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.The reIatively small fuel capsules used in 
past laser-fusion research were made of 
glass, a material that will not be suitable 
for the advanced implosion-physics 
experiments to be done on Nova. We are 
developing large polymer capsules to meet 
the new physics requirements. 

he glass fuel-capsule designs 
used in our previous laser- T fusion research are not 

adaptable to the implosion-physics 
requirements of Nova and other more 
powerful Iaser fatilities that may be 
available in the future. Historically, 
glass capsules have been used because 
they are a convenient way to contain 
the deuterium-tritium (D-T) 
commonly used i iS  fuel. However, 
glass capsules do not work well 
because of .hydrodynamic instabilities 
and inefficiency that results from 
radiative heat loss associated with 
high-2 material. Moreover, the glass 
impedes passage of x rays used to 

- diagnose the D-T plasma. As we try 
to learn more about the physics of 

. ' high-deirsity coirpression, it becomes 
increasingly important.to replace the , 

glass with lower-Z material. ' 

Accordingly, we have shut down the 
high4emperature drop-tower furnaces. 
we used to-make glass capsules, ,and 
we are focusing all our efforts on 
developing new techniques ,for 
'making polymer capsules. These ,. 

capsules are ten times larger in 
diameter than the glass capsules used 
in the early days of laser-fusion 

'. 

. .  

research, but they are stili only one- 
tenth as large as a high-gain capsule 

For further information contact 
Alan K. Bumham (415) 422-7304. 

must be. 

in classified "indirect-drive" targets. 
Although undassified iaser-fusion 
experiments, both at the Laboratory 
and elsewhere, drive the fuel capsule 
by focusing a powerful laser beam or 
beams directly on it, we believe that 
such a direct-drive approach cannot 
illuminate the capsule uniformly 
enough to achieve the high 
compression needed for high gain. 
Instead, we have concentrated our 
experimental implosion program on 
the indirect-drive approach, in which 
the laser light is shone not on the 
capsule but on the inside of a high-Z- 
metal radiation case, or hohlraum, 
containing the capsule. In the 
hohlraurn, the light is converted to a 
uniform blackbody-like radiation field 
of soft x rays, which are absorbed by 
the outer wall of the fuel capsule, 
causing it to ablate and thus 
imploding the capsule and the D-T 
fuel contained inside. 

These polymer capsules will be 
used first as gas-filled targets to refine 
our understanding of the implosion 

The polymer capsules will be used 
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physics, then later in a cryogenic 
version where the liquid or solid D-T 
fuel coats the inside of the capsule in 
a uniform layer. The layered target is 
hydrodynamically equivalent to a 
high-gain target.' The leading 
candidate for a high-gain target is 
actually a hydroCarl& foam shell that 
acts as .a wick to.hold liquid .D-T. . . 

. ' .  Such:qogenic foaq.targets are not. 
currently planned for. use in Nova, 
however. Instead they are being 
evaluated in experiments canied out 
in underground nudear tests, in the 
Halite program. 

This article desaibes how the 
decisions were made on which 
polymers to use.in OUT Nova fuel 
capsules, the techniques explored, and 
the'properties of the prototype . . . . .  . ... .. 

.. . .  . .  . .  . . . .  . . 
. .  . .  cap&&s. ., .. :.; . , " '.:. . .  

. .  . .  . .  . 

esign Issues for 
Polymer Capsules D In choosing polymers for 

Nova implosion capsules we 
considered implosion characteristics, 
diagnostic compatibility, physical 
properties relating to fielding, and 
ease of fabrication. 

Hatchett and Lind2 recently 
detailed the design issues for the 
indirect-dxive implosion capsuIes for 
Nova. The simplest capsule design 
they studied, a thick capsule of 
hydrocarbon (CH,) polymer, was 
among the best performers. Other 
good designs had a higher opacity 
layer within the capsule wall to serve 
as a preheat shield. 

The most obvious implosion 
diagnostic needed is one that can 
measure the number of fusion 
neutrons generated, which is 
proportional to target gain. However, 
to determine which of the many 
possible mechanisms are degrading 
target performance, it is also desirable 
to have methods of determining other 
parameters such as the density, pr. 
and symmetry of the fuel as well as 
the dynamics, symmetry, and stability 
of the fuel/pusher interface. Our laser 
experiments group has proposed a 
battery of neutron and x-ray 
diagnostics to measure these 

parameters. The diagnostics require 
D-T in the fuel capsule, to produce 
14-MeV neutrons, and a low-opacity 
capsule wall- to allow x rays to escape. 
Finally, some of the diagnostic 
methods require that inner parts of 
.the.capsule.be' . j  . .doped with bromine or 

' boron .or that 'the -fuel be: doped with 
a high-zgas,, such as. krypton. . . 
.: Falymer .capsules 'can :meet all . . 

' thesi diagrlostics requirements if 
properly chosen. However, some 
polymers are susceptible to D-T 
radiation damage, some are 
excessively permeable to the fd gas 
they must contain (ironically, the least 
permeable polymers are among the 
more sertsitive to radiation), and some 
have insufficient strength to withstand 
the ,pressure of the'fd gas. Therefore 
.wi: &ust &&osq &@pO@&.* ' .. ' . . 
carefully and characterize their 
physical properties thoroughly. 

A final issue is the availability of 
the capsules. They should either be 
obtainable from commeriial suppliers 
or be reasonably easy to fabricate at 
the Laboratov. Both glass and 
polymer microballoons are available 
commercially, but essentially none of 
these meet target specifications. 
Substantial resources were spent at 
KMS Fusion and LLNL in refining the 
technique to fabricate glass shells for 
laser tarFets, 'so high-quality glass 
shells are available over a wide range 
of specifications. Less extensive work 
on polymer shells has demonstrated 
that they can be made from a wide 
variety of polymers by either droplet- 
drying or microencapsulation. 
Polystyrene is one of the easiest 
materials to work with in terms of 
availability, ease of dissolution, and 
yield 'of high-quality shells.. 
Polyacrylonitrile, polyvinyl alcohol 
(PVA), and. carboxymethylcellulose 
(CMC) have been explored extensively 
because of their low permeability, but 
high-quality shells have been 
produced only from PVA, and these 
only in small sizes, in limited 
quantities, and with considerable 
difficulty. 

About two years ago, we 
considered all these factors and 

. .  
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decided to pursue an all-CH capsule 
using an inner pdystyrene shell as 
thick as we could make with sufficient 
wall uniformity. 'There were two main 
reasons. First, fabricating large plastic 

' 

. .  : .:shells of the very high quality . .  
: ' . :i: '. . required for Nova appeared to be .a . .' 

difficult task, and information in 
. . . . the .literature' as well as our own 

' . . 

experience indicated that polystyrene 
shells would be ihe easiest to make. 
Second, we had :mnsufficient data 
available to make a quantitative 
assessment of the radiation damage 
effects on polymer capsules, but we 
knew that a polystyrene-based 
capsule had the highest chance of 
survival because of its short fill time 
(due to high permeability) and its 
high radiation tolerance. In the short 
term, a simple cryogenic'systim 
would enable us to study implosions 
of capsules filled with deuterium (DJ 
gas, and cryogenic transport looked 
like a feasible way of delivering the 
D-T-fded target capsule to the 
target chamber. In case we were 
unsuccessful, KMS Fusion would 
continue to investigate the fabrication 
of Nova-sized shells from alternative 
polymers and glass. 
As a result of ihis decision, we 

spent a year and a half developing the 
techniques to fabricate these capsules 
and measuring the physical properties 
necessary to fdl them with fuel and 
minimize its leakage. Most of this 
article describes the results of that 
work. However, one of the problems 
with this approach is that the 
cryogenic system are very costly to 
implement. We therefore began 
developing an alternative capsule 
design that will enable us to study 
gas-filled implosions without the need 
for cryogenics and that will also be 
hydrodynamically equivalent to a 
reactor-scale target capsule. This 
alternative design involves coating 
the polystyrene shell with a thin, 
impermeable layer of PVA before 
adding a thick layer of plasma- 
generated CH coating for the ablator. 
The polystyrene inner shell serves as 
a barrier to the undesirable implosion 
characteristics caused by having the 

highest wall density and opacity next 
to the D-T fuel. The balance of this 
article discusses our initial attempts to 
fabricate this new capsule design. 

.abrication of Polymer. . .F ..ImpIijsion Capsules :.I. .: 
With. the initial decision to.use 

an all.CH-polymer fuel capsule for. . 
. Nova, we;began.? sub;stari.tial effort to 
learn how'to fabricate such a target. 
Since it was doubtful that the capsule 
could be made to the proper thickness 
and Concentricity in a single step, our 
strategy was to develop methods of 
making thinner polystyrene shells, 
which would then be coated with 
plasma-generated CH polymer to 
the final dimensions. Since coating 

. .  is.a ve.q:slow process (1 pm/hr); ,: . .. : 
" we wanted fo. produce sheil6 that'- . ' .  

were as thick as possible. Because 
the polystyrene and CH coating 
compositions and densities are fairly . 
close, and because .it has been possible 
in the past to eliminate concentricity 
defects by.the coating procedure, it 
appeared that shells with highly 
spherical centers might be adequate 
and that the highly uniform wall 
thickness required for glass shells 
might not be necessary. However, 
wall smoothness would stdl be 
required to prevent coating defects. 

. .  

Making the Polystyrene 
Shells 
Polystyrene shells have been made 

by several processes. We evaluated 
two techniques in detail: droplet- 
drylng and microencapsulation. 
Droplet-drymg is essentially the same 
process we used for many years to 
make glass shells. Microencapsulation 
is a process for fabricating tiny 
capsules of one material to contain 
another. It has many other 
applications3 besides the making of 
hollow polymer laser  target^.^-^ We 
evaluated these two processes in 
parallel. When we began our 
investigations, we expected that the 
microencapsulation process would 
have a better chance of producing 
polystyrene shells nearer to the 
desired thickness, shells that would 

. .  

require less coating to bring them to 
final thickness. 

We started our microencapsulation 
work using a double-emulsion 
technique that had been used to 
produce polystyrene shells with 
diameters less than 500 pm. We 
quickly found, however, that this 
method produced shells .too small for 
Nova. Therefore we modified the 
method by designing a dual-orifice 
droplet generator similar to one we 
had used previously to make PVA 
shells in a drop tower. In this 
approach, concentric jets of polymer 
solution and water are formed, which 
break up within a centimeter into 
water droplets surrounded by 
polystyrene solution. The solvent 
dissolves into the water, and the 
hardened capsules are dried m a . - 
vacuum oven to remove the water. We 
made polystyrene shells from 300 to 
1000 p m in diameter, with wall 
thicknesses up to SOpm, but we were 
never able to achieve the necessary 
quality control. Therefore, we 
eventually abandoned this 
microencapsulation approach in favor 
of droplet-drying. 

In the droplet-drymg method, 
polystyrene shells are made by drying 
droplets of polystyrene solution as 
they fall through a heated column.6,' 
Our studies indicate that this is the 
best technique for producing high- 
quaIity polystyrene sheIIs of Nova 
dimensions.' The apparatus we used 
(Fig. 1) has a column 15 cm in 
diameter aqd 4.5 m long, with 11 
heated zones that can be controlled at 
temperatures up to 300OC. We recently 
upgraded the column so that the 
bottom section has a refrigerant 
recirculation system capable of 
maintaining - 70OC. There are inlets 
for refrigerated gas at the bottom and 
preheated gas at the interface between 
the cooled and heated sections. The 
upper portion is heated typically to 
2OOOC at atmospheric pressure with a 
slow upward flow of purge gas 
(usually nitrogen at 4 Wmin). 

We selected methylene chloride as 
the primary solvent for three reasons: 
it  has a relatively low boiling point of 
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Fig. 1 
Apparatus for producing polymer microshells 
by the droplet-drying process. Conditions 
leading to the various final products, which in- 
clude both desired arid undesired products, 
are illustrated schematically. PS is polysty- 
.rene, MER is methyl ethyl ketone. .. 

Heat Solvent 

bead 
So'id 0 

Heat Solvent 

Solvent Heat, gas 

Small, 
thick 
shells Large, thin 

shells 
Final 0 product 

4OoC, it is an excellent solvent for 
polystyrene, and it is not flammable. 

Devising a reliable generator to 
feed droplets of polymer solution into 
the column proved difficult. The 
polymer'solutjons. bave, complicated 

.above 10%;  polystyrene^ Since . . . . .  
'inethylene .chloride does not readdy . 
charge, our initiaI:.eff&ts U&g the ' . 

traditional design of an ultrasonic 
generator with electrostatic charge 
and deflection were unsuccessful. 
However, we were successful when 
we used a stream of solvent-saturated 
air to strip droplets from a capillary 
tip. These droplets were sufficiently 
spaced so that there was no problem 
with collisions in the column; 
M.orec+er,..ye were.abIe,to . . . . . . . . . . . . . . . .  make.. , 

flOs $rOprtit+ a?d,;aje-quiie W&&S 

. .  . . .  . .  . .  

Drop tower 

droplets in the desired size range with 
variation of less than 10%. While this 
degree of uniformity is lower than 
that obtainable with ultrasonically 
driven jet breakup, it is adequate for 
our . . . .  purposes. 
:. . Our fmf.aiiemg~<ai,~ak~~g Nova- 

' . size .polys~rene shetls.:produhd. more 
. 

: defective procjucti than. good ones. . .  
.?he unwanted products.were off;& . . 
types: raisins, soiid beads, doughboys 
(dented shells), and small, thick sheik. 
Initially, we developed a simpIe 
procedure for concentrating the high- 
quality shells. Static electriaty makes 
sieving impossible, so we developed 
a vacuum microsweeper to quickly 
separate the products of interest. 

Three improvements led to the 
. . .  incieased yield of high-quality .shells. . .  . . . . . . .  . .  ...... . . .  . . .  . .  

. .  . . . . . . . .  . .  . . .  . . . .  . . . .  
, '  . .  

. .  

Droplet generator 

PS, CH&, MEK 

31-gauge needle 

Nitrogen (22OOC) 

- -~ 

U 
500 pm 
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in the-gas inlet and. exit systems . . 
largely eliminated the soli&:beads. We 
learned how to minimize the raisins 
and small thick- shells by studying the 
effects of drying temperature in detail. 
The product distribution. of three runs 
is shown in Fig. 2. Tlhe .raisins are 
obviously due to too low a 
temperature, and the smalI, thick 
shells are apparently caused by 
shrinkage of the large, thin shells 

... .. . . . .  
. .-'were unable..id-.~rrd'conditions-'that -_. 

would increase the small, thick- 
walled shells to Nova size, so we 
concentrated on imp:roving the yield 
of the large, thin shells. Fine-tuning 
the column temperature largely 
eliminated the raisins and small, thick 
shells. 

The doughboy defect is an inward 
local buckling of the shell. We thought 
it was caused by slow cooiing. The 
gas cooling inside the shell contracts, 
and the polystyrene .wall is too warm 

*: 

' 

. .  . .  . when:they . i .  are heated too- much; We. 

We first noticed that the fraction of 
solid beads increased during the 
course of a run, and we assumed 
that a buildup of sol.vent vapor was 
inhibiting skin formiation on the 

and soft to maintain a pressure 
difference, so i t  buckles inward. We 
solved this problem .by controlling 
the cooling in the column. We cooled 
the bottom section of the column to 

. :drying droplet;. .thereby..fireyeri . .  
. . . . . . . . . .  

' "' shell-blowi&'.process.. Improvements . . . .  

alld& the wall to i 
..&ore before. it must support a ' 

significant pressure drop. We can now ,' 

make much larger shells without 
doughboy defects. 

We have examined several batches 
of shells in detail. Scanning electron 
microscopy indicates that the surface 
finish is generally better than 50 nm, 
although occasional defects 20-fold 
larger are present. The sorted batches 
typically have cjiameter,vana.tions. of .  :., 

of +- 10%. The'.batch-average 
concentricity defect determined from 
single-axis interferometry is typically 
about 20%, which corresponds to less 
than 1.pm for the thin shells. Multi- 
axis interferometry of a batch of 430- 
pm-diameter shells with 4.4-pm-thick 
walls revealed that about half of them 
had maximum concentricity and 
ellipticity .defects less than 1 p m  and 
0.25 pm, respectively. If these shells 
could be coated smoothly and 

I .  

. 

.. 3 5 %  &a: t&kne& &jafioi.ls. .: :{ .... 

U 
Solution: 5% polystyrene, 3% THF, 92%.CH;CI,; updraft: 6 L/min 500 Inn 

c 

b 

w 
200oc 
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. .  . ..:; '. . . - _ _ . .  . .  . . . . . . . . .  . i_ .  . . . . . . . . . . . . . . . .  . . . . .  . . . . .  . . . .  . . . . . . . . . . .  . . .  
. .  

. .  . .  
_. . 

. .  
. . . . . . . . . .  . . .  

e ,  . : . . .  . .  . .  

Fig. 2 
Effect of drying temperature is shown in these 
samples of shells produced in three runs at 
different temperatures. THF is tetrahydro- 
furan. 
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uniformly, they would probably be 
satisfactory as targets. 

We also developed a fabrication 
technique that doped the' polystyrene 
shells with bromine. Bromine has . . .  ... 

. .  .. : . .  . '. . ,. _ i  
_. . . . . . . .  : : .. .been...prQposed .as .a replacement for.. . . _  . . .  . . . . .  . . . . . . . . . .  sifii.on"rr! g~ass:&&j.:ifi .&rc&to: ....... 

" , p+i t  tt;e use'of.&troii &tivation .. 

to. measure shell p We first attempted 
: to. add the brofine by ekpos'ing the 

polystyrene shells to bromine vapor. . 
However, the bromine softened and 
distorted the shells before substantial 
exchange with hydrogen occurred. We 
next tried adding small amounts of 
liquid bromine to the polystyrene 
solution before processing. With this 
technique, we found that adequate 
bromine (a few tenths of a percent) 

. . . . .  . .  
. .  

' . could .be incorpor&e&i&: the:: '.' 
. . . .  ' 

' .  ' polystyrene'ivitiout affecting th 
shell-forming process. 

Coating the Shells 
The CH ablator is added to 

the polystyrene shells by plasma 
polymerization. A mixture of trans- 
2-butene and hydrogen is fed into 
a glow-discharge plasma, where a 
variety of free radicals are formed, 
and a highly cross-linked CH polymer 
is deposited on the shells below.* To 
ensure a uniform coating, the shells 
are .subjected to random movement 
during this deposition .by Eeing 

Fig. 3 
Samples from a 
batch of shells 
coated by the 
plasma polymeriza- 
tion method to a 
wall thickness of 
80 pm, near that re- 
quired for a target 
capsule. 

bounced in a pan vibrated by a 
piezoelectric crystal that is driven by 
a white-noise voltage source. If the 
amplitude of the vibration is tuned 
properly, it is even possible to 'reduce 

, . . shell concentricity defects because the . 
. . .  thicker side.'te&'to.spend'-a;aonger 

.. time on the. h tom"an8 the  c o a h g  
rate is higher on the top9 . . : 

Polys$Tene.sheIIs made by both .. 

the mickencapsulation and drop- 
tower techniques .were coated using 
this technique. Shells produced by 
microencapsulation and the small, 
thick shells from the drop tower were 
easier to coat than the large, thin 
shells from the drop tower. The latter 
had a tendency to agglomerate during 
the coating process, producing very 

. .-nonuniform . . .  .:. .coatings.- . This: 6ehavior is , :. 

.. apparently' due to the high'. ratio 'or.' . '. , . 

. . .  

static charge to mass for 'the large; 
thin shells. Unfortunately, we were 
not able to either reduce the vacuoles 
in the microencapsulation shells to an 
acceptable level or increase the 
diameter of the small, thick shells 
from the drop tower to Nova size, so 
we attempted to circumvent the static 
electriaty problem'of the drop-tower 
sheus. 

Increasing the vibration amplitude 
was unsatisfactory because the 
amplitude needed to keep the shells 
separated was greater than that .: 

required to bounce them out of the 
pan. Increasing the wall height of the 
pan permitted higher amplikdes but 
drastically slowed the coating rate. We 
had better success by reducing the 
static charge, which we accomplished 
by pretreating the shells with an 
antistatic agent and starting the 
,coating run with a period of hydrogen 
piasma. stripping. Sufficient quantities 
of coated shells were produced by this 
technique for mechanical testing and- 
quality testing. A photograph of one 
batch coated to a wall thickness of 
80pm is shown in Fig. 3. The 
efficiency of this coating procedure 
was lo\\.er than desired, but 
improvements were not pursued 
because of a programmatic shift to the 
capsule containing the PVA interlayer 
for a Denneation barrier. 
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The permeability of PVA to 
hydrogen is 1000 times less than that 
of polystyrene. Annamalai et a1.I' 
.report attempts to coat polystyrene ' . 
shells with PVA by exposing a shell 

i.se.d.qcous~c field to 
&~~U?,"PVA; .Ho&ver;. .i 

. 

5 &mpli&fed; a& it: . ' . ' 

. .  .resulted in poor-iuality coatings. . ' . .  
Therefore'we 'explored alternative ' . '  ' 

approaches, ail- involving embedding a 
polystyrene shell in a drop of PVA 
solution, then drying it in a drop 
tower at mild enough conditions SO 
that the PVA film would not blister 
during the drying process. The best 
approach is shown in Fig. 4. The 
polystyrene shells; are sorted for 
quality and vacuumed into a capillary 

_. tube: Then :the.P!lA~soluti.on~k drawn : 

. iito the iapillary+tt; a syriiige. n e  
loaded capillary i:; inserted into a gas 
nozzle so that a coaxial flow of gas 
strips the solution,-coated shells from 
the capillary tip as they are pumped 

. out. A column temperature of 100°C 
produced uniform, blister-free coatings 
with a surface finish better than 
0.1 pm. Single-axis interferometry 
indicated that many of the coated 
shells had a concentricity defect of 
less than 1 p m  on a 500-pm-0.d. shell. 
The thickness of the coating can be 
changed by varying the ratio of the 
shell and capillaj  diameters or the 
solution concentration. We have not 
determined how thick we can make 
coatings before gravity causes 
unacceptably large coating 
nonuniformity. In principle, thin 
alternating coatings of PVA and 
polystyrene could. be applied io 
achieve sufficient total PVA-thickness 

.. to redu:ce perm4ation to an .acceptable 
level.' Moreover, i t  apkars  likely that 
other polymer coiatings containing' 
.elements for diagnostic purposes could 
be applied at various stages; with the 
only restriction. being that they: must ' 

be soluble in a solvent that does not 
damage the last shell layer. A bonus 
of the PVA.coating is that it drastically 
reduces the static electri&y problem 
and makes the shells far easier to coat 
with the plasrna-generated CH 
polymer. 

1,. ' 

. .  

. 

. 

illing the Capsules 
The only practical way F developed so far to fdl the tiny 

.target capsules with gas is by. the- .' .. 

hiffusion-loading technique. In this 
, 

capsules.are put.. , . 
' . . . i.. 

, .. .... '. mber,: ivhi~h +.*en -.:... .__ _. ... ::: . .. . . . .  . . . , .. . 
. ._. . p & q . k e d  y&h fie gas' that:*' to;,+ ' : . . .: ;. ., , , ' .  ' . . . . . .  . 

.: loaded into. them (usuauy D-T). The '. . . .  . . . ,  . .  . .. 'gas diffuses&rough the wa1kof:the , , ._. .. 
capsules, from the outside irt, and fills 

. 

them to the desired internal pressure. 
Heat may be applied during this 
process to increase the permeability 
of the capsule.walls to the gas. 

Several factors are important in 
determining the response of the 
capsules to being fded with gas. The 
permeabilities and compressive and 

.. 

.. ' . . .  tensile sgengths. of.-the inner'shell ;. ., 

temperature-dependent-determine ' . 

the fill time and temperature, the 
maximum fa pressure, and the 
temperature required to maintain 
the fdl gas in the capsule. We have 
measured the room-temljerature 

' ~&&&,~ &f &j& & . .. , ., . 
... . . 

~ 

1. Load shells into glass capillary tube. 
(Shells 0.5 mm o.d., tube 0.56 mm i.d.) 

2. Fill tube with 
polyvinyl alcohol 
aqueous solution. . .  ..- .. . .. . 

I 

3. Force shells and, 
solution out of tube. 
Gas jet separates 
shells with 0.05 mm 
solution film. 

4. Shells dry in 3-m column at 100°C. 
Final coating is 3 pn thick. 

Fig. 4 
Process for coating polystyrene shells witt 
polyvinyl alcohol (PVA), which is 1000 time! 
less permeable to hydrogen. 



.. 
. .  

. .  . .  

permeability to hydrogen; helium, 
and argor., the room-temperature 
compressive and tensile strengths, and 

'. . ' the tensile strength at liquid-nitrogen 
temperature for uncoated and coated 

. .  . . .  . . . .  . . . . . . . .  . . . .  . .  . . . .  , ' ' . . polystyrene she&.. Combin'ed with 
. .  

..... . I . . . . . . . . . . . . . . . . . . .  rarure data 'and pi&i$s: .::. 

eaSureherits at"LLNL'. 0n'PVA 
. . .  these results provide an excellent basis 

. .  . ' for evaluating and comparing the ' ' 

procedures required for fielding all- 
CH and PVA-interlayer polymer 
implosion capsules. 

. . '  : :..  

. . . .  
I . .  . .  

. . . . .  
. .  

. .  
. .  

Governing Equations 
The time required to fill an 

implosion capsule depends on the 
capsule's permeability to the gas of 
interest and its compressive strength. 
The fill rate is proportional to the 
pressure drop across the capsule waII, 
which for a constant external pressure 
decays with a time constant 7 given 
by 

... (ro - rJ.2 
7 =  

3RTKr, 

where 4 and r, are the inside and 
outside radii, K is the permeability, 
R is the gas constant, and Tis the 
absolute temperature. 

If the capsule is strong enough to 
support a pressure drop higher than 
the desired fill pressure, it can be 
filled with a single pressure step by 
allowing sufficient time (about five 
time constants) for the internal and 
external pressures to approach 
equilibrium. 

The maximum external pressure 
that a capsule can withstand depends 
on the ratio of the capsule's wall 
thickness to its diameter. Thin shells 
collapse by elastic buckling, and the 
ideal failure pressure is given' by 

where E is Young's modulus and v is 
Poisson's ratio. This represents an 
upper bound for real situations, and 
stretching, cracks, or complete failure 
can occur if the strain in the buckling 

region exceeds the elastic limit A 
lower bound, normally called the 
minimum buckling pressure, can be 

' estimated from the empirical equation 

. . .  . . .  * . .  

; ' . AS the shell becomes thicker, there 
isa transition to an inelastic-shearing: 
failure mode. This failure prksure is 
given by 

where S, is the compressive strength. 
If the desired fill pressure .exceeds 

.the compressive' failure pressure..of the 
'capsule divided by a safe$ factor o f .  
four or so, the capsule can be fded in 
a series of steps, or, even better, by 
ramping the external pressure so that 
a constant pressure drop is maintained 
across the wall. The minimum time 
required for a ramp fill is equal to 
7 P / U  where P is the desired fill 
pressure and AP is the constant 
pressure drop. Due to variations in 
the permeability of different shells, 
however, it is wise to hold them at 
the fill pressure for two or more ti 
constants to increase fill accuracy. 
the other hand, if the fill pressure 
much lower than the failure pressi 
as in the case of a trace diagnostic 
and some variation in the fdl pres: 
is allowable, the fill time can be 
significantly shorter than the time 
constant. 

When the external pressure on 
capsule is released after the capsul 
filled, an excessive amount of the 
gas must not leak out before the 
target is shot and the capsule musi 
not crack or burst due to tensile 
failure. The rate of leakage is 
characterized by the same time 
constant given in Eq. (1). Since the 
permeability of materials increases 
exponentially with temperature, th 
implies generally that the capsules 
must be stored at a substantially lo 
temperature than that at which the 
are filled. It is therefore necessary t 
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know the temperature dependence 
(activation energy') of the permeability 
to choose the appropriate fill and 
storage temperatures. The tensile . .  

failure pressure of the capsule is also 
@&.;by Eq,(4), except;'that. the ,.:, :. ;:. , , 

cornpres&e:s&~erjgth. is ieplaced by ' '. 
the tenhe s'tiengfh, S,. Materials . ' 

gineially becoke stronger as 
temperature decreases, so the .. 
temperature dependence of the 
capsule strength should also be 
known. 

. ' 

Capsule Tests 
We developed (3 simple apparatus 

to determine the l'lling and leak 
characteristics of the CH-coated 

. .  . . .  . .  
. . .  

. .  
. . .. 

. .  . .  . . . .  , '  . 
. . . . . . I  ... ., . . .  . 

. .  

polystyrene capsules. We suspected 
that the permeabilities of the 
polystyrene and the CH coating 
were close enough that neither 
would dominate the effective capsule 

.. .,pemea!Slity, , .  . sq both would have. to .... . ' .  . .. .. . 

' .  have a system that: could. measure the .: 
' , leak rate of a .single capsule .or a few 

capsules at a time, because we could 
only 'produce them in small quantities 
and because we thought we might 
need to determine 'the permeability 
of. each capsule to be used .for. an 
implosion experiment to ensure 
proper filling. The resulting apparatus 
is shown in Fig. 5. Basically, a 
microtransducer measures the pressure 

' be det&$ified,-o)ur o6j,j'ective':was;to.- . .. ' .. .:.' '. 
.. ' . 

. .  
. .  

. .  
.. . 

. Pressure 
microtransducer 

SS capillary tubing 
0.112 rnrn i.d. 

Microsphere 
vessel 

' .  . 

1NERTiAL FUSIOE 

Fig. 5 
Apparatus for testing the permeability 
coated polystyrene shells to various 
SS is stainless steel. 



i . . .  
. . . .  . . . . . . .  ... .:< . : . .  . .  

. .  . . . .  . . .  
. .  

. . . . .  

rise in a microvolume due to leakage 
of the fill gas. Preliminary results of 
these tests at room temperature are 
given in Table 1 along With data from 
handbooks ("Iiterature data") and 

' 

. .  . .  , other sources..''. This .is the first 
_: i . .  . . .  . . . .  . . . .  ,. . . :iibmonstiation t+tt .the, CH.c&ati&g'is. i,:.. . .  
. . . . . .  ... .... -. .nipre permeable. thin +olystyrene. ' . . .  

. The apparatus used for c6mpressive . 
strength tests:is s h o w  in Fig.6. The 
cell pressure and the video image of. 

... 
. . .  - .  

are displayed on a monitor and 
recorded on a video cassette recorder 
as the cell is pressurized. This must be 
done quickly so that a negligible 
quantity of gas permeates into.the 
capsule during the pressurizing step.. ' : 

._ ne gx+t.&gipressive fa4ure. .preSs.vre.' ' 
.. of each..cap&le is. detgnined. by . ' :':': 

. .  

. . . .  
. . . . . .  

re6ewing the video tape. 
The result, of these tests are 

summarized in Fig. 7. The outside. 
several capsules glued to a glass slide diameters ranged from 250 to 560 pm 

ells and CH coating to various-gases, in units 

Polystyrene shell CH coating 
Source Argon Helium Hydrogen Helium Hydrogenb 

Our measurements' 0.35 2.1 2.7 11 7 
K M S F ~ ~  - 6.2 6.9 

4.0 Isako+" 0.08 
LiteratureC 0.25 5.0 4-7 

- - 
- - - 
- - 

aMeasurements on shells. 
bPersonal communication from L Scott of KMS Fusion, Inc. 
'Measurements on films. 

Fig. 6 
Apparatus for testing the 
cqmpressive strength of 
fuel-capsule shells. 

Duo-window 
high-pressure 

sight gauge 7 

Light 
source 

Shell and 
holder f 

Video 
monitor 

I I 

Oigi& . . 
; voltmeter. . 

I 
Pressure 

transducer 

High- 
pressure 
gas 
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INERTIAL FUSION 

and the wall thicknesses from 1.6 
to 30pm. There is no significant 
difference in the compressive 
strengths of the polystyrene shells 
btween those made with different 

, 

. .  polymer mo1ecula:r weights or 
'b&veen. coated and uricbated shells, _. 
with the"sahe .total wall thickness. . 

The scatter in the data is probably 
due to a combination of imperfections 
in the shells and an inability to ' 

accurately meas,ure the wall thickness . .  
at the point of failure.:For the thin 

.. . . :. . .  upper .and..Iower..bound, xeSpectiGe15 . 
' . ,  

. .  
shells, Eqs; (2) and .(3) pro$de an . . . .1 

: .on the faiiure$reure, &:..&e'.. i.., . , ' "  . .. 
. .  

(a) Compressive?-strength test results. 

. o  0.01 

Legend 
I P S 5 0 K M W  . 
D PSYOOKMW 
0 PS >200K MW 
0 Coated shells 

0.02 0.03 0.04 0.05 

Fig. 7 
(a) Results of com- 
pressive-strength 
tests done, on the 

' apparatus of Fig. 6. 
(b) Micrographs 
showing . differ- 
e n c e s  b e t w e e n  
buckling failure and 
shearing failure. 

11 

(b) Buckling failure and shearing failure. 



Fig. 8 
Results of room- 
temperature tests 
of tensile strength 
of fuel-capsule 
shells. 

. .  . .  

thickness increases, the failure mode 
changes from buckling to 'shearing, as 
shown in Fig. 7. The failure pressure 
of the thicker shells is represented . 
well.by Eq. (4). The Young's modulus . 

. . . .  ; and,compressive .strength'.'dete,imined . ' 

from these exp&imen$.are w-ithin-tbe: .. ' 
.range: reported' for polystyrene., . ' '; ' . 

. We were uriableto deterhine the 
tensile failure by the sane  video 
technique because here the failure was 
often due to a small.crack not visib1.e 
at thii resolution. Instead, to test for 
tensge failure we begin by filling the 
shells slowly to prevent compressive' 

. . failure, using &e results from the .,. . 
permeability and compressive strength 
tests as a guide. We then quickly . 

released the external pressure and 
examined the shells by optical and 
scanning electron miiroscopy. Some 
were cooled by liquid nitrogen after 
filling but before pressure release to 
d e t e h n e  the cryogenic strength. 

shown in Fig. 8. The tensile strength 
of the uncoated polystyrene shells is 
near 18 MPa, which is about half the 
literature value for polystyrene. The 
failure mode depended on shell 

.. 

.. 
. .  

. 

. 

The results at room temperature are 

thickness. The thin shells tended to 
burst catastrophically, whereas the 
thick shells tended to develop cracks 
and spalling near the outside that 
would gradually grow with iepeated 
testing. Failure -pressure of the coated 
shells was quite variable, although th 
faiIure mode was constant in that the 
polystyrene inner shell would crack 
but the coating would not. This 
indicates that the tensile modulus 
of the coating is less than that of 
polystyrene, so it stretches too much 
to provide adequate support. 
Consequently the shells coated to 
Novq thickness are not capable of 
containing the 20-MPa pressure (200 
atm) corresponding to target-capsule 
fill densities. However, there is some 
evidence indicating that €he coating 
becomes stiffer with time, perhaps 
because of cross-linking due to 
reaction with moisture or oxygen 
in the air. 

permeable at room temperature to 
retain adequate fcl gas, they wiU have 
to be cooled while awaiting use. 
Literature data indicates that polymers 
tend to become both stiffer and 

Since the capsules are too 

.. 
0 .  .. .. 

. . 

Failed -1 
Survived - -S, = 20.7 MPa 

. 
. 

I 1 I I 
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 

ro - r, 
25 
- 



stronger when cooled. It was therefore 
our hope that the CH coating would 
become stiff enough when cool to 
adequately support the polystyrene so 
that the entire wall thickness could be 
treated as the pressure vessel. At 77 K, 
we found that the coated and 
uncoated shells have approximately 
the same strength For a given total 
wall thidness, although the 
polystyrene may be slightly stronger. 
This indicates that the modulus 
mismatch that caused the polystyrene 
inner shell to Gad: at low pressures at 
room temperature has largely been 
eliminated. The tensile strength of 
the shells at 77 K is about 30 MPa, 
some 70% stronger than at room 
temperature. However, we are less 
certain of the cryogenic value since 
we could not test very thick capsules 
because of the limited pressure 
available. 

We are rich in a position to better 
evaluate the filing and maintenance 
procedures for all-CH-polymer 
implosion capsules for Nova. We first 
note that implosion capsules have 
(To - q)/2r0 approximately equal to 
0.1, so according to Fig. 7 and by use 
of Eq. (4) they willl be able to 
withstand external. pressures as high 
as 40 MPa. If we allow a safety factor 
of 5, the maximum pressure drop 
maintained across the capsule wall 
during filling should be limited to 
about 8 MPa. Usirig permeabilities of 
5 x 10-'5and 7 x 10-'5mol.m/ 
m2. s . Pa for polystyrene and CH 
coating, respectively, in Eq. (l), we 
find that the time constant of a 
polymer capsule CioO p m  in diameter 
by 4 p m  thick, coated with 62 pm of 
plasma-generated CH, is 5 minutes. 
Therefore, these implosion capsules 
can easily be fdlecd with D-T to the 
desired fill density of 40 mg/cm3 
within half an hour using the pressure 
ramp method and allowing two time 
constants for equihbration. 

The next issue is how far to cool 
the capsules to maintain fill pressure 
and prevent tensile failure. Figure 9 
shows the temperature dependence of 
the rate of loss of fill gas for capsules 
of the same dimensions considered 

above. We see that the capsule must 
be cooled to at least 150 K to allow a 
significant amount of time for 
handling. At this temperature, the 
internal pressure has been halved. 
For a D-T fill density of 40 mg/cm3, 
the internal pressure decreases from 
20 MPa to 10 MPa, which is greater 
than the 6-MPa safe working pressure 
calculated using a tensile strength of 
4800 MPa and a safety factor of 4. 
This result indicates that, to prevent 
cracking or bursting, the capsule 
should be cooled to about 90 K, 
which is significantly lower than the 
temperature required merely to . 
prevent permeation loss. 

As we shift our attention to the 
capsule design with the PVA 
interIayer, we need to accurately 
determine additional permeation and 
strength properties, including how 
these properties are affected by the 
radioactive D-T, to establish fdl and 
maintenance procedures. We can 
make preIiminary estimates based on 
published physical properties. Again, 

Temperature, K 
.oo 200 150 125 

------- 
Ea = 4 kcal/mole 

fa = 3 kcal/mole 

3 4 5 6 7 0  
- 1000flemperature (K). K-' 

INERTIAL FUSION 

Fig. 9 
Temperature dependence of leakage rate of 
fill gas from polymer fuel capsules. 
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the fili time depends on the 
permeability and the compressive 
strength. In this case, however, the 
much lower permeability of the PVA 
causes most of the gas pressure drop 
to occur across the PVA. Therefore, 
the CH coating provides support only 
to the limit of its adhesion. Campbell 
et ai.’ and workers from KMS Fusion 
report thst CH coating dramatically 
increases the exteinal pressure that a 
PVA shell can withstand, so the 
adhesion must be fairly good. For a 
PVA thickness of 2 p m  and using a 
PVA permeability of lo-’* m o 1 . d  
m*.s.Pa, we find that the permeation 
half-life of a Nova capsule at room 
temperature is about 20 hours. 
Assuming that the compressive 
strength of the PS-PVA-CH capsule 
(where PS is po1y:;tyrene) is equal to 
that of a PS-CH capsule of the same 
total dimensions, we estimate from 
the calculated half-life that it would 
take two to three days to fill 40 
mg/m3 of D-T (20 MPa). This 
time could probably be reduced 
significantly if the filling temperature 
were increased to about 8OoC, just 
below the glass transition of the 
polystyrene, because the PVA 
permeability increases 20-fold over 
that temperature range. PVA is both 
strong and stiff, so its presence should 
significantly increase the fill pressure 
attainable at room temperature. 
Estimating the tensile strength of a 
composite shell is difficult, especially 
when the tensile modulus of the 
CH coating is so uncertain, but we 
currently estimate that these capsules 
should be able to inaintain a pressure 

of more than 10 MPa. Since fill gas 
leakage is governed by the same time 
constant mentioned above, we note 
that significant loss of fiil gas will 
occur over a period of a few hours, so 
rapid alignment and shooting of the 
target is necessary. A final pertinent 
factor, the deterioration of capsule 
strength and permeability due to D-T 
exposure, is less well understood 
and needs to be quantified more 
thoroughly. 

-ary 
The desire to obtain fuel S capsules with superior 

implosion and diagnostic 
characteristics has led us to develop 
techniques for making and coating 
polymer shells. We have used the 
droplet-drying process to produce 
quantities of target-quality, thin-wall 
polystyrene shells over the range of 
diameters required for Nova. We have 
also demonstrated that the walls of 
these shells can be made as much 
thicker as required for the target by a 
coating process that maintains wall 
uniformity and smoothness. However, 
the difficulty in fielding these highly 
permeable capsules with D-T has 
caused us to shift our attention to a 
polymer capsule with an interlayer of 
PVA, which serves as an adequate 
permeation barrier. We have 
developed a simple technique for 
coating the polystyrene with a thin 
outer layer of PVA, and initial 
attempts at further coating these 
capsules with plasma-polymerized 
CH coating have been favorable. M 

Key Words: fuel capsule-glass, polymer, 
polystyrene; implosion target (for laser fusion); 
laser fusion; Nova laser facility; plasma 
polymeria tion. 
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