system was approximately 2.5%, The average yteld of good shells from the

unmodified 0.8 m x 0,6 m drytng column was approximately 17%, During the later

part of 1989, the 0,8 m x 0,6 m drying column system was modified to Improve control

and reduoe debris contaminationof the coated shell surface, The rnodlflcatlonsInoluded,

but were not Itmlted to, Installing an Insulated, water-cooled top covering, a water-

cooled colleotlon surface, and PID temperature control. The resultwas a slight decrease

in the average yield of good shells recovered to abo,_t12%, with a range from 8% to

25%. This reduotlon In yield was more than offset by a reduction In set-up time _;id an

Improvement In ooatlng quality, These Improvements were a direct result of Improved

control and reduction of debris oontamlnatlon, respeGtlvely.

Reduotlon In the yield of good shells Is a result of an Inoreasetn natural downdraft
i

(convection), In faot, Initial results from the modified system were poor. The cooled

covering Increasedthe density of the air about the center of the drying column, thus

significantly Inoreaslng natural downdraft, This resulted In a low yleld of good product

becausetile coatings were Insufficientlydried. To compensate, the drying column

temperature was Inoreasedto between 210 and 215°C. However, an obvious trade-off

exists between changing temperatureand the magnitude of the downdraft velootty, As the

temperature was Increased,so was the downdraft, and the resultwas a heat-d_maged PS

substrate. When we stoppedcooling the covering, the resultwas an Immediate

Improvement In the yield of good shells.

A statistical optimization approachwas applied to Improve the yield of good shells

recovered. The statlstloal format was a near-saturated 23 fac.torlal; the optimization

approaoh Is referred to as a "walk" or "self-directed optimization." This approaoh Is an

Iterativemethod that uses the results of eight trials as boundaryconditionsto determine

the next trial or set of trials, The controlparametersconsideredwere dry shear gas

flow rate, solution Injection rate, relative humidityof shear gas, oaplllary position

relative to the nozzle exit, and two temperaturezones, The resultsof the initial eight

trials Indicated that aapillaryposttlonand the two temperaturezones are the dominant

controlparameters withinthe orlglnaldomain of the six varied, The control region of
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Fig, 1-27, Progression of the optimizalion process, The percentage of good shells

recovered, is plotted as a function ofprogressing trials,
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Fig.1-28, The spectrumof productrecoveredaftera run.
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damage of the substrate. Unfortunately,dryingshells at relativelyhigh temperatures is

a very unstable process. Figure 1-29 illustratesdrying instability.

The conclusionfrom experimentalresults,which are supportedby theory, is that the

435 to 455 IJ.mdiameterx 3 _m thickshells are about the size limitfor the drying

column. However,forany set dryingcolumnlength,theory suggeststhat reducingthe

outside diameter sufficiently should improve the yield of good shells. Theory precllcts

that the temperature at which the coatings should dry would be lower, thus the stability

of the process should improve. Improved stability implies that the ratio of heat-

damaged shells to either wet or good recoveredshells should drop. Raising the

temperature slightly to decrease the ratio of wet shells to good shells without producing

heat-damagedshells should also be possible. Assuming that the total number of shells

recoveredhas not changed, there should be a tremendous Improvementtn the yield of

good shells recovered.

The hypothesis that the yield of good shells would improveby decreasing the size of

the shell and lowering the drying column temperature was tested by producing PVA

coated shells for the Laboratory for Laser Energetics (LLE) at the University of

Rochester. The hypothesis was directly supported by coating 220 to 245 _m shells in

the drying ccolumn. Once the injection parameters were determined, the yield of good

shells approached 50%1 The observed yields reflect a recovery of 60 to 120 shells with

a good coating produced from the injection of one capillary tube full of solution and

shells. These shells were dried between 100 and 115°C, as predicted by theory. Figure

1-30 illustrates the difference between drying 445 _m shells and 230 _m shells.

Additional information is presented in Simulation and Modeling, below.

Unlike surface finish, tile uniformityof the PVA coating is not now a controllable

attribute. The nonuniformity of the coating ranges from 50 to 100%. Nonuniformity of

the PVA coating, at the present, is not of much concern to Lawrence Livermore National

Laboratory (LLNL) since the bulk uniformity of the final trilaminate target is

essentially unaffected. The Laboratoryfor Laser Energetics, on the other hand, has some

concerns about the PVA coating uniformity, lt was decided that constructinga new PVA

coating system, engineered to meet current and anticipated future research and

production requirements, would be in the best Interest of the ICF program. The current

coating system is not versatileenough to be an adequate researchtool.
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Theorysuggeststhat uniformitywill be affectedby altering the pressureand

compositionof the heated gas tn a dryingcolumn(for additionalinformationsee

Simulationand Modeling,below), The currentsystem is incapableof supportingthe

type of experimentsthat willbe required to study coating uniformity, The current

system is limited to additive and surface treatment studies,which are currently

underway,

For the new PVA coating system to meet our requirements, it must be able to dry the

liquid PVA layer surrounding a PS shell at temperatures that will not not damage the PS

substrate. This implies that the drying temperature must not exceed the glass transition

temperature of the substrate, lt also implies that the drying column necessary to

accomplishthis must be taller than the existing system. The new system must be

suitable for research as weil. This implies that the control parameters of the system

must be adjustable over broad ranges and have good resolution, lt also implies that the

environment within the drying column should be controllable in composition, pressure,

and temperature. The system must also allow for easy acquisition of data - prefer _bly

automatic or semi-automatic acquisition. Therefore, these and many other topics are

being considered to ensure a successfuldesign.

Specifically, the system under development is being designed to coat 700 p.mx 10 p.m

PS shellswith 4 pm of PVA. The FVA is from a 10%, 25,000 average m.w. PVA solution

that is 98.5% hydrollzed. The process conditions are similar (except for residence

time) to those currently belng used to apply 3 _.mPVA coatings to 445 I_mx 3 p.m PS

shells. In addition, the system is being designed to coat shells of the size of current

interest to LLNL at temperatures of less than 100°C in 1,0 atm of air. The systemwill

be expandable ito Increase the upper limit of diameters and/or wall thicknesses of shells

that could be coated. The systemis also being designed to accuratelycontrol the

temperature over a 30 to 200°C range and the pressure over a 1 to 1500 Torr range,

and to provide control of the gas composition. Sizing the system was accomplished

through computer simulationof the process (see also Simulation and Modeling, below).

A system as versatile as the one being developed will be muchmore sophisticated and

complex in design than the present system. The firstphase of this project includes, but

is not limited to, completing the design and construction of a coating system that meets

the requirements delineated above, lt is anticipated that the first phase of this project

will be completed in June 1990, at which time experimental work can begin on the new

system.

199oKMSFSemi-AnnualTechnicalReport 75

_



The speclflcatlonfor this systemaddresseseveryaspectof the coatingprocess. To

developthe specification,the coatingprocesswas brokendownIntosubsystems,which

were categorizedby isolated,integrated,or relatedsubsystemsor subprocesses.There

are twelvebasicsubsystemsor subprocesses;six are beingaddressedIn the first phase

of the project. Approximately95% of the controlsystemand 75% of the mechanical

system Is specified,and ali criticalengineeringcalculationsare complete, The project

currentlyis on scheduleand theJunecompletiondate has not changed. Figure1.31 Is a

simplified schematicof the new PVA coatingsystem.

For additional Information,please contact Lome Adams

Mtcroencapsu/ation. The water in oil In water (W/O/W) mlcroencapsulationprocess

involvesthree distinctphases: (1) an Internalwater phase, (2) an oli phase, and (3)

an externalwaterphase. The internalwaterphase Is suspendedIn theoil phase,which

Is in turn suspendedin the externalwaterphase. The internalphaseconsistsof distilled

waterwith no additives. The oil phaseconsistsof PS dissolvedIn an appropriatesolvent

system (the preferredsolventsystemcontains50% benzene and 50% 1,2

dichloroethaneby volume). The externalwater phasecontains5% PVA.

The Internalwaterphase is dispersedin the oil phaseas discretedroplets. The

polymersolutionis dispersedtn the externalwaterphase as individualdrops,each of

whichcontainsone of the waterdroplets. Surfacetensionand interfacialtensiontend to

make the polymerdrops sphericaland to make the internalwaterdropletssphericaland

concentricwith the oil phase.

The solventsin the oil phasedissolveIn the externalwaterphase,diffuseto the

surfaceof the water,andevaporate. The solidifiedshellsthusproducedareseparated

fromthe externalwater/PVA phase by a water rinse, whichremovesPVA from the shell

surface. The shellsare then placed In alcoholto startthe removalof the internalwater

phaseandalsoto reduceresidualsolvents.Theshellsare then placedina vacuumoven,

whichremovesthe remaininginternalwater phase from inside the shellsand residual
solventsfrom the shell walls.

Vacuoles(bubblesin the shellwalls) can originatefrom severalsources,including

entrainment of air, entrainmentof internal-phasewater, entrainment of external-

phase water,andwaterdissolvedintheoil phase. Dispersiontechniquesare usedto
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Fig, 1-31. Basic configuration of the new PVA coating system,
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minimize (if not eliminate) entrainment of both air and water In the oli phase during

the dispersionof the Internalphaseand thedispersionof theoll phase,

' The most likely source of vacuole formationduring mloroenoapsulatlonIs water

dissolvedIn theotl phase, Water is solubleat a levelof about001%at 25°C and > 5% at

70°C (benzeneazeotropecontains9% waterat 69°0 and 1,2 DCE azeotropecontains8%

water at 72°C), Water dropletscan be formed In a 1/1 benzene/I,2 DCE solutionby

placingthe solutionIn a vial with water, raising the temperatureto 70°C, then cooling

thevlal to roomtemperature, Heatingsaturatesthesolventwith water, Coolingforces

the waterout of solutionInto dropletsthat are large enoughto scatter lightbut small

enoughto forma very stabledispersion,

The dispersionmethodthat hasbeen usedby the Institutefor Laser Engineeringat

OsakaUniversityand LLEIs to placethe Internalwaterphase and the polymersolution

Intoa vial and shake lt for 10 s, The ILE processcalls for 5 g waterand 10 g polymer

solutionIn a 200 ml vial,27 while LLE'sprocesscalls for 4 g of water and 8 g of

polymersolutionIn a 15 ml v!al,28 We made shellsusingboth a 200 ml and a 15 ml

vial. The shells made usinga 15 ml vial containedfar fewer vacuolesthan did those
made with the 200 ml vial,

The polymersolutionis dispersedInto theexternalwaterphaseusing a four-bladed,

propeller-typestirrer, Inltally, 400 rpm Is used to disperse the polymer solution Into

droplets,then 200 rprnis usedto keep the dropletsIn suspension,

The internalwaterphase,thepolymerphase,and theexternalwaterphaseare

filtered to remove nonvolatileparticulate contaminants, We filter the Internal water

phase to 0,1 _m, the polymerphase to 0,1 km, and the externalwaterphase to 0,22 p.m,

Filtrationof the Internalwater phase removesparticulatematerial that would

otherwiseremain inside the finishedshell, This particulatematerialcould also be

Incorporatedinto the shell wall, This filtrationto 0.1 km Is accomplishedusinga
syringe-mounted filter.

i

Filtrationof the-polymersolutionremovesparticulatesthat oould contaminatethe

shell wall. This contaminationis undesirablefor two reasons: (1) the oontamlnant

Itself Is undesirablein the shell wall and (2) the contaminantcan act as a nucleation

site for the formationof a vacuole in the shell wall, The polymersolutionis filtered to
0,1 p.musing a syringe filter.

Filtrationof the externalwater phase/PVA solutionremovespartioulateGthat can

contaminatethe exteriorsurfaceof theshells. The water/PVA solutionispassed through
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a 0,22 _m filter using a vacuum system to force the solution through, The vacuum

degassesthe solutionIn additionto removingthe particulates,

The polymersusedIn the mloroenoapsulatlonprocessare selectedon the basis of the

physicaland chemicalpropertyrequirementsof the shells, The solventsare selectedon

the basis of their compatibilitywith each otherand with the polymersused to make the

shells,

The Ideal Internal.phasematerialwouldbe InsolubleIn the polymersolutionand

capableof diffusingthroughthe shell wall after the shell has solidified, Water meets

these requirementsreasonablyweil, even though lt Is slightlysoluble in the polymer

solution, The densityof the Internalphaseshouldbe closeenoughto the densityof the

polymersotutlonto neutralizegravity so that surface tensionand Interfacial tensioncan

center the Internal phase In the polymer solution drop,

The ideal polymer-phase solvent must be a good solvent for the polymer, lt should

also be slightly soluble In the external-phase solvent so that lt will dissolve In the

external phase for transport out of the shell wall, lt is desirable for syneresis to occur

betweeen the sol,,entsand water suchthat the water leaves the shell along with the

solvents, Synereslswould prevent the formation of vacuoles becausephase separation

wouldn'toccur. The density of the polymer solution must be closeenough to the density

of the external phase to neutralize gravity and allow the surface tension of the polymer

solution to force the drop to be spherical, The surface tension of the _lymer-phase

solution should be lower than the surface tensionof the internal phase, A 50% by

volume blend of benzene and 1,2 dlohloroethanemeets these requirementsweil, This

blend of solvents forms shells havtng the best sphericity and w_ll unlformity,

The external phase should be Insolublein the polymer.phase solution and have a

surface tension lower than the polymer solution. A 5% PVA In Watersolution has

properties close to the Ideal external phase. The problem ts that water ts slightly

soluble in the polymer solution, and this solubility ts what leads to the formation of

vacuoles.

Processtemperatures at different stagesof the mloroenoapsulatlonprocess are

Important because they affect the solubility of the various components in each other,
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The InternalphaseIs dispersed In the polymerphase at roomtemperature, The polymer

solutionIs dispersedin the externalphase at 65°C, The temperatureIs raised to 85°C to

removethe solventsfrom the polymerphase, lt Is Importantthat the temperaturebe

constantor Increasinguntil the shell walls have solidified, The dissolvedwater will

separatebecause of solubilitychanges with temperatureIf the temperatureIs lowered

before the shellshave solidified,

Shells have been producedusingPS with ro,w, of 22k, 50k, 90k, 165k, 200k, 400k,

900k, and 1,500k, The followingtrendswere observedwith Increasingm,w,:

1, Totalyield tends to decrease,

2, Shell diameter tends to decrease.

3, Wall thicknessIncreases,

4, Resistanceto fracture Increases,

The maximum yield of shells for a given set of conditions consistently_ours with 90k

ro,w, polymer, The mlcroencapsulatlonprocessIs currentlyused to produce"Class A"

PS shells ranging from about 200 to 1000 km In diameter with uniformwalls ranging

from about 3 to 12 t_m,

_olventsand additivesthatcan affectsolubilitywillbe Investigatedon the basis of

their compatibilitywith ali of the componentsin the system. Componentswill be

selectedon the basisof their ability to cause synereslsto preventvacuoleformation,

We will investigatetwodifferentdispersionmethods, The methodcurrentlybeing

InvestigatedIs to suspendthe Internalwaterphase In the oli phaseby shakingthe two

phases togetherin a vial and then dispersingthat mixture into the external waterphase
with a stirrer, We will continueto evaluatethis method, The secondmethodIs to use a

hollow droplet generatorto Introduce uniform-sizedroplets with uniform walls.

Care mustbe takento minimizeturbulenceat the Interfacesas thephasesare being

dispersedIn each other, The designwill Incorporatesmoothflow channelsto reduce

turbulence. The Reynoldsnumberwtllbe kept low to operate In laminar flow conditions,

We currentlycontrol the temperatureduringthe solventremoval,rlnslng,washing,

anddrying stepsof the process. Temperatureis controlledIndependentlyfor each step,

Temperaturevaries from stepto step as wellas duringthe transferbetweensteps. We

will Investigatethe use of an Isothermalprocess,malntalnlnga constanttemperature

duringthe entire process, The shellswill be totallycontainedtn the processequipment,
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at a constanttemperature,from the pointwherethe differentphasescomein contact

with each other untilthe water Is totally removedfrom the shells,

Size controlwill be determinedby Investigatingthe effect of mixingand stirring

intensityIn the hand.mixingmethod,andby orifice sizes, Injectionrates, and orifice

vibrationIn the hollowdropletgeneratormethod,

Wall thicknesscontrolwill be evaluatedby Investigatingthe effect of polymer

concentrationin the oli phaseIn bothmethodsand by orificesize, Injectionrate, and

orifice vibrationIn the hollowdroplet generatormethod,

We willInvestigatetwomethodsto forma PVA layeron the PS shell: (1) use of a

four-phase emulsion (water In oll in water In o11)and (2) dispersionof water-filled

PS shellsin a PVA solution,followedby dispersionof that solutionIn oll and removalof
water from the PVA and frominsidethe shell to leavea uniformPVA-coatedshell,

The results of regent mloroenoapsulatlonexperimentsare summarizedIn Table 1-4,

S/mu/at/onand Mode/Ing The PS shell formationprocessconsistsof severalsteps',

injection, drying, nucleation, and blowing (see Fig, 1-32), The PVA coating process

shares the lh'st two of these steps,so a single model can be constructed to apply to either

case, This report first considers drying In the context of PVA coating, then considers

blowing of PS shells, keeping In mlnd that the PS must dry before blowing according to
the same mechanismas the PVA,

Experimentally, the most effort so far has been concentrated on the Injection, I0e,,

controlling the rate and drop monodlsperstty through Injectionsystem design, This tlas

been sufficiently successful that the Injection is giving predictable, consistent drop

streams, Consequently, the injection step ts probably not Important In modeling the

process, the drop stream may be taken as given at the top of the tower, The efforts In

modeling described below concentrate on what Is occurring after the Injectlon, The

largest effort so far has been given to the drying s*3p,

NumericalModelof Drying.The model to be developedhere gives the depletionof

massof solvent from the PVA solution as the shell falls down the tower, The outstde
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Table 1.4, Diameters and wall thloknessesof PS oapsules from reoent
mloroeneapsulatlonexperiments,where polymer ro,w, and solutionoonoentratlonwere
varied,

Mean MIn, Max, M, W Cor_,

Dis Wall Dis, Wall Dis, Wall (103) (%)

ME010290.1 564 6 S 310 2,3 738 9,5 250 5

ME010390.1 500 5 4 247 1,1 729 10,4 250 5

ME010490-1 512 5 8 268 1,3 818 14,2 250 5

ME0t0590.1 647 5 8 470 3,6 1024 8,9 250 5

ME011190-1 387 5 7 177 3 3 602 10,0 200 5

ME011290-1 399 3 8 188 1 9 676 6,0 50 5

ME011590-1 440 5 4 202 2 8 728 8,7 170 5

ME011790-1 513 5 8 209 3 4 500 7,9 900 2,5

ME012390-1 430 5,4 206 3 3 838 6,6 900 3 '
{

ME012490-1 550 7 4 189 3 7 901 10,0 170 5

ME020690-1 619 9 1 358 3 9 948 11,1 170 5

ME021090-1 490 8 5 212 5 5 746 12,1 200 5

ME021590-1 442 5 6 114 2 9 787 12,3 250 3,6

ME021690-1 581 6 2 100 3 8 823 10,0 250 3,6

ME022090-1 559 5 6 123 2 7 802 9,7 250 3,6

ME022290-1 391 5 0 205 3 0 578 7,2 250 3,6

ME022790-1 559 6 5 191 4 9 769 9°5 250 3,6

ME022890-1 405 5 4 160 3,4 650 7,7 250 3,6

ME030190-1 452 5,3 216 3,9 706 9,5 250 3,0

ME030190..2 391 5,4 231 3,6 587 8,9 250 3,0

ME030690-1 340 8,1 234 3,3 454 12,6 900 2,5

ME030790-1 630 8,5 284 4,4 908 11,8 170 5

ME030890-1 509 4,9 220 3,3 940 7,7 90 4,5

AVERAC.-_ 492 6,1 222 3,3 767 9,7

i
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Fig, _-32. Schematicrepresentationof the PS shelL-formingprocess. A stripping

gas puttsdropletso! P_ solutionlrom a cap_Uarytube, The droplets,tait

througha vert_ca!tube furnace,where the drying,nucleation,and

, btowingstepstakeplace.,The lorces _.li_ on thedropats aerodynamic

dcagFD andgravity,FG. Thermalenergy,q d_ivessolventevaporationm.
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diameterd of thecoatingis

_6m 3] tr3d = L_-p-+ dH

l q

i Pi'
t

where m is the remainingmassoi solutionand p is its density,whichis estimatedby

assumingthat thesolutionconstituentsare additiveinvolume,

At the end of the run,the only massremainingis the PVA (subscriptP) thatwas

present initially (_oidenotesmass fraction,sofarassumedto be homogeneous

throughoutthe coating,and mt is finalmass),

mr = _ mo ,

The dryingprocessis a balanceof heat,mass,and momentumtransportprocesses,

Heat transfer0 to the drop drivesevaporationof the solventspresent,so that there is a
,i

mass transferm from the drop, Simultaneously,the atmospheraexertsa fluiddrag

forceFD on the droplet, Theseeffectsfor the transportoutsidethedropmay be modeled

on an averageor macroscopicbasis usingreadilyavailablecorrelationsin chemical

engineering, Previouswork at KMSF29 began in thisdirectionfordryingof PVA shells

from a hollowdropletgenerator,

The evolutlono! the droplet(itsposition,velocity,mass,composition,size, and

temperature)may be modeledusinga systemof ordinarydifferentialequationsfor these

bulkprol:lertiesof the droplet, Followingare the equationsderived from descriptionsof

the three types oi transport:

Z = VZ,

rt eCDlaAd(Vz-Vz ) rtPAgd3 moutVz

_,= = . 8(m+mH+mG) 5tm+mH+m G) m+mH+m G + g,
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,, ._tNukAd(T.T. ) + _ mik i
T= i

(m+mH+m G) c

, and

XOIu lMi . . x i
n,i'out -- -r_NUAi0 i PA DAid

MA 1, x°'Utt

Notice the similar form of the terms for transport to or from the environment, ,,,.

Primaryvariables in t;,e aboveequationsare downwardvelocityVz, positiondownthe

towerz, temperatureT, and massesof coatingm, PS shellmH, and Interiorgas bubble

raG, Propertiesof the atmospl;ereA are evaluatedat the filmtemperatureand tt_wer

pressure'density ph,,viscosityPA, molecularweight MA, thermalconductivitykA, and

diffusivityof i in A, DAI, These may variouslybe estimatedfrom the ideal gas law, from

Lennard.Jonesl_,ir_etictheory,30 or trom tabulateddata, SubscriptI refers to :he

speciespresent in the dryin_ solution,The specificheats of vaporizationkl of the

volatilespeciesare needed,as wellas the specificheatcapacityof the mixturec,

Analogousdimensionlessnumbersappear in the threetransportequations:ReCD, the

Reynoldsnumbermultipliedby tile drag coefficient;Nu, the Nusseltnumber for heat

transferto a sphere; and NuAiOi,the mass transferNusseltnumberm;..!tipliedby a

correctionfaclor31 for hightransfer rates, The drag coefficientis correlatedas a

functionof Reynoldsnumberby Cltft et a1,,32and the two Nusseltnumbersare

commonlycalculatedby the Ranz-Marshailequationas tunctionsof Reynoldsnurv,aer and

Schmidtor Prandtlnumber.33 The mole fractionof each volatilespeciesat the shell

surface xtOUT is calculatedfrom vapor/liquidequilibrium(VLE) data, Simple VLE

activity coefficientmodels are the Wilson equation34 for dilute solutionsand Flory-

Hugginstheory for concentratedpolymersolutions.35 The conditionsfar away fromthe

dropare influencedby the sheargasjet at the topof the tower. Theymay be estimated

from theory for the velocityof a turbulentgas jet36 and from experimentalconditions

in the tower. As a final note, two similarequations(exceptforgravity g) can be
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constructed for horizontal displacementx and horizontal velocity Vx tf the droplet starts

out at someangle from vertical,

lt has been suggestedthat fluiddrag andgravitationaleffectscontributeto shell or

coating nonuniformlty, For PS blowing,the systemis far too small for tntemal

buoyancyto have any relevance,and the shellviscosityIs so high in comparlsonwith the

atmospherethat it is unlikelythat drag is causingthe nonuniformltyafter the blowing

step, Most likely, the nonuniformltyis caused by off-centernucleationor by

asymmetricfluidpropertiesdue to asymmetricdrying, For PVA coating,fluid drag must

be theculprit,pushingfluidaroundto the backof the shellas it falls, The bottomof the

dropletwill dry several times faster than the top under typicalconditions. Asymmetries

aroundthe dropletor shellin the momentumand mass transferincreasewithReynolds

number, 32

PA [Vz'_ 1 d
Rc :

P'A

The next section explores some efforts to reduce the Reynolds number as part of the

design and planning for the new PVA coating tower.

Results for PVA Drying, As a guide for the design of the new PVAcoatingtower, the

computer model was run for a variety of expected or possible conditions. Shells

currently produced for LLNL are typically450 x 3 t,m PS, coated with 2.5 _m PVA.

Ideally they would be coated with PVA at a temperature only moderatelyabove the PS

glass transition temperature of about 80°C. Figure 1-33 shows the effect of pressure

on production of shells this size at 100°C.

As expected, drying takes longerat lower pressures because of a moderately higher

shell velocity. This is not due to a lowering of the viscosity, which is essentially

independentof pressure for gasesat low pressure. Nor is it due tOa lowering of the total

drag force, which exactly balances gravity and is therefore the same except to the extent

that it takes longer to accelerate to terminal velocity. Rather, it Is because of the

reduced density of the nitrogen atmosphere. In fact, as illustrated, the density decrease

with vacuum overwhelms the velocity increase to reduce the Reynolds number and

provides some hope that vacuum conditionswill improve uniformity. If drag force is

important in nonuniformity, then reduced pressure will have no influence on
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Fig. 1-33. Results from simulated production of 450 _m PVA/PS composite

capsules. The time and distance required to dry the PVA layer, capsule

velocity, and maximum Reynolds number are plotted as functions of

nitrogen pressure inside the drying column.
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unlformity,but the reduced Reynoldsnumberat reducedpressurewlll mean more

uniform mass transfer and presumablymore uniformdrying.

Similar calculationscan be done as a functionof temperaturefor a particular

pressure,as depictedIn Fig, 1-34, The first conclusionis that doublingthe drying

distance from the curreni.ly_vaib,bte, 2,,5 m or so will allow much lower temperatures.
Since current temperature_i,;i_e,_round180 to190°C, lt ts alsoseen that the modeling

underpredictsdrying distance,s6 that some design factorIs needed from the calculations

In their current form. Interestingly,the shell velocity ts roughly insensitive to

temperature,so Reynoldsnumberdecreasesslightlywith temperaturesincedensity is

againdecreasing.

To providesome size guidelinesfor thenew PVAtower,runswere done to determine

the temperatureneededto dry shellsof representativesize in the proposed16 ft column

with a 25% safety factor in length (i.e., the model-predicteddistance equals 12 ft).

Table 1-5 considersthe operatingrange in atmosphericair, high pressure alr, and the

intriguing(though expensive)optionof helium.

Table 1-5. Temperatures needed to dry representative or extreme size
shells In 12 ft under varlous atmospheres. Also: maxlmum
Reynolds number seen and maximum distance from center
llne for a 25° Initial trajectorv.

_E_I2J,ClZ_,_ Pressure PSo,d, PS Wall PVACoat T neededto MaxRe
__LaE_ _ _ _ dry in 12 ft.

Air 1 200 3 3 32 50 6.5
Air 1 500 3 3 97 91 12.4
Air 1 700 3 3 134 112 15,1
Air 1 500 10 4 146 83 16.5
Air 1 700 10 4 187 102 20,3
Air 2 700 3 3 112 237 11.3
Air 2 500 10 4 122 177 12,4
Air 2 700 10 4 162 216 15.2

Helium 1 700 3 3 92 _i 16 29.5
Helium 1 500 10 4 96 12 31,3
Helium 1 700 10 4 133 15 39,6
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Fig. 1-34. Results from simulated production of 450 I_m PVA/PS composite

capsules. The time and distance required to dry the PVA layer, capsule

velocity, and maximum Reynolds number are plotted as functions of

temperature Inside the drying column.
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From this table, we can concludethat current.slzeshellscan be coatedeasily in the

plannednew tower, Coatinglarger,mlcroencapsulatlonshellsshouldalsobe feasible (if

barely),If temperaturesas highas currentlyused (180°C) canbe tolerated, The table

alsoshowsthat shellsInjectedat theobservedmaximumangleof about25° from

vertical will not strike the wall in a 2 ft diameter (30 cm radius) furnace, with the

possibleexceptionof runs in a lower-densityhelium atmosphere. Not shownare results

for a hlgher-densltyargonatmosphere,which makes things worseali aroundcompared

to air or nitrogen,

In general, the columnsize required Is almostdirectlyproportionalto shell size for a

given wall thickness, Because of curvature(the Initialsolutionthicknessis about ten

times the final coatingthickness),dryingdistanceIs more than proportionalto the PVA

thicknessto be dried. In lookingat the possibilitiesfor vacuum,a questionarises

concerningthe largestshell that can be driedfor a givenpressureat a moderate

temperature. Table 1.6 answersthisquestionfor air at 110°C.

t

Table 1-6. Largest shells that can be dried at 110°C and various air
pressures. PS Wall = 3 p.m; PVA = 3 p.m.

P MaximumPS o.d. Dried In 12 ft

La.LIz LUJzL.
0.1 385

0.5 490

1.0 570

1,5 632

2.0 685

The dryingmodel predictsdryingtimes shorter than thoseobserved in current

experimentswith the spray box. Several experimentalfactors may contributeto this

discrepancy:(1) the shear gas jet apparentlyinducesor exacerbatessizable convection

currgnts, resultingin an uneven temperaturefield, (2) still lackingon the modeling

side is adequatetreatmentof the masstransfergoingon insidethe coating;the coatingis

treatedas a homogeneousliquidat allpoints in time,and (3) skinningoverof the

polymeron the surfacewouldresistdiffusionof the solventto the surfaceand would

lowerthe vapor pressureat the surface. Modelingof this problem via finite difference
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solutionof the diffusionequationsInvolved Is well underwayand should lead to longer

predicted drying times or distances and better understandingof the process,

B/owlng: Numertca/Mode/, For PS shell formation,In additionto the drying

processesalready described,there is the addedstepof Inflatingthe dropletof solution

Intoa hollowsphere. Thisstepcan be modeledas an additionto the set of ordinary

differentialequationsto be numericallyIntegrated. Pastworkat KMSF consideredthe

fluid mechanicsof a fallinghollowdroplet,37 andAmundsonet al.38 consideredthe final

Inflationand refinementof a polymershell. In this workwe =,oughta simple model valtd

from the beginningof the blowingstage.

The size of a dropletor blowingshellcan be calculatedfromItsmass In a manner

similarto that used for the PVA coatingif the Innergas bubble diameterdG Is known,

This formula also applies for a droplet if dG = 0, The wall thicknessof the shell,

w = (d-dG)/2, can be calculated also, Calculations can easily be done that relate the

final PS shell dimensions to the initial droplet size or vice versa. Again, the simple

volume-additive mixing rule applies for density, The unknown gas bubble diameter

remains to be determined from the fluid mechanics of the bubble Inflation.

Once blowing begins, the heat transfer to the shell drives evaporation of solvent and

blowing agent both to the outside and to the inside gas bubble G. Since blowing occurs

quite rapidly, we neglect the outer evaporation at this point to simplify things,

@i_Nu kA d (T-T) ,,min_'i'

' G = .ml rm i

The model considersthe inflation to begin with nucleationat the center of the droplet and

to proceed sphericallysymmetrically. The sphericallysymmetricvelocityprofile that

satisfiescontinuityandthe boundaryconditionson the inner and outersurfacesof the
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shell is

dG2 cto
Ur = 8 r2 '

ue = % = O,

where u Is relative to the center of mass of the shell, This Is a blaxlal extensional flow
o

with extensionrate e(r),

au r dG 2 'dG ,

ar 4 r3 '

The next step is to put this velocityprofile into a constitutivemodel for the stress.
,J

Since the elongatlonal viscosityof PS and other polymers is roughly independent of

extension rate, the particular constitutlve model used does not matter, only the value of

the elongational vlscoslty fi which is three times the value of the zero shear rate shear

viscosity _]. Following are equations for the stress in the bubble,

2 '11ur 1 aur _ dG 2 clG

T_ = _00 - r 3 _Tr = 12 r3

and

"_ r 2 au r _ dG2 dG'm

Xrr = 2'q-aT = 3_'a_r = 6 r3 '

The elongationalviscosity isdependent on PS concentration, PS molecular weight, and

temperature. These dependenciesmay be described by, for example, the Martin equation

and the WLF equation.39

When the above equations for stressare substituted into the Cauchy equation of fluid

motion (with the assumption of creeping flow), and the equation is integrated from the

inner to outer surface with surface tension boundary conditions on each, the result Is a



differentialequation for dG as a functionof the pressuresIn the bubble PG and In the

tower PA,

PA-Po+ Ld doj$

dO =

This equatton comes Into play after nucleation occurs, In reality, nucleation will occur

when the Interior solvent vapor pressure exceeds the containing force of surface

tension, depending on the presenceof Impuritiesor nucleating agents, The numerical

model currently uses a very simple description: Nucleation occurs at some specified

degree of dryness to match the final shell dimensionsobserved,

Results for PS Blowing, Figure 1-35 presents results of a run for the typical

production of 450 km PS capsules, Shown are the evolution of shell temperature, mass ,

and composition, and velocity down the tower, General results are that the droplet stays

quite cool (room temperature) during the drying, lt Initially accelerates and then

deceleratesas lt shrinks, The blowing step occurs very rapidly according to the model,

This agrees wlth ,he observationthat partially inflated shells are rarely observed

experimentally.Once lt has blownand dried, theshellacts like a parachute: lt slows

down considerablyand heats up to the air temperature.Model resultsare fairly

insensitiveto Initialconditions. As for PVA coating, PS drying and blowingtimes

predictedso far have been lessthan are apparentlyoccurringin experiments. Again,

current workIn modelingthe Internaldiffusionof the polymerand solventswill add

more detail to the picture.
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Fig.l-35, Results from simulated run for production of 450 IJ.mPS capsules,

Figure 1-35a shows the evolution of shell temperature as the shell

proceeds down the column, Fig, 1.35b shows the change in mass and

composition, and Fig, 1-35c shows velocity as a function of position

down the column,

For additional Information, p/ease contact Thomas P, O'Holleran
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1,3.2 Advan(:ed Fuel Container Fabrloatlon

Introdu(:tlon

For the past severalyears,we have been developing techniquesto fabricate high- t
aspect-ratiofuel capsuleswithdiameters ranging from2 to 10 mm to meet the needs of

advancedfusiondrivers. Specifically,such capsulesare needed as direct drivetargets

for the Particle Beam FusionAccelerator(PBFA) II at Sandia NationalLaboratory,

Albuquerque(SNLA), for use In II-heating studies,and for the LaboratoryMlcrofuslon

Facility, The large capsulesizes requiredfor theseexperimentsprecludethe use of

conventionaldrop-towertechnology, At these sizes,aerodynamicdrag can seriously

distortthe shapeof moltencapsules, Thegas couldconoelveablybe removedfrom the

drop tower, but then the lengthof the drop towerrequtredIncreasesdramatically, Not

onlydoes the capsuleacceleratecontinuouslyIn an evacuateddroptower,but heat

transferis also Inhibited, These two factors,combinedwltn the relativelylarge massof

capsulesIn the 2 to 10 mm range,combineto make the size of thedroptowerneededto

processsuch capsulesunrealisticallylarge,

We have foundlt possibleto producea sphericalshell by grtndlngmaterialaway
b

from a highlysphericalcavity that has been fused Intoa glasspreform, The cavity Is

first formed by grtndlnghemisphericalcavities In the flat surfaces of commercially

procured glassdisks,and then fusingthe disks togetherIn a furnacewitha rotating

processtube, As the glassmelts,surface tensionprovidesthe sphericalshape,while the

rotationtime averagesthe gravityvector to zero, Fusedvoidsare characterizedusingan

optical comparator,

Once thevctd Is formed, it Is rough-cutfromtheglasspreformwith a diamondsaw

Into a nearly sphericalshape, The roughform Is then machined in a three.pointlapper

to form the outersurfaceof the capsule, The three-pointlappingtechniquecutsthe wall

away uniformlyuntila desiredwall thicknessIs reached. By changingthe grinding

compound,we are able to reducethe wall to the desireddimensionanddiminishthe

surface roughnessuntila final polish Is achievedusing0,3 p.mceriumoxide,

Finishedcapsulesare characterizedusingour opticalcomparator. Fast Fourier

Transformsare usedto describethe shapesof the Innerandoutersurfaces (and hence

the wall thicknessuniformity)mathematically. The followingsectionsdescribe

experimentaland theoreticaldevelopmentsIn this processin the last six months,
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Machining and Artificial Mlorogravtty Processing, We have extensive experience In

using Pyrex® borosilicate glass to make large fuel capsules, Pyrex® glass Is easy to

work at temperatures that are achieved readily In our rotisserie furnaces, Using

borosilicate glass, we haw_performed screening tests to evaluate a number of

parameters that Influence size, sphericity, disk Interface, roughness, eto, We realized

that there were Inherent problems using borosilicate glass, primarily devltrlflcatlon,

weatheringof the Inside surfaces,and residual water Inside the cavity, Fused stllca Is

not readily devltrlfled and, since lt is a single.componentmaterial, Is not subject to

weathering, lt Is ohernleallyinert, and has high opticalclarity, lt does, however,

requirevery high temperaturesto reach the viscositynecessaryto spherate via surface

tension, We found thatwe were pushingour rotisseriefurnacesto exhaustionlong

beforewe achieved the requiredsphericity, A few acceplablefused.silicacapsuleshad

beenmade,but thesewere probablyformedonlybecausewe hadperfectalignmentof the

sphericalhemi.oavltypreforms: The glassonly had to melt; no appreciableglass

transportwas required, Borosilicateglass has certain disadvantages,whichmay be ,j

overcomeby specific handling techniques, We have experiencefrom a screening

experimentwithborosilicateglass, In whichwe examined the effectof 12 Independent

variables on Interiorsurface roughness,Interface visibility,and/or bubbles and

sphericity,

The conceptof usingheliumas thevoid.forminggas (lt providespressureto counter

the _hrlnklngeffect of surface tensionin the melt) has at least two Implications:(1)

oxygenand water vapor In the void are displaced, eliminating(reducing)the chance for

weatheringand nucleationpoints in the capsule,and (2) the heliumcan be removed

readilyby out.permeationat temperaturesbelow the annealingpoint of the glass. Using

a heliumfill, the gas can be removedwithouttubes, plugs,or otherprotuberancesin the

walls.

The heltum-con'_alntngvoidsdo notcollapsewhenwe providea heliumatmosphere

externalto the glass, This preventsthe heliumfrom escapingandallowsthe

concentrationof heliumdissolvedin the glass to equlllb(ateand maintainthe void size.

If necessary,we can reducethevoid size by processingtheglassIn anyothergas, since

the permeabilitlesfor ali othergases are much lowerthan for helium, That Is, the

heliumcomesout of the voidmuchfasterthan lt can be replacedbyothergases,



Ina comparisontest,40 two 6-mm voidswere tacked in air and two in helium. Ali

four voidswere then spherated together in a helium atmosphere. The voids that

contained air increased significantly in size (1.5 to 2x diameter) upon helium uptake,

while the voids that contained helium remained about the same (one increased, one

decreased) in size. In crucibles,we observean increase in void size unless a gas leak
occurs from the crucible.

The gas-tight crucible method involves packing the glass disks into a snug-fitting

stainless steel crucible made from a piece of tubing. A small fill tube is TIG welded into

an end cap, and the cap is welded to the crucible tubing. A slurryof boron nitride is

painted on the inside of the crucible to form a mold release. This is dried and burnished

to remove loose particulate matter before the disks are loaded. Once loaded, the other end

cap is welded on to complete the crucible. The fill tube is connected to a vacuum/helium

manifold and the crucible is baked and pumped and back-filled to purge ali the air and

water vapor. Once the baking is completed, a measured pressure of helium is inserted

and the fill tube is crimped to seal the crucible. The crucible is processed to the fusing

temperature in a rotisserie furnace, but since the helium is sealed in, it is not

necessary to circulate the gas around the outside of the crucible. The crucible is

subsequentlyopened by sawing with a diamond cutting tool. If the mold releasewere not

present, the glass would stick to the crucible and stresscracks would damage the boule of
voids.

Voids formed in a helium atmosphereare more spherical than those formed in air.

We had not expected this phenomenon, which occurs for both the helium-tacked and the

crucible-formed cavities. An evaluation of air and helium processing gases under

similar processing conditions41 for seven air- and nine helium-processed voids

indicates an improvement from 5.63% wall nonuniformity (worst of three orthogonal
views) for air to 2.08% for helium.

At our processing temperature, the helium distribution should be uniform in the

glass matrix after about four hours, if the inside and outside pressures are equal. In

this condition, or if there is a greater concentration of helium near the inside, the

mobility of the glass is apparently increased, facilitating the formation of a more

uniform spherical shape. According to Bansal and Doremus/,2 water and other

impurities in silicate glasses lower the viscosity, thereby allowing surface tension to
pull the glass to uniform sphericity in a shorter time.
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The fourmainproblemswe have hadwithborosilicateglass shellsare bubbles,water

insidethevoid,granulesin the glass,andweathering.Someof theseare notnoticeable

untilthevoid is machinedintoa shell. We thinkwe have foundthe reasonsleadingto

someof theseproblems. Devitriflcationhas notprovedto be a problem,and poor

sphericityis reduced using helium.

We have encounteredbubbles in three different places within the glass boule, and al!

of these are adjacent to surfaces: outside surface of cylinder, at disk interfaces, and at

the inside surface of the void. Bubblesdo not appear to be dispersed through the matrix

of the glass, and this causes us to suspectsurfacecontamination.

Liquid has been visible insidefinished shells. We suspect that it is water and have

been making a greater effort to reduce it by baking the preform at 500°C under vacuum

for a day before sealing the pinch-off tube. Water can also be introduced as a product of
b

oxidation of fuels, but the helium-formed voids should eliminate this source. That we

have seen liquid in shells that have just been polished Indicates that the liquid material

is present when the void is formed. A device has been made for breaking voids in cubes

of glass inside the reaction vessel of a Karl Fischer apparatus. A water analysisof new i'

voids will tell us if we are actually driving the water out of the voids by treating the

preforms.

Granules inside the void are a recently discoveredfeature. They appear as bubbles r_

near the void surface in shadowgraphs, but a closer look shows them to be solid n'iaterial.

Examination with energy dispersive x-ray spectroscopy (EDXS) has not revealed the

nature of the material, but has ruled out boron nitride, which is used as a mold release.

Weathering is due to the redistribution of soluble alkaline materials within the shell.

This occurs when liquid or high humidity occurs within the shell, and appears to have

diminished when we baked the preforms prior to tacking and fusing. This is noticed on

random shells, including two made by the pinch-off technique used earlier. Crystals

were noticed in these shells, one before and one after a DT fill. In earlier research,

water was observed only after a DT fill but was not looked for previously. In the shells

made recently, we have noticed water soon after the shell was polished.

We are still using nine modes of fast Fourier transforms (FFT) of three orthogonal

views to produce three-dimensionalmapping data of voids and shells. The computer

programs have been updated to calculate the three-dimensional results with a minimum

of operator input, thereby reducing the possibility of human error in data transfer. In

the final analysis of a shell, for example, the operator must present three orthogonal
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planes of the shell to the optical comparator (light source). The programs will read 50

data points for Inner and outer contours in each of the three views and produce

sphericity and uniformity data on the Inner and outer contours and wall thickness.

One of our three three-point lapping machineshas been converted from spring

loading, as used in rough-lapping thicker-walled shells, to differential-pressure

pneumatic loading. This provides a more delicate tension, as used on thinner shells in

the final contouring stages and for polishing.

Simulation and Modeling.

Dimensional Analysis. In order to qualitatively estimate what is important in

processing MacroshellTM spheres made of different materials, we performed an order-

of-magnitude dimensional analysis for the void refinement process. We summarize here

a number of results from that analysis, which considered fused silica at 1750°C,

Pyrex@ at 1200°C, and the possibility of processing lithium MacroshellTM spheres at

200oC.

The silica and Pyrex@are very different systems because of a three order-of-

magnitude difference in viscosity. In glass, inertia is negligible, so the process is one of .

surface tension "yovercoming viscosity _1,and a characteristic processing time for a void

diameter d is

t
11

Thus a three order-of-magnitude viscosity difference translates into a three order-of-

magnitude difference needed in processing times for similar transient results. Where a

Pyrex® void needs an hour for refinement, a silica void would take days. In both cases,

even a very slow rotationrate is enough to overwhelmgravitationalprocesses. Silica

couldbe processedmoreeasilyat highertemperatures,but the furnacesare already
taxedat 1750°C.

We alsolooked_Lttemperatureandcoolingeffectson thevoid. Deformationbasedon

thermal contractionaloneduringcooling is very small in comparisonwith voidsize and

cannotaccountfor observednonuniformities.On theotherhand, the bubble must

necessarilychangesignificantlyin pressureor size betweenroomtemperatureand

processingtemperature. If thevoidsize changesand fluidis movingbecauseof changing

gas pressure, then duringcool-downnonuniformitycould result from a temperature

gradientand a consequentviscositygradientacrossthe crucible. Thisconclusion
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regardingthe importanceof the cool-downstep is similarto theconclusionof Wang and

Day43 concerning their rising-bubbleexperiments.

Moltenlithiumwouldbe a completelydifferenttypeof process. The highdensityand

lowviscosityof the liquidmetalmeanthat refinementshouldbe accomplishedin a

fractionOfa second,but rotationspeedswouldhave to be veryhighto keep thevoid
centered.

Centrifuga/Effects. Two questionsare addressedhere' (1) How far off axis willa

voidtravel in a spinningfluid,and (2) what shape will the voidhave due to the

spinning?

For highrotationrates, the voidwilldeforminto a prolateshape(eventuallyinto a

cylinder)becauseof the centrifugalforce. If fluid dissipation(i.e., drag) may be

neglected,thenthe shapemaybe foundby energyarguments.Sincethesystemis not

closed(work is availablein any amountthroughthe rotatingwall), the systemwill seek

a pointof minimumpotentialenergy. Three typesof potentialenergy are present'

gravitational,centrifugal,and surfaceenergy beyondthe minimumshapeof a sphere.
i

By assumingthe void is a prolatespheroid,the potentialenergy may be q_.qantifiedand

numerically minimized over spheroid eccentricity (nonspherictty) and off-axis

distance, the two quantities of interest. The gravitational potential energy of the fluid

decreaseswith bubble distance above the axis of rotation. The surface energy is just the

product of void surface area with surface tension. The rotational potential energy for the

void on axis is just the rotational energy of the missing fluid in the void. However, if the

bubble travels off.axis, the rotational potential energy will depend on the flow pattern

around the bubble. Two extremesare possible: we can assume that the fluid moves just

as it would if the void were not there, or we can assume that a stagnant region forms

with roughly the shape and size of the bubble projected around the axis. In the first

case, one recovers an off-axis maximum distance of g/_2. Unrealistically high rates

are needed to make this quantity negligible. In the secondcase, we find a critical rotation

rate above which the bubble has no tendency to travel off-axis at all. Figure 1-36

summarizes these results for the case of a 6 mm o.d. lithium void. The figure shows both

distance travelled off axis (as a fraction of void diameter) and the expected

nonsphericity of the void based on the prolate spheroid shape. According to the

calculations, a rotation rate of 500 to 1000 rpm would give the best balance between

these two negative effects.
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Fig. 1-36. Results from a simulated fabrication of a lithium void showing the

competing effects of the angular velocity required to keep the void in the

molten metal on-center, and centrifugal force, which tends to distort the
void.

For additional information, please contact Thomas O'Ho/leran
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1.4 Coating Technology

Duringthis reportingperiodKMSF coatingactivitiesaddressedthreemajor areas of

the nationalinertial confinementfusion (ICF) program:

1. The developmentand fabricationof films and filters in supportof the Particle

Beam Fusion Accelerator (PBFA) II program at Sandia National Laboratory

(SNL).
.,

2. The further developmentand deliveriesof diagnostic targetsfor Los Alamos

National Laboratory(LANL).
,,

3, Experimentsaimed at the optimizationof both the glow dischargepolymerization

(GDP) processand theGDP coatersandsupportof target deliveries.

1.4.1 Films and Filters

Go/d Foils/Diagnostic Lithium/on Beam Targets. Ion beams rather than laserswill be "

usedby PBFAII to implodetargetsandproducefusion. For ICF experimentsthatuse Ion

beams, the uniformityof the intensityprofileand the precise focusingof thebeam on the

fusiontarget is of great significance.The presentstatusof the PBFA II facilityis such

that the optimizationof the ionbeam is the mostimportantproblemthat has to be

solved, with Implosion-typetargetdesignconsiderationsbeing secondary. To optimize

the lithiumionbeams, an image of the beam intensitydistributionand itscross section

is createdthroughthe use of diagnosticRutherfordscatteringfilms. Additional

informationis obtained by x-ray analysis,which requiresthe fabrication of very thin

metal foils usedas x-ray filters. Duringthe past six months,developmentworkon

these diagnosticfilms and filters has beenvery act; ,ely pursued.

The experimentalarrangementused for the Rutherfordscatteringis shownin

Fig. 1-37. The sketchshowsthe arrangementof a gold foil Insidethe lithiumionbeam,

The foil, with a thicknessaround1 p.m,is orientedsuchthat its plane formsa 450 angle

with the beamdirection. On penetratingthe foil, a very few of the lithiumionsundergo

Rutherfordscatteringby the gold atomsin the foil at an angleof 90° from the beam axis,

The intensityof the beam of scatteredatomsin the90° directionis a functionof (1) the

primary beam intensityat the scatteringcenter and (2) the numberdensityof gold

atomspresentat the scatteringsite. If the numberdensityof gold atomsis the same over
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Fig. 1-37. The Rutherford scattering foll scatters a small percentage of lithium ions

through a pinhole on an imaging system.
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the area of the beam cross.section(i.e., the foil has very uniformthickness) then the

intensityof scatteredlithium ions carries the informationabout the primary beam

uniformity. In principle,one could th,,q Image the beam crosssectionwith (for

Instance)a pinholecamera.

The filmsused for this imagingprocessrange tn thicknessfrom about0.25 to 1 _.m.'

Usuallythey are required to be "free-standing"so that there is no underlyingsubstrate,

At the same time, they must span ellipticalor circularareas (as shown in Fig, 1-38)

up to roughly 2.0 x 1,5 in. This can lead to very unfavorablehigh-stressconditionsin

these very large, very thin metal films, The films are attachedto a metal frame in such

a mannerthat they have an absoluteminimumof wrinkles. An additionalrequirement in

somecases Is that these films must have fiduclalmarkswhichmayconsistof precise

holescut throughthe very thin gold films or markersof different materialsdepositedon

the basic gold film, as shownin Fig. 1.39.

In spiteof the fact that there are very few commercialoperationsthat can perform

thisjob (we onlyknowof one) KMSF has performedthis task successfullywithsome

technologytransferfrom SNL. We alsohave developedthe proceduresto the pointthat

we can deliver films of a quality that was previouslyunavailable.

Whilethe diagnosticlithium-beamfoilsare madeout of very puregold, we also have

started to make x-ray filter foils froma variety of different materials. We have made

both organicfoils and metal f_tls,usingmetalsother thangold. For bothorganicand

metalfoils,we have dedicatedand modifieddepositionequipmentto handlelarge

quantitiesof high quality films and filters with very short delivr_rytimes. In addition

we have purchasedequipmentto performprecisecharacterizationsof each film and
deliver lt with full characterizationdocumentation.

Fabrication of Goc/ Rutherford Coatings on Low-Z Substrates. Someof thediagnostic

films requestedconsistof a 1 lUll goldcoatingon a 1 I.u'nMylar® substrateatlachedto a

large brass frame. The resultingdiagnosticfoil has to satisfy two requirements: (1) it

must be oi well characterized,uniformthickness;and (2) tt must be completely flat

withoutwrinklesin the center regionof the film. The depositionhas to be made with the

aid of a mask, which in turn determinesthe locationand the dimensionof the marker, lt

is a characteristicof the Mylar®films used as substratesthat they developstresses

duringthe depositionof the gold film,which lead In turn to the formationof unwanted

wrinkles(see Fig. 1-40). The wrinklesare removedby heating the film with a

heatgun. This is a delicate operation,whichhas a directbearingon the yieldsof the
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Fig. 1-38. Both substrate-supported and free-standing gold films are fabricated In

two basic geometries, circular and elliptical.
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Fig. 1-39. Flducials on Rutherford scatter targets are of three types: Clear areas;

holes, additional deposition (titanium).
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Fig. 1-40. Before heat-treatment, the foil is severely wrinkled.
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process. In thisoperationtt is very easy to destroyfoilsby applyingtoo muchheat,

while insufficientheat simplywill not remove the wrinkles(see Fig. 1-41). Once

successfully fabricated, the gold-on.Mylar® foils are fairly robustand, when properly
packed,can be shippedsafely.

'- someinstancesthe foilsmusthave physicalholes for flducials,as indicatedin Fig.
1-42. Again, since these holesare usedas markersto referencethe locationof the

image of thebeam cross-sectionwith respectto the diode structure,theyhave to be very
precise in bothlocationanddimension, We hadto developa processthatpermlttedthe

fabricationof theholes withoutcausingdamageto the remainderof the film. We chose to

cut theseholeswitha pulsedNd:YAGlaserwiththe filmon the frame mountedon a

precisionrotary ptus X-Y-Z table. This arrangementis shownin Fig. 1-43. This

processis nowdevelopedto the pointthat wecan fabricateabout20 foilsper week.

Other foilsor films requirethe additionof a fiduclalof a secondmetal (titanium).

Eventhoughthesecombinationsof coatingsmostoftenlead to the formationof stresses,

which lead in turn to warpingand tearingof films, we were able to find operating

conditionsthat enabledus to produceevensomeof these filmsmeetingspecificationsin '

ali respects. This was a noveland challengingproblemthatwe were able to solveveryquickly.

Fabrication of Free-Standing Gold Films. Some configurationsfor the free-standing
gold films of interestare shownin Fig. 1-44. For the thicknessesrequired,between

1.0 and 0.25 t.Lm,the specifiednonuniformityof these films has to be less Ihan 10%.

The size of the filmson the frames (that is, the free-standingarea) is of the order of a
few squareinches.

The fabricationprocessfor these filmsis shownin Fig. 1-45 and describedbelow.

1. Glassslidesare coatedwitha very uniformand smoothfilmof NaCI.

2. GoldisdepositedontotheseNaCIsurfaces.

3. The frames (metal or plastic)are glued to the gold layer.

4. After the gluehardens,a cutthroughthego:d filmclownto the NaCI is n,ade
aroundthe frame.

5. The wholeassemblyof slide, film,and frame is supportedon a fixturewith
standoffsand then immersedinto distilledwater.
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Fig. 1.41. After heat-treatment, a small amounl of wrinkling remains around the

sharp comers of the fiducials.
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Fig. 1-42. Circularfiducialsare "lasermachined"into free-standingfoils. Left:
beforemachining.Right:aftermachining.
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Fig. 1-43a. Schematic drawing of the "laser machining" fixture.
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Fig. 1-43b. Laser machining requires an elaborate arrangement of equipment.
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Fig. 1-44a. Films and filters come in many different configurations.
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Fig. 1-44b. Size comparison of the smallest Rutherford scatter films and a penny.
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Fig. 1-45. Free-standing gold films require two deposition steps.
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As the water dissolvesthe NaCI, the frame (still with the gold film attached)falls off

and, after carefuldrying, Is ready for laser machiningas describedpreviously, Special

care has to be given to the very thin 0,25 _m films since they are very sensitiveto

mechanicalshockor roughair movement. Successin thisworkdependson the correct

preparation,",fthe NaCI substrate,the removalprocedurein water,and the subsequent

handlingand packingprocedures,

X.ray Ft/ters, The x-ray filters consistof very pure, thin films of metals or

polymers, The films must be very uniformin thickness, These filters can be free-

standingsinglefoils or double foils. The arrangementsof foils may be singlemetal,

single polymer,metal-metal, metal-polymerand possibly polymer-polymer. The main

problem areas in the fabricationof suchfoils are the preventionof wrinklesand

stresses,the lackof mechanicalstrength,or the brittlenessof someof the materials. An

additionalrequirementfor the free-standingfoils Is that they mustbe depositedon

removablesubstrates. The removalprocessmust be suchthat lt will not alter or

destroy the remaining foils.

In the case of the polymer films, the manufacturingmethods for someof the requested "

materialsare complex and can only be used by commercial producers. Purchasingthese

materials in the right thickness is not always possible since the manufacturers produce

materials of standard thicknesses in large quantities, leaving the avallabllity of the

requlred thicknessesto chance. In the past KMSFhas developed equipment to produce

small quantities of films of some materials such as variants of parylene, Formvar®, and

films produced with the GDP process which might prove useful in the future.

Free.Standing Thin Metal Films Made by Physical Vapor Deposition. Thin metal

films of various materlals are needed for x-ray filter applications, The materials

presently requested are parylene-N, aluminum, titanium, vanadium, nickel, chromium,

Saran, Teflon®, molybdenum, niobium, tin, and silver. Common to the fabrication of

these films is that ali tree-standing films have to be deposited on a removable substrate.

For the gold we used NaCI films depositedon glassslides as the substrateso that, after

the gold deposition,the gold film could be removed by dissolving the NaCI film in water.

This is possiblebecauseof the Inertnessof the gold film to the exposure to other
chemicals,
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If, however, the desiredx.ray filter film consistsof other materials,such as

aluminumor copper, then the solutionof NaCI in watercouldattack the film Itselfand

destroyit, So dependingon the materialIn question,we haveto developz_pproprlatenew
processes, Even thoughthe conditionsare somewhatdifferentfor dlffer_ntfilter

materials,there are some universalconditions, One suchconditionIs that the substrate

mustbe ableto wi_,lstandthedepositiontemperatureand notlead to chemicalreactions

or alloyingwith the filmmaterial, AnotherconditionIs that the removal process(I.e,,

the solvent)not destroyor damagethe film In any way,

Sincethechoiceof materialsinthe ICF programdoeschangefrequently(basedon our

experiencein the past), time-consumingdevelopmentworkIs necessaryin manycases,

A typical approachfor the fabricationof thin filter films Involvesthe use of soluble

polymersas substrates, KMS Fusionhas made filterfilmswith solublepolymer

substratesin which the substratematedal was attachedto the filter frame and, after

deposition,was dissolvedaway in the area of Interest, Anotherarea requiringpossible

developmentwork Is the removalor preventionof stressesIn the films, Althoughsome

informationabout the formationof stressesin thin filmsand their preventioncan be '

foundIn the literature,only a few papersaddressthe proceduresthat permit the

fabrication of totally stress-free films. Techniques for fabricating low-stress films are

dependentuponthe material in questionandrequiredifferentmethodsof depositionand

controlof the substrate'stemperature. Again,this is an area of developmentthat needs

to be addressedin every Individualcase. KMSF is workingon theseproblems.

For additional Information, p/ease contact Hubert Lintz
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1.4.2. Diagnostic Components

Twotypesof diagnosticsare fabricatedto study the effectsof mass Inhomogeneltlesor

mass perturbationsIn the walls of fuel containerson the symmetricalcompressionof
the shells:

, 1. Gaussianbumpsand Gaussianbands (aluminumand CH )

2, NaCI layersbetweenCH layers,

Methodswere developedfor the fabricationof aluminumand CH bumpsand CH bands,

A methodfor the productionof aluminumGaussianbands Is still In the developmental

stage,

The fabricationof NaCI layerswas accomplishedvery early but requirementsfor

greater uniformityof the layer thicknessand a smoothersurfaceof the NaCI layer

necessitatesthe continuationof developmentwork,

Gaussian Bumps, The main effortIn the fabricationof aluminumandCH Gaussian

bumps In this reportingperiodaddressedthe reproducibilityof the bump

characteristicslike height and full width at half maximum(FWHM), Althoughonly a

relativelysmall numberof targetsof this kind were to be delivered, a large numberhad

to be fabricated to cover lossesduringthe processingfollowingbumpdeposition, Initial

adhesionproblemswere overcomeand presentlythebumpdepositionhas becomea

more-or-lessroutineoperationwith a yield of over 80%, A problemrelated to the

bump Is the formationof an unwantedperturbationon the surfaceof the CH coating

which is applied after the bump deposition. We previouslyreported that the

peMurbatlonwas successfullyremovedwith an Excimer laser, Meanwhile, however,a

newmethodbecameavailablewhichusesmachiningon a diamondlatheto removethe

perturbation. This workwas done at LosAlamosNationalLaboratory(LANL) since

KMSFdoes nothave a diamondlathe, Additionalworkon thepreciseremovalof the

unwantedperturbationis in progressat RockyFlats, Colorado,

Gaussian Bands, Therehas alsobeen considerableprogressIn the fabricationof

Gaussianbandsalthoughdeliverieshavenotyet been made. Theoriginalapproachof

depositingthe aluminumband througha specialaperturehas led to considerable

problems. The precisionneededto manufacturethe parts for this fixtureaannotbe

achievedon conventionalmachinery, LANL'sfirst attempt(made with a deposition
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fixture of theirown)did not workout becauseof the fragile natureof the shellsto be

coated. The shellsare very easilycrushed, A new approachIs underInvestlqatlonin

which we will attempt to coat the shell wttha heavyband of aluminumaroundthe

equatorwitha subsequentdiamondmachiningstepto achievetheprecisionof the band
cross section,

lt seemsthat the OHGaussianband can be manufacturedby slicingrings from a

polystyrene(PS) shell and then melting theseringsonto the shell In question,

Fig, 1.46 showsa photographof a shell with a melted-onPS ring,

NaC/Diagnostic Layers, Shellswith NaCIdiagnosticlayershavebeenproducedand

delivered,The workon boththe surface finish andthe thicknessuniformityof the NaCI

layers continues, The Improvementof the thicknessunlformttvIs somewhattied into

further Improvementof the analytical toolsusedto measure the uniformity, We have

recentlyobtainedveryencouragingresultsconcerningthe surface smoothnessof these

layers and are presently awaiting tests of their reproducibility,

Po/ymerCoating Techno/ogy, lt hasbecomemoreandmoreobviousth_,ttheGDP

processneeds moreInvestigationandoptimization, Boththe GDP coatingteamsat

LawrenceLivermoreNationalLaboratory(LLNL)and at KMSF have foundthat the

performanceof GDP systemsseemsto vary fromrunto run, At thistime no one seems

to knowwhat the underlyingcauses are for the sporadicallyoccurringproblems, We

have found In the past that the specificmaterialspresentIn the reactionzoneof the

helical resonatorhave an effecton the performance, To studythe importanceof the

variousparameterswe modifiedan existingGDP system, In our firstset of experiments

, we have found that things like powderformationmay be related to both geometrical

designas well as the electricalpropertiesused for the constructionof the reaotton

chamber, This work will be very beneficialfor the future Improvementof GDP system

design and will hopefullycontinuethisyear, Mostof the activitiesIn this task were

concentratedon the constructionof new equipmentIn supportof targetdeliverables,
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Fig. 1-46. CH GaussianbandsaremadeofringsofPSmeltedontothetarget.

For additional/nforrnation,please contactHubert Llntz
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1.5 Mlcrofsbrlcation and Assembly

Althoughthisgroupwas officiallyformedonly as of January1, 1990, many of the

groupmembers were engagedtn target('Jellverlesover the entire reportingpertod,

October 1989 thro*lghMarch 1990, Duringthio period, the groupdidprepare and

characterizecertain targetsused for experimentsat KMSF on theChroma laser facility;
sinceJanuary 1, 1990, however, activitieshave been focusedon fabrication0

characterization,and shippingof targetsto LawrenceLivermoreNational Laborato_l

(LLNL), Los AlamosNational laboratory(LANL), and the Universityof Rochester,
Laboratoryfor Laser Energettos(LLE),

Most of the targetsdeliveredby thisgroupdo not requireextensiveresearchand

development,Thosemorespecializedtarget,;(suchas thosedeliveredto Sandia NatiOnal

Laboratory[SNL]) are deliveredto the n&llor,al,aboratortesby otherKMS groupss!Jch

as CoatingsTechnologiesandCapsuleFabrication. The targetdeliveriesto LLNL,LANL,
and UR/LLEwill be detailed below,

1.5.1 Target Deliveries to LLNL
1

The taskstatementof work(SOW) Is usedas theguidefor targetdellverablesto

LLNL,but no deliveries are made until specificallyrequested, In this way, changlngl
needsinthe LLNLprogramare bestserved.

This processis Illustratedby the followingexamplesfrom 1989. Glass capsule_;

with dimensionsof 1200 p.mx 3 p.mfilled to a pressureof 25 atm were Indicatedon the

SOW, However,nonewere requested,so noneweredelivered.The samesituationw;as

encounteredwith glasscapsule¢.;of dimension440 p.mx 10 _m at variousD2 or DT

pressures(and CH coatingwhenrequired), Nonewere requestedandnonewere

delivered. By contrast,we had a requestfor 100 glass capsulesof dimension360 t_Lmx
9 p.m at variousD2 or DT pressures(and coated with CH whenrequired), Of the 100

requested,we delivered97. In fact,of the Itemsrequested,therewas onlyoneorder

that we were unable to fill, namelyan order for 40 polymercompositeshells. The

technicalproblemsthatpreventedus fromcompletingthatorder havenow been solved
andwe are shippingpolymercompositeshells to LLNLat pre_ent.
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, In additionto the Itemsspeotf!_<ttn the SOW, we also receive requestsfrom LLNLthat

are not on the SOW, Speolflc_ally,LLNLrequested51 glassshellswith larger_w than

target-qualitywithdimensions370 I_m x 9 _m, We delivered73 of these, Also LLNL

requested 12 potystyrc'e (PS) shellswith approxtrnatediameterof 1500 _m , We

were able to deliver four of these, Targetsdeliveredto LLNL In 1989 are shownIn Table
1-7,

Table 1.7, LLNL Target DeUvert= for 1989

Target Name Shell Number Number O,D, Wall Fill Pressure Coating Uniformity
Material Requested Sent (p.m) (p,m) Ga= (atm) (gw)

KMSO53 GIass 8 8 350-390 8,0-10,0 DT 5 Aw<0,5

KIVISO54 Glass 8 7 350-390 8,0-10,0 DT 10 Aw<0,5

KMSO55 Glass 8 8 350-390 8,0- I0,0 DT 100 Aw._),5,

KMSO56 Glass 6 6 350-390 8,0-10,0 DD 5 OH Awfa),5

KMSO57 Glass 6 2 350-390 8,0-10,0 DD 10 CH AW._0,5

KMSO58 Glass 6 4 350-390 8,0..10,0 DD 1130 CH Aw-<0,5

KMSO59 Glass 15 21 350-390 8,0-10,0 DT 51 Aw<3,0

KMSO60 Glass 6 3 350-390 8,0-10,0 DT 5 CH Aw<0,5

KMSO60 Glass 3 6 350-390 8,0-10,0 DT 5 CH Aw<0,5

KMSO61 Glass 6 4 350-390 8,0-10,0 DT 10 CH Aw-<0,5

KMSO62 Glass 6 6 350-390 8,0-10,0 DT [CK) CH Aw<0,5

KMSO63 Glass 6 6 35@390 8,0-10,0 DT 5 AwS;0,5

KMSO64 Glass 6 6 350-390 8,0-10,0 DT 10 Awg0,5

KMSO65 Glass 6 6 350-390 8,0-10,0 DT I00 d_w_0.5

KMSO66 Glass 15 t7 350-390 8,0-10.0 DT 25 Aw<0,5

Rb Samples Glass 12 24 350-390

Rb Samples Glass 24 28 350-390 8,0-10,0 AW,;3

PS Samples Polymer 12 4 -1500 12,0-25,0

PVA Samples Polymer 6 435-455 2,0-4,0
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Request for LLNL 1990 deliveries are as follows:

1. The SOW calls for KMSF to supply 80 Type "A" glass shells by April 30, 1990.

As of April 4, 1990, 77 had been delivered, with 12 more to be delivered by end

of April.

2. The SOW calls for KMSF to supply 40 Type "B" glass shells, filled with gas, in

groups of 10 per month by April 30, 1990. To date, 15 have been delivered and

the rest are selected and ready to be filled, but LLNL has not specified the fill

pressure. LLNL verbally asked us to hold them.

3. The SOW calls for KMSF to supply 40 Type "C" glass shells in groups of 10 per

month after April 30, 1990. Twelve had already been delivered as of April 4,
1990.

4. LLNL has requested 75 low-Z c,-npsules(classified dimensions), to be delivered at '

a rate of seven to eight per month. We have delivered 10 samples that LLNL

states are of the same quality as they make (and hence would be acceptable). The

specifications for specific targets were not received until April 2, 1990, so that

no targets have actually been delivered. Manufacture is underway and these will

be delivered by May 1, 1990.

5. We have a request for three maximum-size glass shells filled to 200 atm. We

have delivered four of these.

6. tn addition to the items specified in the SOW, we had a request for >12 glass

shells with dimensions 1000 p.m x 3 p.m @ 25 atm. To date, we have delivered
22.

,

7. We have requests for two batches of >1200 p.m glass shells. Ten are to be filled

to 25 atm while 5 are to be filled to 50 atm (on a best-effort basis). There are

no due dates on these requests, but they will be completed without delay. The

actual delivered targets (for both LLNL and LANL) for 1990 are shown in Table
1-8.
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1,5.2 Target Deliveries to LANL

The targetdeliveriesto LosAlamosNationalLaboratoryare structuredto followthe

Statementof Work (SOW). The actualdeliveriesfor 1989 are shownin Table 1.9. In

addition,someof the requestedtargetshaveadditionalfeaturesnotspecifiedin the SOW.

Someof thesefeaturesare as follows:

item 2: Better CH bump removal; Betterbumpcharacterizationand better

surfacecharacterizationwhere bumpwas removed

Items 4,5,11: Better NaCI layer uniformity.

Mosttargetswere deliverednearlyon timeor even earlier than the SOW date.

Item 13 was not in the originalSOW, but it was requested and delivered.

For 1990, the SOW called for three deliveries to LANL by March 1, 1990, with the next ,'

set of deliveriesdue on May 1, 1990. The statusof these requests at the time of this

writing was as follows:

Item 1:350 x 2 _m glass plus 27 _m CH: 10 requested, 10 sent.

item 2:360 x 4 p.m polymer: 20 requested,23 sent.

Item 3:350 x 2 _m glassplus aluminumbumpplus 27 p.mCH: 5 requested,6

sent. The CH bump not removed per LANL instruction. They will machinethe

bump away.

Refer to Table 1-8 for the actual deliveredtargets to LANLin 1990 to date.
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For additional information, please contact Wayne Miller
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1,5,3 Target Deliveries to UR/LLE

The task descriptionfor KMSF target deliveries to URJLLEconsistsof two parts: (1)

fabricatingand deliveringglass and polymershells and (2) filling returnedshells in

eggcrateswith D2 or DT to requiredfill pressure,

Duringthis reportingperiod,KMSF performedone DT fill for LLE, lt was a 200 atm

fill in which45 of the 52 glassshellsin theeggcratesurvived, The fill was a deemed a

successbecause the ratioof diameterto wall thicknessfor manyof the shellswas nearly

100:1, LLE targetpersonnelmeasuredsampleshellsand confirmedthat the fill

pressureachievedcame to within2% of the requestedvalue.

Two glassshellbatchesin thediameterrangeof 240 to 260 l.u'nwere delivered

during this reporting period, Targets having wall thicknessesof 3, 4, 5, or 6 _m were

available for cullingfrom thesetwo batches,

Six polymershellbatchesof four varletleswere also delivered, lt must be noted that

the majorityof the shells in these batcheswere notconsidered"target quality"because

of LLE'sstringenttarget requirements, For instance,the "stateof the art" of plastic

shell fabricationdoes not yet meet LLE's requirement for < 5% nonconcentricltyof ali

layersof compositeCH shells, Inorder to developthe technologieswhichcan meet these

requirementsand at the same time to keep LLE suppliedwith"near targetquality"

shells,KMSF deliveredan assortmentof shellbatchesfor evaluationandpossibleuse as

targets. Table 1-10 lists the typesof polymer shell batchesdeliveredduring this

report;,_'jperiod:

Table 1.10. Polymer Shell Deliveries io LLE - Oct. 1989 through Mar, 1990

Tvoe of CH Shell Soeclfications Numberof Batchesv T

MicroencapsulatedPS 220-245 x 2-30 tJ.m 3

MicroencapsulatedPS 220-245 x 2-30 I.Lm 1
overcoatedwithPVA 1-3 p.m PVA

DryingColumnPS 220-245 x 2-4 IJ.mPS 1
overcoatedwithPVA 1-3 p.m PVA

Filled DryingColumnPS 220-245 x 3-7 _m PS+PVA 1
overcoatedwithPVA 0.5 atm argon fill

Totalnumberof batches: 6

For additional information, please contact David Steinman
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SECTION TWO, LASER PLASMA INTERACTIONS
Douglas J, Drake, Scientific Editor

Intro6uotlon

The Departmentof Laser PlasmaInteractions(LPI) at KMS Fusion(KMSF) contributedto thegoalof

achieving high gain, Inertlally confined fusionduring the reporting period by developing diagnostics for

the fusion program, conducting experimental campaigns on the Chroma laser, and performing

theoretical and computational analysis in support of local and off site Inertial confinement fusion (ICF)

experiments,

A high energy x-ray continuum spectrographunder development at KMSF will contribute to the

ensemble of ICF diagnostics for Nova, KMSF will supply the diffracting crystal and mechanical

assembly for the device, and Lawrence Livermore National Laboratory (LLNL) will supply the detector,

The Laue transmissiongeometry chosen for the instrument should Improve detection of weak signals,

allow use of shortercrystals and reduce background, Various proposeddeslgns are discussedIn this

report, "

KMS Fusionis also developing a dlagnostlQfor the Aurora laser at Los Alamos National Laboratory,

In this case, the Instrument will be an 266 nm optical probe, which will Initially be used to obtain

Schlieren Imagec. Future use of the probe In a holography system is foreseen,

Ionization balanae and Ir_terpenetratlngplasma experiments were conducted during the period,

The Ionizationbalance experimentswere a refinement of an earlier set of experiments conducted in

1987 at KMSF to gain information on the kinetics of Ion level populatlon,_,, K.shell and L-shell

emitters were subjected to a varying laser Irradiance, Improved diagnosticswere used to record the

time-resolved spectral data, allowing us to observe, among other things, the evolution of electron

population Inversions In levels of Interest for potential x-ray laser schemes. The most recent set of

experiments, concentratlng on L-shell spectroscopy, provided a wealth of data, which Is still being

analyzed, lt should provtde Import=lhrInformationon the temperature and density conditions at early

times after short pulse, laser irradiation for a number of materials of Interest,

Correct treatment of interpenetrating plasmas may prove critical to the accurate modeling of laser

fusion experiments. However, the phystcalcomplexity of the process makes simulation of such plasmas

a difficult task, lt tsdlffleutt to adapt lagrangianhydrocodes to such problems In any case,

Experimentsare essential to ensure that hydrocodescan model the processadequately,
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An experimentalprogramInvestigatingInterpenetratingplasmas was conductedduring the reporting

period, A desorlptlonIs givenof the useful Insightsgained throughthe experimentsalong with
preliminary theoretloal Interpretationof results,

Finally, computationaland theoretical work performed during the reporting period on

Interpretationsof the thin, high densityjets of relativelycold plasma seen In several experiments at

KMSF Is discussed, These jets make their appearancewhen hlgh.Z materialsare Irradiatedwith pulsed

laser beams, The radiationcooling InstabilityIs proposedas a Ilkely mechanismfor cold jet formation,

and the Impllaatlonsof the Instabilityfor laser pulse shapings_hemes are discussed,
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2.1 X-ray Spectrogram Design and Development
2,1,1 HIgh Energy X,ray Continuum Speatrograph for Aurora

An x.ray spectrographhas been designed to take high energy x.ray continuummeasurementsfrom

Aurora for Inertialconfinementfusion(ICF) diagnostics, The complete Instrumentpackage consists of

a crystal spectrographfor recordingthe hard x-ray continuumover the energy range of 5 to 35 keV

andtwo high energy channelsfor recordinga time-resolved,IntegratedcontinuumIn the 40 to 60 keV

and 60 to 90 keV energybands, The continuumspectrographIs to providecontinuousspectralcoverage

over the entireenergyIntervalof 5 to 35 keV, The highenergychannelsconsistof filteredCsF

scintillatorsfor wldeband, high time resolutionmeasurementsat discrete high energy points,

The 5 to 35 keV continuumspectrographIs shown In Fig, 2.1, The spectrographuses a de Broglie

curved crystalgeometrywith LIF 200 (2d = 4,03 A) and PET 002 (2d = 8,75 A) as the diffracting

crystals, Bothcrystalshave the same radiusof curvatureand dtffraotthe same Braggangles, There Is

a large amountof overlapIn the spectral coverageof each crystal, A singletwo.dimensional(2-d)

detector recordsbothspectrasimultaneously,Time Integratedspectra are to be obtainedwith an

energy resolutionE/AE of the order of 20, The detectorfor the spectrographIs a 4011mlcroohapnel

plate (MCP) proximityfocusedto a phosphor.coatedfiber optic that Is lens coupledto a charged

coupleddevice (CCD) camera, On receipt of an eventtriggersynchronizedto the lasershot,spectral

data are recordedby the cameraand transferredto a computerfor storageanddisplay,

A de Brogliegeometrywas chosenfor the continuumspectrographafter consideringa numberof

alternatives, The choiceof the de BrogliegeometryIs very specific to the requirementsof this

particularInstrument, These requirementsare that continuousspectral coverage be providedover the

large energy Intervalof 5 to 35 keV with low energy resolution,that data be recordedelectronically,

and that the entire packagefit In the space availableon a 6.In, port on the Aurora targetchamber,

Additionalspacewithinthe experimentalport is also requiredto accommodatethe two separatehigh

energychannels, A Laue geometrywas Initiallyconsideredfor this Instrumentbecause of certain

advanta0esInherentto the transmissiongeometryat highenergies,but was discardedbecauseof the

difficultyof matchinga suitabledetectorto the spectrographIn the available space,
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Fig, 2-1, Mechanicallayoutshowingthemajorcomponentsof thecontinuum

spectrograph for Aurora.
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The de Brogliegeometryadaptedfor highenergyx-rays Is shownIn Flg,2.2, Becauseof the high

energiesInvolved,the Bragganglesare smallandapproachgrazingIncidencefor the upperenergy

limitseven for crystals havingsmall2d values, The convexcurved crystalIncreasesthe Braggangles

availableIn the givensolidangle from a pointsource, For smallBraggangles,a relativelylarge energy

range Is diffractedIn the forwarddirectionand Is sufficientlycompressedthat lt can be recordedwith

low energyresolutionwitha compactpositionsensitivedetector, By closecouplingthe detectorto the

crYStalslt Is possibleto obtainthe low dispersionrequired for high sensitivity. Since small Bragg

anglesare Involved,bothIncidentanddiffractedraysare closeto the lineof sightto the source,and a

compact designIs possiblethat will fit In the spaceavailable, An additionalfeatureof thisgeometry is

that due to the convexcurvatureof the crystal,thesourceIs demagntfled, For a Witlessspectrograph

withresolutionlimitedby sourcesize, thishas theeffectof lesseningthedependenceof energy

resolutionon sourceparameters, _'hemaindisadvantageof the de Brogliegeometryat highenergiesis

that,becauseBragganglesare closeto grazingIncidence,accurateplacementof stopsIscriticalto avoid
shinethroughand preventbackground,

A MCP waschosenfor the detectorfor thecontinuumspectrograph.PhosphorIntensifiedphotodiode

arrayswere also considered,but the MCP was foundto providegreatersensitivityIn this energy'

region, Microchannelplateshave the additionaladvantageof provldlng(two.dlmenslonal)2.d readout,

They possesshighgain,so that s/gnalprocessingelectronicscan be simple,and are Inherentlylow

noise, Two-dimensionalreadoutis a great advantagefor determiningsourcesof straybackgroundand

for Introducingreal time calibrationmarks, such as K-edge filters, for energy calibration.

The MCP is proximityfocusedto a phosphor.coatedfiberoptic. The phosphorusedis P-20 which

providesefficientcouplingto a CCD. SpatialresolutionIs 50 to 100 p.mand Is morethan adequatefor

the energy resolutionrequired. The 2-d data are transferredby the fiber optic to the focal plane of the
cameralensandreadout usinga commercialCCDcamera.

A Cohu6500 waschosenfortheCCD camerabecauselt usestheTC.243 CCDchip, ThisCCD hasa

frame transfer architectureand incorporateson chip correlateddouble samplingto providean order of

magnitudereductionin readout;lolseover comparableCCD cameras. ThisgreatlyImprovesthecamera

sensitivity. The camera has adequatesensitivityin thisapplicationwithoutthe need for cooling.

Thecameralensandelectronicsare mountedIna remotecameraheadthatIs compactanclfitseasily

onto the spectrograph. The electronicsallowfor a remotetriggeras well as for time integration,

integrationperiodsas longas 4 s are possiblebeforeclarkcurrentbecomes
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objectionable. This feature is useful for laboratory evaluation with dc x-ray sources. The camera is

compatible with AT based framegrabbers.

The mechanical layout identifying the major components of the continuum spectrograph is given in

Fig. 2-1, A set of stops in the collimator assembly defines the optical axis to which the crystals are

aligned, The crystal holder provides for adjustment of the crystals in both height and angle, The

delector housing has a 10 rail Be window that provides both a 4 keV low energy cutoff and vacuum

isolation for the MCP. The MCP housing is isolated from the target chamber vacuum and is pumped

separately by its own vacion pump. Internal components that are viewed directly by the MCP are made

of aluminum to reduce background due to fluorescence, Aluminum fluorescence that is generated

internally is effectively blocked by filtering it through the 10 mils of Be in the MCP housing. Heavier

shielding is used for external filtration.

The mechanical layout of a high energy channel is shown in Fig. 2-3. The two high energy channels

consist of collimated filtered scintillators for recording integrated continuum in the 40 to 60 keV and

60 to 90 keV energy bands, A collimator defines a small field of view around the source, The energy

band of interest is defined by a K-edge filter of the appropriate thickness. The filter is mounted on the

front end of the collimator to reduce the amount of fluorescence that can produce background at the

scintillator. Background is further reduced by a set of baffles placed in the collimator tube. The high

energy cutoff in the energy response of the detector is defined by the scintillator material and its

thickness. Cesium fluoride was chosen for the scintillator material because it has good x-ray

absorption efficiency for this energy region, can provide a reasonably sharp high energy cutoff and has

the shortest decay time of the inorganic scintillators. The scintillation efficiency is 6% of Nal and the

decay time is about 5 ns. The scintillator is coupled to a 19 mm Hamamatsu R1450 photomultiplier

tube (PMT). This PMT has excellent timing characteristics.

The data acquisition system for the Aurora instrument package is illustrated in Fig. 2-5. In

response to a trigger, 2-d video data from the CCD camera are captured by a framegrabbef and

transferred to a computer tor data storage and display. Data from the high energy channels are sent to

transient digitizers for time resolved information, and to CAMAC compatible charge integrators for

intensity information.

The entire :_trument pactt_ge is shown in Fig. 2.4. A reentrant design was chosen with ali

instruments mounted on a common housing. The camera, PMTs, and associated electronics are located in

air and are electrically isolated from the target chamber ground. The package fits inside a 6-in. tube

and is mounted by a standard 8-in. conflat flange to a 6-in. target chamber
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Fig. 2-3. The two high energy channels consist of filtered CsF scintillators. CsF is used for high
time resolution.
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Fig. 2-4. The Instrument package for Aurora is mounted in a reentrant assembly. The three

instruments are to be coaligned and co-calibrated. An 8-tn. flange holds the 6-1n. i.d.

reentrant tube for mounting to a 6-in. target chamber port.
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Fig. 2-5. Outline ol the data acquisition system for the Aurora instrument package.
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port, ProvisionIs made for adaptingto an 8.in. port If necessary,and the entire package can be

electricallyIsolatedif requiredthroughuse of a Lucite_ Isolationflange, Ali instrumentsare to be

coallgnedand co-calibratedpriorto shipmentto LosAlamosNational Laboratory(LANL) usll_ythe

calibrationfacilities at KMS Fusion,

The highenergytest standdeslonedfor calibrationof the AuroraInstrumentpackage is shownin Fig.

2-6. The x-ray source ts a standardfour port, water-cooled,2,5 kW, 60 kV, sealed x.ray tube with

tungstenanode, A spotor line focusIs availabledependingon theorientationof the tube, Spotsize is

nominally0.4 mm2 while the line focushasdimensionsof 0.04 x 8 mm. The x-raytube can be

mountedon the test chamberso that the line focusIs eitherhorizontalor vertical. The x-ray tube is

Interchangeablewith standardsealedtubeshavinganodematerialsotherthan tungsten. Tungstenwas

chosenfor thisapplicationbecauseof theneed for a continuumsourceandbecausetungstenis an

efficientfluorescenceexcitationsource. Becauseof the berylliumwindowon the x-ray tube and test

chamberentranceport, the lowestenergiesavailableIn direct excitationare about 5 keV, This low

energylimitcan be extendedto lowerenergiesby usingfluorescentexcitationbecausethe fluorescer_t

targetsharesthe test chambervacuum. Fluorescenceexcitationhas the greatadvantagethat it provides

pure monochromaticlines free of continuumbackground.

Althoughthe energies involvedfor the Auroracalibrationpermitoperationof the testchamber in

air, provisionwas made for vacuumoperationto allow for the calibrationof vacuumsensitivedevices

suchas MCPsandto accommodatelowenergyfluorescentsources. Provisionis also made for usinga

calibratedSt(Li) detector for determiningthe energy and intensitycharacteristicsof the x-ray source.

Accurate source characterizationIs essential for overall instrumentcalibration.

The testchamber isdesignedto accepttheentireAurorainstrumentpackage. When mountedon the

testchamberflange, the Instrumentsare at thedesigndistanceto the source, This allowsend to end

calibrationof each instrumentas well as co.caltbrationand coalignmentof the entire packageto a

common,well characterizedcontinuumx-ray source. Calibrationand testingof individualcomponents

at high x-ray energies for prototyptngis also possibleas is calibrationin discrete spectral lines using
fluorescenceexcitation.
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Fig. 2-6. Detailsof the high energytest standdesignedforcalibrationand alignmentof the Aurora

instrumentpackage. With fluorescenceexcitationx-ray energiesof 0.5 to 60 keV are

availablefor calibrationpurposes. The Aurorareentrantassemblymountson the 6-in.
test chamber port: (a) direct excitation;(b) fluorescenceexcitation.

For more information, p/ease contact Anthony Burek
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2.1.2 High Energy X.ray Continuum Spe(:trograph for Nova

A high energyx-raycontinuumspectrographIs beingdesignedfor Inerttalconfinementfusion

diagnosticsfor Nova. This spectrographhas similarrequirementsto thosefor the Aurora spectrograph

but with severaldifferences. The energy range for the Nova spectrograph Is smaller than the energy

range for the Auroraspectrograph,film can be usedas a detector,separatehigh energy channelsare

not required,andthe mechanicalconstraintsImposedby the space requirementsare less severe.

The energyrangerequiredfor the Nova spectrographis 5 to 25 keV, However,a smallerenergy

rangeof 7 to 20 kev wouldbe acceptableif this ,¢Jnergyrange Is coveredwitha singlecrystal, The

energy resolutionE/,_Eshouldbe no smaller than 10, Althoughfilm registrationIs planned Initially,

eventual use of a streakcamera Is planned. LawrenceLivermoreNational Laboratory(LLNL) wants to

reservethe optionof detectorchoice and will supplythedetector, KMS FusionIs to supply the
diffractingcrystaland mechanicalassembly.

The mechan_al constraintsare that the packagefit withina 6-1n.i,d. tubeand mate to a general

purposeexperiment flangethat Is guided along alignmentrails (the spectrographInterfacemechanism

[SLM]cart). Confinementwithinthe experimentconedefined by the sourceandport flange Is not as

critical as accommodationof the instrumentpackageto the SlM cart withinthe 6-in, I.d. tube. The

continuumspectrographIs the only instrumentplanned for this port. Space requirementsare

therefore more tolerant thanfor the Aurora package,whichmust also include roomfor two high energy

channels. The totalvolumeavailableto bothexperimentpackagesis about thesame.

LawrenceUvermoreNationalLaboratoryfoundseveralfeaturesthat are uniqueto the Laue

transmissiongeometry,particularlyattractivein thisapplication,and encouragedus to pursuea Laue

design. The mainfeaturesthat make the Laueoeometryattractivefor a highenergycontinuum
spectrographare:

• lt is a focusingdesign. The pointof zerodispersionis realas opposedto virtualas In thede

Brogliegeometry, making lt possibleto obtain arbitrarilysmall values of dispersionon either

side of the focal point. This is particularlyimportantwhen the signal is weak;only low energy
resolutionis requiredand high flux per unit area at the detectorIs critical.

• Grazinganglesof Incidenceat highenergiesare avoidedbecausesmallanglesof Incidenceto the

crystalplanes are closeto normalincidenceto the crystal surface. Thispermitsthe use of

shortercrystalsto coverthe Bragganglesneededfora givenenergyrange. Placementof stopsto
avoidshine throughat smallBragganglesIs not critical.
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, Because lt Is a focusingdesign,a scattersilt placedat the focusIs very effectiveIn reducing

background,

A nurnberof designsusingavailablecrystalshave beenconsideredand are being reviewedby LLNL to

determine their compatibility with Nova's mechanical constraints, Two such designs using flat crystal

and curved crystal geometriesthat are compatiblewith the SlM cart mechanism are shownIn Fig, 2.7

and In IsometricprojectionIn Fig, 2.8, These deslgn,sare basedon a dispersionsuch tha'{300 pm on

the detectorat the lowest resolutionpointcorrespondsto an energyresolutionE/_E of 10,

The majorcomponentsof a Lauetransmissionspectrographusinga flat crystaldesign are shownIn

Fig, 2-9, alongwith the relevantdetailsof the SlM mechanismand experimentmountingflange to show

overall compatibilitywith the Nova alignmentsystem, lt Is Interestingto note that a similar design

usinga singlecrystal to coverthe largerenergyrangeof 5 to 35 kev does not fit Insidethe Aurora

experimentcone, even if the highenergychannelsare removed, The primaryreasonIs that

compatibilitywith the experimentcone Is less importantfor Nova than the requirementthat the

Instrument fit within the 6.In, experiment tube.

A flat crystalgeometryprovides the most desirableconfigurationsince lt simplifiesconsiderably

the mechanicaldesign,alignment,and calibration, lt is necessaryto considercurvedcrystal

geometriesonlybecausethe 2d spacingsof thosecrystalsthatare efficientIn Laue transmissionin this

energyregionare too shortto allow full energycoverageusing a single flat crystal.

PET is useful In this energyrangebecausett has a largestructurefactor,has Iow-Zcomponentsso

that fluorescenc9is not a problem,and has very low absorptionso that efficiency in transmissionis

highat energies less than 10 kev for reasonablecrystalthicknesses, Large PET crystalsare readily

available,andcrystalsof the requiredsize and thicknesscan be easilyprepared. PET 020 has been

used successfullyIn transmissionfor film registrationof laser produced×-rays for energiesas low as

5 keV. The 020 planeshave the secondlargeststructurefactor in PET and have a fairly large2d

spacing. The planes in PET withthe largest2d spacingand the largeststructurefactor,the 002 planes

(2d = 8.75 A), are not readtayavailablefor thin Laue transmissionplates because of the cleavage

propertiesof PET.
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Cryst_ C_,,stalHolder ExltAPerture Deteotor
EntranoeAperture I _- "......../.................................'_

,_ _ .Sha,,td_,d,,Ho.o;loQ-.... , B,,Fll.,, . "
6In,I,d,T.= ............... . .... ? ,, I

Spe_rograph/_' /
Interface StreakCameraFlange
MechanismRoll

Fig, 2-7, Curved and flat crystal Lauegeometries shown relative to the LLNL SlM cart, Curving

th6 crystalshortensthe Instrumentlength, Increasesthe spectralcoverage,but

decreasesthe spectrographefficiency,
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a) DeteotorAperture

Curve

Target

i

b)

ExperimentMounting
Flange

Target SlMRail

I

Fig, 2-8. Isometricview showingthe placementof the crystal and majorrays for the SlM

mechanismfor the flat and curvedcrystal Laue geometries: (a) PET (020) curved

crystal; (b) PET (020) or EddT (020) flat crystal.
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SlM Rail
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Detector ----
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Target / '
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6 In. t.d, Tube • ...... ,d

SlM Rail Streak Camera Flange

Fig, 2-9, Schematic drawing showing the major components of a flat arystal Laue transmission

spectrograph tn relation to the LLNL SlM cart and target: (a) PET (020) curved

crystal; (b)PET (020) or Eddt (020) flat crystal.
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BecauseofthellmltedsolidangleavailableInthetargetchamberforthlsexperlment,ltisdlfflcult

tocovertheentlreenergyrangerequiredwitha singleflatPET 020crystal,ThlstsbecausePET 020

hasa relativelyshort2dof6,08A, The energyrangecanbe Increasedby uslnga convexcurvedcrystal

Intransmlsslon,Althoughthlsmakes theInstrumentmorecompact,italsodecreasestheoverall

sensltlvlty,

A candidate for larger grating spacinghavingthose attributesthat make PET 020 useful In this

energyrangeIs EddT020, This has a 2d spacingof 8,808 A and willcoverthe 5 to 25 keV range with

the givenspaceconstraintsIn a flatcrystalconfiguration,Like PET, EddT Is composedof Iow.Z

elements,has equally low absorption,and has a largestructurefactor,

The 020 planesare normally used In surfaceBragg reflectionandvery large crystalsare easily grown,

The crystaldoesnot cleave and lt shouldbe possibleto grinda plate to the requiredthicknesshavingthe

020 planes oriented for Laue reflection,

Calculationsfor the mosaic Integratedreflectivityfor PET 020 and EddT 020 for different

thicknessesas a functionof energyare shownIn Fig, 2-10. Thesecalculationssuggestthatan EddT

020 plate having a thicknessof 0,5 to 0.75 mm would have an Intagratedreflectivity3 to 10 timestheb

value of 5 x 10.5 used as a lower limit for useful sensitivityIn the 5 to 25 kev energy range for the

continuumIntensitiesexpectedat Nova. The reflectivityof Ed,IT 020 In transmissionIs expectedto be

two to four times that of PET 020 simplyon the basis of relativestructurefactor and absorption,

Althoughthe theoreticalcurves Indicate Increasingreflectivity with crystal thicknessat higher

energies,one wouldnot like to make the crystalthickerthanabout0.75 mm because Increasingthe

thicknessdegrades energy resolution. With thicker crystalsthere Is also greater difficultyproducing

the requireddislocationdensity In bulk necessaryto approachthe mosaiclimitsto Integrated

reflectivity.

in referringto thesecalculationstt mustbe rememberedthat they give only upperlimitsbecauseno

crystal is Ideallymosaic. The actual Integratedreflectivityof a mosaiccrystaldependson how lt Is

prepared, lt might be safe to assumethat a real mosaic crystalwlll have an Integratedreflectivity20

to 50% of the theoreticalmosaicvalue,

We haveorderedan EddTcrystalcut for Laue transmissionfrom the020 planes for testingand

prototyptng.AlthoughEddT is commonlyused for Braggreflection,Itsuse in Laue transmissionIn this

energyregionwouldbe novel.
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Fig, 2-10. Mosaic Integrated reflectivity calculations for (a) EddT (020) and (b) PET (020) as a

function of crystal thickness and x-ray energy. The Individual curves are labeled with

crystal thickness tn microns. Since no crystal Is Ideally mosaic, these calculations are

only a guide to the relative efficiency, An Integrated reflectivity of 5 x 10.5 for the

required energy range Is considered a useful lower limit for the continuum Intensities
expectedat Nova.

For more information, p/ease contact Anthony Burek
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Fig. 2-t 1. Timing inler!_ce desion for JK laser at Aurora.
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Pinhole Window Window Multibounce
z = -1114 z = -800 z = -800 Filter

=0.7 o=16.3 _ _=2.4

Telescope Beam
z = -11164 Expander Vacuum
f = 200, -175 z = -1104, -835 Chamber Lens Lens Fourier Image
e = 10 f = -10,200 z = 250 z = 850 Transform Plane

e = 0.7,20 f = 250 f = 2500 Plane z = 3350
o=9 e=1.8 z=992 _=30

e = 0.05

Alidimensionsare inmm. e = Beam diameter
z = Positionrelativeto the target
f = Focal lengthof lens

Fig. 2-12. Optical design for Aurora Schlieren photography system.

For more information, please contact Robert Bosch
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2.3, Interpenetrating Plasma Experiment
Recent theoretical work1 has shown that plasmas that collide at highvelocityin relativelylow ,

density plasma Interpenetratebecause collisionalmean free paths for slowingdown due to electron-ion

and ion-ion mean free paths are comparable to or larger than the density and velocity scale lengths.

Specifically, the systemsof interest have electron temperatures, Te, in the range between 500 eV and

5 keV, ion streaming velocities, U, between 2 x 107 cm/s and 2 x 108 cre/s, electron densities, ne,

between 1019 and 1022 cm-3 and charge states,Z, between 3 and 50. The treatment of this

phenomenon, although possibly quite important to the accurate modeling and design of experiments, is

not trivial for hydrodynamicsimulations even In one dimension. Thus, it is of vital interest to provide

experimental tests of interpenetration with relevant plasma parameters.

The standard set of underdenseplasma diagnosticsdo not measurethe ion density or ion current

density but measur-aatectron density and possibly electron temperature. Measurements of line

radiation, if time and space resolved, can provide information about the ion density by charge state and

species. The primary difficulties here are signal size and interpretation. For high-Z plasmas, the

relationship of the line radiation to plasma parameters is a difficult active area of research and is not

understood well enough to yield a reliable measurement. On the other hand, Iow-Z plasmas will have

little line radiation if the electron temperature is too high and the atoms are completely ionized. Thus

one is led to consider the collision of two Iow-Z plasmas at moderate electron temperature, viz, AI and

Mg plasmas irradiated with a laser intensity low enough that the electron temperature is between 600

eV and 1 keV. At these temperatures, the ions are most likely bare, hydrogen-like (H-like) or

helium-like (He-like), that is, ions with none, one, or two electrons with most of the electrons in the

ground state. The strongest emission will be in the Lyman alpha (Lya) and helium alpha (H@) lines

(transitions from the first excited state to the ground state from H-like and He-like ions,

respectively) which for AI are at energies of 1.73 and 1.60 keV, respectively.

Description of Experiment.

The target, shownschematicallyin Fig.2-13, consistsof a Mg slab and an AI dot on a parylene

substrate facing each other and separated nominally by 400 IJ.m. Magnesium and AI components were

nominally 300 IJ.msquare. The targets are mountedon AI wires which, on some shots, were coated with

parylene to reduce unwanted line emission from the stalks. The AI dots were typicaily 125 mm in

diameter and both Mg and AI plasmas were created with laser



nhole Camera
Mg Square

B Beam

CH Square

Disk ,separation 400 IJm
_,/' _, AI dot 125 pm dla.

Gated_ Laser spot 300 pm dla.
Spectrograph /' AI Dot Laser intensity 0.5- lx1014 W/cre2

Pulse length 0.7 - 1.3 ns

Fig. 2-13. Schematic diagram of the experiment shows a target consisting of two opposed disks made

of Mg and AI on a CH substrate. Also shown are two laser beams (A beam and B beam)

striking each target; an x-radlation pinhole camera and a gated spectrometer with an

imaging slit. Not shown are another pinhole camera and the holographic probe that are

in the plane othogonal to this diagram.
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Ioeamsof pulse lengthsbetween700 psand 1300 ps and total energyper beam between 50 J and 100 J,

The laser spot at the target surfacewas approximatelycircularwith spot size of 300 _m and an angle

of Incidenceto the targetsurfacenormalof 50°,

The experimentalsetup, alsoshownschematicallyIn Fig, 2-13, showstwo laserbeams (A and B

beams) strikingthe Inside surfacesof the opposingdisks. The x-radiationemitted parallel to the

targetsurfacesis monitoredby time integratingpinholecamerasand time, wavelength,and space

resolvingframingcameras, in addition,holographywas usedto obtain Interferogramsthat allowed

separatemeasurementsof the electrondensityand targetalignment. The framingcamera has four

Images with 100 ps Integrationtime separatedby 200 ps. The first frame was adjustedto start

typicallywithin200 ps of the arrivalof A and B beams or 600 ps later. This variationallowed

measurementof emissionfor weakly collisionalor stronglycollisionalplasmas. The wavelength

resolutionwas providedby using a highlydispersiveADP crystalwith a reflectivityat 1.49 keV of 5.5

x 10.5 rad. The holographicprobebeamwas Independentlytimedandprovidedup to fourImagesper

shot. The probedurationwas 20 ps andthe separationIn time betweenimageswas 200 ps. Provision

was also made for a backlightertargetandbeam to measureabsorptionlines,but no shotsweremade

with this diagnostic in operation.

Description of Experimental Results. Two-dimensional, spatially-resolved time

integrated images of x.radlation filtered with Be were taken on ali shots. Examplesof an Image for a

target illuminated on both sides and on only the AI slde are shown in Fig. 2-14a and 2-14b,

respectively. In the one-sided illumination shot, the size of the AI emission region increases with

distance from the AI target surface. There is measurable emission in Fig. 2-14b from a spot of

diameter 150 _m near the AI target and from a spot of diameter 400 _m near the AI target and from a

spot of diameter 400 I_m near the Mg target. However, the full width at half maximum (FWHM) of the

emission is about 140 mm and varies very little between 50 I_mand 200 _m, as is shown in Fig. 2-

14c by the dotted lines. For the two-slded illumination shown in Fig. 2-14a, the FWHM of the

emission increases in the target midplane region to about 200 _m from the 125 _m size near the target

surface. This variation is shown in Fig. 2-14c by the solid line. These Images unfortunately are most

likely dominated by emission late in time, perhaps even long (1 to 2 ns) after the laser pulse Is ended

because line emissionfrom recombination isobserved to persist. However, these images do provide

useful limits to the source size for our interpretation by Lyc{ line widths.
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Fig. 2-14. Pinhole images (time integrated) of the x-radiation from an AI dot on a CH substrate and

a Mg slab a) illuminated on both sides, b) illuminated on the AI side only, and c) the

FWHM of the AI emission in (a) and (b) as a function of distance from the AI target
surface.
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Space and wavelengthresolvedImageswereobtained on a largenumber of shotswith the framing

camera. Near the target surfaceboth _ and/or_ lines of AI (or Mg) are clearlyvisible In ti,_ energy

range between 1,5 keV and 1,8 keV becausethedensitytemperatureproductIs largest,the number of

H-, He-, and Li-like ions Is high; and the collisionalexcitationof the upper levels is highest,

Examplesof spaceand energyresolvedImagesare shownIn Flg,2-15, The positionof the targetInside

surface Is Identifiedby the continuumemissionthat formsa line in energy at a fixed spatial position.

The x-ray energyincreasesfrom 1,5 to 1,8 kev and theAl'target Is on the top, In ali frames shownIn

Fig,2-15, the amountof Hec_and Lya emissioncan be usedto deducean electrontemperaturefromthe

ratio of the Intensityand reasonableassumptionsaboutthe electrondensity. Fartherfrom the target

surfacebut particularlybeyondthe targetmldplane,the Hea emission Is particularlyweak and this

ratio can have large uncertainty.

The Lyczemissionalso dropsin Intensitywithdistancefrom the AI surfaceas one expectsfor the

typicalexponentialdecreaseof the iondensityfor a givenspecies. For ourdetector,there Is a

minimumsignalthat can be observedthat dependson the numberof H-likeAI ions. For our Initial spot

size of 125 pm, this minimumsignal Is observedto correspondroughlyto 1019/cm3 (by comparison
to electrondensitydeducedfrom holography), The total energy radiated (in arbitraryunits) in ihe

time intervalthe framingcamera samplescan be obtainedby Integratingthe line Intensityover the

line width. Forcollidingplasmas,this line energyfor AI Ly(zdecreasesat a less than exponentialrate

fromthe AI surfaceand disappearsat somedistancenearor beyondthe mldplane. Thisvariationfor

four different times is shown in Fig.2-16 for both a one.sided Illumination(Fig, 2-16a) and a two.

sided illumination(Fig. 2-16b) shot. The increase In LYc¢in Fig. 2-16b over what is measured in

Fig. 2.16a Is consistentwith an increase in electrontemperaturenear the mldplane, Such an increase

wouldalso Increasethe ratio of H-like to He-like tonsas Is typicallyobserved. Moreover,the one-

sidedshot showeda faster than exponentialdropof Lyc_emissionwithdistance,whichpossibly

Indicatesa decreaseof electrontemperaturewith distance.

The apparentspectralwidthof the Lyctlineof AI can alsobe measuredas a functionof distancefrom

the targetsurface, This widthis influencedby the size of the emittingregion,the Dopplerwidthcaused

by the random motionof the different ion emitters,the probablysmall natural line width, and the line

opacity. The sizeof theAI dot waschosento keep theplasmaparameterswithinthe sourceregion

constant(in the unresolvedspatialdirection)andto minimizesourcesize effects. At these densities,

line opacity is estimatednot to be important,
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Fig, 2-15. Space and energy resolved images of the x-ray emission. Energy increases from 1.5 to

1.8 keV. The AI target is at the top in each Image. The top set of four Images is from a

shot with only the AI side illuminated. The bottom set was Illuminated on both sides,

Times at which the images were taken are indicatedon the left,
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Fig. 2-i6, The total energy in Ly_ emission as a function of distance from the AI target at three

different times as labeled for a) a shot where only the AI side was illuminated and b) a

' shot with both sides illuminated. The background (fog) level is indicated by the dashed
lines,
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In Fig, 2-15b, the Ly(_line looks wider and more IntenseIn the last visible emissionbefore the line

disappearsin frames art = 848 ps and 1060 ps, Thiswldtil Increasemay be either Doppler

broadeningor sourcebroadening,As mentionedabove,thesourcebroadeningcan be estimatedfrom the

pinhole ImagesshownIn Fig,2-14, In thenextsection,we give estimatesof each effect and our

interpretation,

The holographic Imageswere often of poor quality, especially late in the pulse, which we expect Is

related to the IncreaseIn the radial extent of the plasma with time and possibly turbulence associated

with the plasma Instabilitiesdriven by the counterstreamlng flows, Nonetheless, the Imageswere

valuable In two respects:1) the positionof the laser spot on each disk could be seen, and a rough

measureof energy balance could be obtained from the number of fringeson each side; 2) on those shots

with clear fringe patterns, the electron density at Important positions could be obtained, The time-

Integrated, x-radiation pinhole Images were also valuable In selecting shots where the laser spots were

In diametricallyopposedpositionson the twodisks, On someshots,these twodiagnosticsshowedthe AI

plasmamissed thecenterof the expansionof the Mgplasma. In thewavelengthresolvedframing

camera pictures, such mlsallgnedshotssometimesrecordedspectrawith Dopplershiftsassociated with

plasma flow toward or away fromthe camera,

The electrondensityfor a particularshot and its Interferogramare shown in Fig,2-17, The

electrondensityas a functionof radial distancealongthe target surface(Z Is the axis betweenthe disks

and r Is centeredat the middle of the disk) at three different times Is shownIn Fig.2-17b, The

decrease with radial distanceis roughlygaussianaway fromthe peak value on axis of nearly7 x 1020

cm"3 at 1 ns. Very littleresolutionof the densityon axis Is obtained.

Interpretation and Conclusions. At this time, the data analysisIs Incomplete, Thus, our

conclusions,tentativeandsomewhatspeculative,are as follows, The plasmas reach a coronalelectron

temperature of ...800eV close to the target surfatJe(within 100 _m) within 400 ps of the start of the

laserpulse, Becauseof thecollisionalheatingof the electronsas the Ionsslowdowndue to Ion-ionand

electron-ioncolllslons,the electron temperaturenear the midplane increasescausinga further

Ionizationof He- and H-like Ions, In general, this processcausesan Increasein Ly(xemission

comparedto whatone expectsfromexpansionInto a vacuum where the electrontemperatureswould

decrease somewhatwithdistance. The Lye{emissionearly In thepulse (lessthan300 ps) Is consistent

with complete interpenetration,but quantitativeverification suffers from the lack of signal sensitivity

of the framing camera If the Ion density falls below 1019 cm-3 Later In the plasmaevolution

(greater than 800 ps)the

1990 KMSFSemi.AnnualTechnloalReport 161



a) 7 _- b)
_" ' ---- 600 ps

I

_ 6 -t --'800ps
t

'. - - - 1000ps
5 J

4- '_cn _ ,

_ 3 -\\_",
z k .k...', '

0 100 200 300 400 500

RADIUS(t_m)

Fig, 2-17, Shownare the electron densitya) versusradiusat the target mldplaneat three timesas

labeled,and b) one frame of threehol_raphlc Images fromwhlohthedensitywas
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Interpenetrationstopswell beforethe AI plasma reaches the solid density Mg plasma, Evidence for this

statementIs the strongemissionof Lyczradiationnear or just past the mldplanethat ends abruptlyat

greaterdlstanoe, Some evtdenoealso exlst=_for Dopplerbroadeningof the line which Is consistentwith

Ion temperatureslocally of tens of kilo-electronvolts, Such Ion temperaturesrepresent only a

fractionof the estimatedenergyavailable In the Ion kinetic energy that must be converted to heat (or

radiated)as the plasmastops, Someor ali of this Increasedlinewidthmay be sourcebroadening

becauseof radialexpansionof theplasma. At the presenttime, no definiteconclusionshavu been

reached,

In thisexperiment, emitted radiation In the regionof Interestwas about at the detector threshold.

The experimentdesign wouldbe ImprovedIf the detectorsensltlvltycouldbe Increasedat leastan order

of magnitude, No reductiontn spaceor time resolutionIs desirablehowever. The use of absorption

spectroscopywas notattempteddue to lackof time butIs dearly thenextstep for any subsequent

experimenton this subject, Becausecollisionalheatingappearsto deplete the He-like Ions,Ly_

absorptionappearsto be the bestoholoe for AI plasmas, The use of this diagnosticwith an AI target

plasma Is limited to sub-keVelectrontemperaturesfor whtohstagnationoccurs when electron

densitiesreach 2 to 5 x 1020 om"3, At higher temperatures, the mean free path for stoppingWillbe

larger for AI, but htgherZ plasmaswill be requiredto have a few boundelectronsfor diagnostic

purposes. Thusthe targetsizeand laserparametersneednotchange morethan a factorof twoIn size

and four In energy.

For more Information, please contact Rlchald Berger

2.4 Ionization Balance Experiments

Detailedatomic levelpopulationsIn hightemperatureanddenue plasmashavebecomeIncreasingly

ImportantIn laser generated plasmas. Certain spectrallines are density-dependentwhile others are

temperature-dependent,,Bothcan be used to extract Informationconcerningpopulationkineticsand Ion

levelpopulations, In orderto be useful,thesedependendes mustbe characterizedby Independent

means, In laser producedplasmas,this can be done via holographicInterferometryfor electrondensity

determlnatlon2 and via the slope of the H-like free-boundcontinuumof K-shell lines for electron

temperaturedeterminations,3 The characterizationof density- and temperature-dependentL-shell

linescan be accomplishedin ionizationbalance experimentsIn which laser IrradlanoeIs varied on

targetswhichcontain both K-shelland L.shell emitters, The K-shellfree-boundcontinuaprovide the

local
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temperaturedetermlnatlonwhileholographicInterferometryyieldsdensityprofileInformationfrom

whlchthetemperatureanddensltydependentL.shellllnescan be oharaoterlzed,

lonlzatlonbalanceexperlmentswereperformeddurlngthelatterhalfofthlsreportingperlodon K.

shelland L.shellelements,Theyconstltuterefinementofa prevlousserlesoflonlzatlonbalance

experlmentsthatwereperformedIn1987atKM$ Fuslon(KMSF),4 The dlfferenoebetweenthetwo

setsofexperlmentstsInthedegreeofsophlstlcatlonusedIntherecordlngofthetlme.resolved

spectraldata, Intheearller1987serles,two tlme-resolvlngInstrumentswere ernployed',(I)A

streakcamerafittedwitha lowspectrallyresolvlngKAP crystalspectrographwas usedtorecordthe

tlme-varylngx-rayemissionatselectedreglonsofthetargetplasmaplume. (2)A

strlpllne/mloroohannelplate (MCP) framing camera spectrometer, also with a KAP crystal, was used

to provide spatially resolved spectra at three different times.

In the present series, three strlpllne/MCP framing Intenslfled x-ray spectrometers (FIXS)

provided by Lawrence Livermore National Laboratory (LLNL) were used tc,yield simultaneous h',gh,

medium, and low resolution spectra of the plasma plume, ustngADP, Beryl, and KAP crystals,

respectively. Electron density was measured using a 4-frame holographic Interferometer. Additional

target/plasma diagnostics Included two pinhole cameras, one with three filtered strlpltne/MCPs,

yielding 18 timed target Images, a spatial- and time-Integrating KAP spectrometer, plus the usual

energy-on.target and absorbed energy oalorlmeters, and visible streak cameras for pulse length and

shape measurements. Figure 2-18 Is an axial view of the placement of the spectrometers In the KMSF

target chamber.

Twenty-stx target types, listed In Table 2-1, were employed to accommodate the different target

element emissions and spectrometer sensitivities. Alumlnunl, Mg, and OI, as K-shell emitters,

provided Information on the electron density and temperature of Irradiated targets also col,raining L-

shell emitting spectra of Mo, Br, and Cu. These composite targets were fabricated using powder mix

techniques. Previously prepared powders of the specified elements were mlxed, melted In a furnace,

remelted, etc,, unttl the composite was considered well mixed. The powder mixtures were then tamped

Into pre-drilled depressions In polystyrene and shaved at the surface to produce spots with diameters

of 50 and 100 _m, as shown in Fig. 2-19, Also shown In Fig, 2-19 is a "bull's eye" target made by

placing a washer of Mg around the spot to provtde added Mg emission for shots In which electron

temperature could be more easily determined vla the free-bound continuum of. H-like Mg.5
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TaMe 2-t, Twlmty-stx Composite Target Types were Used to Accommodate Target
Etement Emissions and Spectrometer Sensitivities,

TmQet TW_

1. Al stab 1 mm thick

2, At dot_Lexan_ 50 x 50.prnC150 nm Lexan TM

3, Ai dot_LexanTM 100 x t00 I_nV!50 nm Lexan TM

4, Ai dot_Formvar® 5000 A x 530 p D Ali1000 A Formvar®

5,. AItAt 2-sided 43 pm x 43 lim AI_5 mil Mylar®t53 _D AI

6, 5OtJ_ Al sq,dot 100 nm AIJ50 nm Mg_50 nm Si/2 pm AI

7, 50_D A_//Ag AI on thick Ag

8. AI_Ge 23 nm A_34 nm Ge

9. Ag,NaCt split 70 x 30 lira NaCI toW50 ,pm AI bottom

t 0. Layered: AI//NaCI 50 layers: 15 nm Atf5 nm NaCI

1 1 .. Fe_AI 2-sided 35 x 25 lim Fe_5 mil Mylar®t50 I_D AIt

t2. Er_'AI 2-sided 50 x 25 pm Er_5 mil Mylar®/50 pD AI

13. Mgslab 4.5x6limx 151lm Mg

i4, Mgdots 70 x 70 p.m Mg_5 mil Mylar®

15, Mo_Mg 50 pD x 90 nm Mo_50 pDx 140 nm Mg

16, 10%Mo//30%Mg MoO3+MgO in 50 t_D

t 7, 10%Mo_30%Mg MoO3 + MgO in 50 t_D + 150 lid Mg
"bull's eye"

t 8. 11%Mo,//1 t %Mg MoO3 + MgCO3 in 50 liD

19. 2%Mo_10%Mg MoO3 + MgCO3 + NaHCO3 in 50 lid

20. 2%Mo_'t 0%Mg MoO3 + MgCO3 + NaHCO3
"bull's eye" in 50 liD + 150 lid Mg

21. 8:1 Mg_Mo dot 50 liD 8:1 M<_Moon 160 lid Mg

22, 7%MoP7%P Na4P207 + Na2MoO4 in 50 I_D

23, MgF2._NaBr 50 liD x t10 nm NaBr_50 liD x 100 I_D MgF2

24. 10%Br/40%Mg C6Br6 + MgO in 50 !_D

25, t0%Brtl0%Mg C68r6 + MgO + C in 50 liD

26, Mg/Cu 76 x 78 _m MgA'I rail Mylar®/53 I_D Cu
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Fig, 2-19, Schematic drawings of powder spot targets and "bull's eye" targets,
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A typicalL-shell spectrumof Mo is shownin Fig. 2.20, in which F., Ne., and Na-like lines of Mo

are indicatedby F, Ne, and Na labels,respectively.As an exampleof the useof L.shelllinesas a

measureof density,the E2 transitionindicatedby the line labeledX is densitysensitive.6 When

comparedto the Na-likeline 3A, it can be usedas a measureof the plasmaelectrondensity,especially

underconditionsin which interferometrlcmeasurementsof electrondensity are not practical.

The ionizationbalancetask was inthreeparts. Two parts, a serieson 20 ps experimentsand a

series on absorptionspectroscopy,were providedin earlier KMSF Annualand Semi-AnnualTechnical

Reports, The third,on L-shell spectroscopy,has resultedin large numberof laser/targetshotswhich

are presentlybeing analyzed. A summaryof shotstatisticsfor ali three partsof the ion balance taskis

shown in Table 2-2.

Table 2-2. Ion Balance Statistics Summary Including the Three Parts of
this Task

20 ps Absorption L-Shell
Experiments SDectroscoDy SDectroscoDY

Target 2 17 7 5 23 3
Fabricated

TargetShots 15 2 64 173

Interferograms 3 00 . - - 4 2 0

AnalyzableSpectra 2 2 0 40 4 8 0
(Estimate)
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Fig. 2-20. Preliminary lineout of a Mo L-shell spectrum showing the appearance of F-, Ne., and

Na-like lines. An E2 line labeled X can also be used a as a ratio with the Ne-like 3A as a

density diagnostic.

For more information, please contact George Charatis

d
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2.5 Radiation Cooling Instability

KMS Fusion(KMSF) experimentsduringthis reportingperiodhave exhibitedthe curiouspresence

of thin, high densityfingersor jets of relativelycold plasma. These "coldjets" appear in experiments

with high-Zmaterials such as gold disks,bu; only when the laser irradiationis pulsed, typicallywith

lengthygapsbetweenthe laserpulses. The physicalmechanismbehindthecoldjets has longbeen

elusive,but recent theoreticaladvancesstronglysuggestthat the jets arise from a hydrothermal

instabilitydriven by radiativecooling,a processfirst discussedtheoreticallywithinthe contextof

inertialconfinementfusion(ICF) by Evans in 1981.7,8 lt now appearsthat this mechanismmay be

responsiblefor some of the jets or 'horns"observedelsewhereover the years in laser-target

interactions9-11 For the ICF program,the effects of the Instabilityhave importantimplicationsfor

the temporalshapingof laserpulsesusedto generateimplosionsvia secondaryradiation. Specifically,
longgapsin "picketfence' schemescan lead to detrimentalasymmetriesin wall ablationand radiative
uniformity.

The recent KMSF experimental paper "Plasma Jets from Laser-Irradiated Planar Targets" by Gabt

eta112 documents the characteristics of the cold plasma jets observed in KMSF gold disk experiments

at laser wavelengths _,L= 0.53 IJ.mand X,L= 0.35 I_m. In that paper, lt was stated that two- '

dimensional (2-d) hydrodynamic simulations with the KMSF 2-d hydrocode HYRAD were unsuccessful

in reproducing the jetting, and that the jets were apparently not purely hydrodynamic tn origin. Here

we report recent successful hydrocode simulations of the jetting, and the assumptions and conditions

required for their appearance. We also describe the implica.tionsof the jetting for future ICF work.

The experimental evidence for the cold jets is described in Ref. 12 and 13. Temporally and spatially

resolved images of continuous x-ray emission from high.Z Irradiated disks (Au, Ti) show jets thai are

cold, dense, and supersonic. Views along the laser axis clearly show reduced hard x-ray emission (>

1,5 keV), while transverse views show apparent hard x-ray absorption, indicating high density, i.e.,

the jets are as much as 10 times more dense than the surrounding corona. Curiously, the jets appear to

move at the extremely rapid speed of two to four times the local sound speed cs (cs ...4 x 106 cm secl

at the estimated jet temperature of < 600 eV), a speed more characteristic of the lower density parts

of the outer corona. The most astonishing discovery is the clear correlation of the jet location with the

cooler parts of the laser beam (which typically contained numerous small [--20 Iu'n] hot spots). This

is very different from normal ablation scaling, in which higher ablation pressures and greater blowoff

occur In the areas of higher Intensity.

199oKMSFSemi-AnnualTechnicalReport 170



Two additionalfacts about thecold Jetsappear to be fundamentalto understandingtheir underlying

physlos, First, they appear only in multiple pulse laser Illumination, typically a "picket fence"

arrangement In which a relatively short 100 ps pulse is followed by a lengthy off period (usually 300

to 500 ps). A representative pulse of this type Is shown Fig. 2-21a. The emission features previously
mentioned are to some extent time averaged features, but the jet appearsto forrn In the period between

the first and second picket (Fig, 2-21b). Subsequent lllumtnatlon with a second picket and a main

pulse appears to smooth out the density perturbations (Fig, 2.21c,d), The second Important fact Is '

that the jetting only occurs in high-Z materials (e,g., Au and TI), Similar jets are rarely or never

seen in Iow-Z materials such as plastics or aluminum.

The scaling with Z is consistent with the interpretation that thermal conduction [1/(1+Z)] is the

smoothing mechanism which either smoothsout existing jets when the laser Is on or falls to damp out

density perturbationsbetween pickets, The reduced efficiency of heat conduction in hlgh-Z materials is

the reason jets or plumes form much more readily at high-Z. After the picket pulse turns off, there Is

not enough time for conduction to laterally smooth out temperature perturbations. Instead, the thermal

energy is either radiated away or quickly converted into kinetic energy of expansion norn al to the

target surface, thus preserving the imprint of the density perturbations causing the jet phenomdnon,

The simplestpossible hydrodynamic effect that could cause jet formation would be a pressure

gradient created by hot spots. Consider the geometry shown In Fig. 2-22, In converging focus, a hot

(higher laser intensity) ring surrounds a cooler central part of the laser beam. This sets up angular

pressure gradients tn the ablation region upward of critical density, which have the effect of squeezing

cooler material out along the central axis, much as one squeezestoothpaste out of a tube. Unfortunately,

2-d HYRAD and LASNEX14 simulationswere unable to produce any such effect with any reasonable

high/low intensity ratio (< 10 to 1), The densities typical of the jets (< 0.2 nc, where nc = 4 x 1021

electrons cm'3 for IL = 0.53 I_m)may be too low to be affected by such an ablation pressure effect. In

any case, the jets were seen with both converging and diverging focus laser lllumination.

The inefficiency of pure hydrodynamics leaves one with an array of pure hydrodynamic,

hydromagnetic, and hydrothermal instabilities to consider. A magneto-thermal heat flow instability15

and radiative cooling instability (RCI)7,8 have also been invoked to explain similar phenomena.12 In

the purely hydrodynamic category are the Rayleigh.Taylor (RT) Instability and the Richtmeyer-

Meshkov (RM) instabtUtyin which materlal boundaries and/or ambient density gradients are set up in

such a way that (for RT) a light fluid accelerates a heavier fluid, or (for RM) a shock wave amplifies

density ripples between light/heavy fluids. The direction and monotonic nature of the pressure

gradient in the coronal plasmas in this report and the lack of material interfacesboth Indicate that RT

and RM are not responsiblefor the cold jets we are currently trying to explain.



a) _"_" b)

_ . l_
A B C

C) d)

Fig. 2-21, For times indicated by A, B, and C during a picket fence pulse, holographic

interferometry shows jets forming, growing, and dissipating.
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Magnetic Instabilitiesare driven by temperature and pressuregradients, In more collisionless

plasmas (e,g,, with C02 Illumination) huge B fields and currents can be driven, In inure collisional

plasmas, the Welbel instability, for example, can create jetllke asymmetries,16 However, the

ambient B fields at the Intensities(1 to 5 x 1014 W/cre2) of the KMSF experiments discussed here

are just too low, A similar objection applies to the magneto-thermal heat flow Instability,

This leaves us with just two likely Instability candidates for the KMSF cold jets, These are

(thermal) fllamentatlon and RCI, Fllamentatlon17,18 Is driven by laser self-focusing, while RCI

causes density clumps by rapid, optically thin radiation loss followed by pressure relaxation, Both

have sizable growth rates in the intensity region of Interes* Although In thermal fllamentatlon the hot

(self-focused) parts of the laser beam occupy regions of lower density, there Is no reason to expect to

see a finger or plume moving outward from regions of higher density. More importantly, there is no

way for fllamentatlon jets to grow when the laser Is off. lt was this line of reasoning that first led tJSto

consider RCI, which we now believe to be responsible for the KMSFcold jets.

Radiative cooling Instability Is one of a class of thermal Instabilities which has found wide

application tn astrophysical plasmas,19"21 Basically, one has a plasma in which there are four

important tlmescales: heating, cooling, thermal conduction, and acoustic (hydro). At the densities and

temperatures encountered In tile KMSF high-Z experiments, strong laser or thermal conduction heating

and radiative cooling result In heating/cooling being the shortest tlmescale, followed by hydro, with

thermal conduction as a smoothing agent not being important. The latter requirement fails for short

wavelength RCI modes (_RC! < 10 t_maccording to Evans7), which will be damped out by conduction.

The instability operates as follows: random density fluctuations result in a slight density increase.

If the radiation is a sensitive enough function of density, and If the local plasma Is optically thin to the

radiation produced, this results in increased radiation loss, This causes two effects, First, If the hydro

time Is not too long, pressure readjustment of the cooling plasma will cause further condensation, I,e.,

density increase, which will increase the radiation rate, etc. However, just as Importantly, If the

plasma cooling rate depends inversely on the temperature to some power in a certain temperature

range, then the cooling rate Increaseseven more rapidly, accelerating the formation of a cold jet. Our

2.d HYRAD simulations of the cold jetting indicate that this cooling law is the key to the formation of

the picket jets. The cold jets accelerate faster than the hotter part of the corona as If the radiation Is a

trap door, causing the bottom to drop out of the pressure, and thus creating large acceleratingpressure

gradients slightly upstream.
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! JetProduotlo.nby Hydrodynamlo"Squeezing"

i _ H'l'ghintensl-ty_-_
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Fig, 2-22, Jet productionby pure hydrodynamic"squeezing" under nonuniform laser lllumlnatlon
conditions.
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Evans has obtaineddetailed RCI growth ratesunder the conditionsthat the laser Is on and the heating

and cooling rates balanceeach other, If the heating ratesper untt m_ssgo as H = pr_T8and the cooling

rate as C - p'rT'8, then the RCI growth rates dependon the relative values of c_,l],Yand 8, He finds that

(B-13)-(y-c_)< 0 Is typically required, so for Inverse bremsstrahlung laser absorption (c( = 1, (3=-

1,5) and free.free or bound.free emission (y ,,, 1), one requires 8 < .1,5, This Is the telltale

temperature dependencementioned In the previous paragraph, lt can occur In hlgh.Z materials as a

shell flllln_ effect, That ts, at slightly too high a temperature, an outer shell may be stripped, so no

line emission can occur from that level down; as the temperature drops and recombination occurs, line

radiation can Increase, Of course, for bound.bound emission 'y= 0, so this Is not easy while the laser

Is on In the corona, If one switches to thermal conductionheating, such as would occur above no during

the pulse or anywhere after the laser shuts off, growth becomes a little easier, The latter Is key for the

KMSF Jets, Evans also shows that the dispersionrelation for the plasma with no heating source has

growing modes, which we believe correspond to the cold jets,

Evans simulated RCI numerically In a laser plasma by artificially putting In optically thin radiation

losses with the right values of 8. His rates were basedon rates calculated for generally lessdense (he <

1016 cm"3) astrophysical plasmas,

What we have done Is put In optically thin radiation losses for Au over a temperature range from

200 to 1600 eV and electron densities 1020 to 1022 cm"3, We wanted to put In a rate which would

have reasonabledensity and temperature dependencefor a primary radiation loss mechanism of bound.

bound (line) emissionfrom Au, The average-atomequation of state usually used In the HYRAD code w_ls

clearly inadequate for this simulation, and Indeed contributed heavily to the failure of previous HYRAD

and LASNEX slmulaIions from showing the jettlng effect, Therefore, we ran a separate non-LTE Ees

simulation for Au In this temperature range using the LLNL atomic.physics/radiation package Detailed

Configuration Accounting (DCA),22 Detailed Ccnflguratlon Accounting calculates the ac_,.'_lmulti-ion

stage equtllbrlum, In this case in the hydrogenlc approximation, We found that over a significant range

the temperature dependence of the (assumedoptically thin) emission corresponded to an effective value

ofy =, -1,85,

Therefore, we ran a HYRAD simulation similar to that of Evans, using an artificially Imposed

optically thin radiation loss term with 8 = -1,85 on a picket fence pulse with a 100 ps Initial pulse,

followed by 400 ps of coasting (laser off), For this simulation, the laser pulse was assumed to have a

spatial variation corresponding roughly to a high intensity ("hot") outer ring (IL = 3 x 1014 W/cre

2) surrounding a cooler central axis (IL = 1 x 1014 W/cm'2). This is Indicated schematically in Fig,

2-23, which also shows the actual 2-d mesh during the 100 ps pulse, The Intensity falls to IL = 1 x

1014 W/cm"2 again outside the hot ring, There Is no hint yet of RCI, However, although we will be

seeding and starting the Instablllty during the laser pulse, the really dramatic effects are expected to

begin after the laser turns off and the plasma expands and cools.
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Whatwe expect to see Is a cooljet formingon axisas the pulseends, acceleratingoutwardas the

plasmacoolsto below 100 eV, Duringthecoastphase, thedense jet will protrude beyondthe rest of the

corona, When the secondlaser pulse hits, the hotter partsof the beam again will hit not the Jetsbut the

surrounding corona, from which the jets will absorb the emission,

Figure 2.24 Is an Is,density contour plot of the I,-tYRAD2-d Au simulation run at 100 ps, the end of

the first laser pulse, The beginnings of Jet formation are apparent, because the density contours In the

hot part of the beam are bent In (concave), while In the low Intensity part of the beam near the axis, a

density spike Is protruding outward,

We have yet to finish the simulation with another 100 ps pulse followed by a 1 ns main pulse, We expecl

to see the jet at first doing a lot of absorption, then thermal conduction sm,,thing lt out,

The Implicationsof this result for ICF are clear, For confined secondary acceleration schemes, In

which laser radiation Is converted to secondary radiation, radiation symmetry will be severely

degraded If one uses just a ploket fence (discontinuousleading edge) laser pulse and a hlgh.Z ablator

becauseof RCI, KMS Fusionvlewfaotoraaloulatlonswith the vlewfactor code RAYNA II have been

applied to Investigate this problem,

We conclude that the RCI plays a role In the observedjetting from high-= KMSF disk experiments0

Tills Instablllty can produce jets which would disrupt uniform energy deposition and occurs at coronal

densities or slightly above critical density, The Instability occurs primarily in hlgh-Z materials with

growth times as short as 100 ps, A very nonuniform laser beam might be required to seed this

Instability, The effects of RCI are potentially Important for the national ICF program, Specifically,

long gaps In picket fence shaped pulses can lead to detrimental asymmetries In wall ablation and

radiative uniformity, Other simulations of RCI should be undertaken, especially ones with more

detailed atomic physics and full radiation transport effects Included.
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Fig. 2-23, Two-dimensional HYRAD mesh at end of 100 ps laser pulse.
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Fig, 2-24, HYRAD Isodensltycontoursat 200 ps produced after 100 ps nonuniform laser

illumination, Note beginningsof jet formationon axls,
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For more,in{o_mation,please contac_
Non,nan,D, OeMmaterand Walter B. Fectmer
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