I nitial Performance of the High-Pressure DT-Filling Portion
of the Cryogenic Target Handling System

Cryogenic targets for the OMEGA laser are polymer shells of
~1-mm diameter and 1- to 5-um wall thickness that require
internal D, or DT solid layers of ~100-um thickness. Targets
containing D, may aso be doped with gaseous He? to aid in
diagnosing theimpl osion using the charged-particle spectrom-
eter. To achieve the required inner ice layer, shells are first
permeated to apressure of ~1000 atm at room temperature and
then cooled to ~25°K. A slow, controlled pressure ramp to
avoid buckling of thetarget and asl ow, controlled temperature
ramp to 25°K are required to successfully fill targets. The
thinnest-walled shells, which are of the greatest interest, have
buckling pressures <0.1 atm, which imposes arequirement of
considerable precision in controlling the pressure differential
across the shell wall during the pressurization and cooldown.
LLE has constructed a system that successfully fills thick-
walled targets and demonstrates the capabilities necessary to
fill thin-walled targets.

System Description

The pressurization portion of the Cryogenic Target Han-
dling System achieves compression in two stages (as seenin
Fig. 81.4): (1) by slowly heating the cryogenically concen-
trated D, or DT and (2) by using adiaphragm compressor. The
process begins with valves V1, V3, and V6 open, al other
valves closed, and the targets evacuated. The condensation
tube (volume 12.0 cmd) is cooled to ~10°K,, and the contents
(~0.3mole) of the D, or DT vessel are condensed into it; then
valvesV4 and V5 areopened, providing apath for gasto reach
the permeation cell, which contains four targets at room tem-
perature. Next, valveV1isclosed and V2 isopened, allowing
asmall quantity of He3 to flow to the targets. A pressure of
~0.03 atm of He3 added at this point will produce a 5% con-
centration of He? in the gaseous D, in the center of atarget at
thetriple point, 18.7°K. To start thefirst stage of compression,
valveV 3isclosed, and the condensation tubeis slowly heated
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Figure 81.4

Abbreviated diagram of the pressurization portion of the system. The parts omitted include burst discs, limit switches, solenoid valves, and controllers.
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until the pressure in the targets reaches ~150 atm (190 atm
maximum). The second stage of compression is achieved by
closingvalveV5andslowly driving thediaphragm compressor
tothefinal pressure, typically 1000 atm (1500 atm maximum).
This compressor has a flexible metal diaphragm with up to
30.9 cm? of gason one sideand hydraulic oil onthe other. The
oil is compressed by a syringe pump, which uses a piston
(area = 1.60 cm?, stroke = 24.3 cm) linked by a gear train
(126 turns/cm) to a stepper motor (1000 steps per turn).
Although pressuretransducersarelocatedin both stagesand on
the permeation cell, system control depends primarily on the
transducer P2—ahighly accurate(*0.14 atm) Bourdontube—
in the second stage.

After thetargets have reached the maximum pressure, they
areslowly cooled to <25°K beforethe D, or DT external tothe
targetsis pumped out of the permeation cell. For thick-walled
targets, thecoolingisdonewithvalveV 6 closed. Cooling must
be done slowly enough that the cooled portion of the pressur-
ization system remainsisothermal, avoiding temperature gra-
dients that could produce a pressure differential across the
target wall, causing the target to burst or buckle. Thin-walled
targets, becausethey areweaker, requirean alternativecooling
strategy:* Valve V6 is left open, and the compression equip-
ment is run in reverse to lower the pressure as the targets are
cooled, keeping the measured external pressure very close to
the calculated internal pressure. Oncethetargetsare cooled to
<25°K, the vapor pressure of D, or DT is <2 atm, and the gas
external tothetargets can be pumped out of the permeation cell
without risk of bursting thetargets. Thispumping isdonewith
valve V7 open; it continues (possibly for several hours) until
the residual quantity of gas in the permeation cell will be
manageable when the cell is unsealed and thisresidual gasis
released into the cryostat.

*If valve V6 could be located inside the cryostat and cooled along with the
permeation cell so that all portions of the pressurized volume remained
isothermal, the pressures internal and external to the target would be nearly
equal throughout the cooling process. (A small excess pressure would still
ariseinternal to the target because the thermal contraction of a polymer shell
exceeds that of the metal permeation cell.) Such acryogenically compatible
valveisnot available. If valve V6 is closed prior to the cooldown, the small
volume in the room-temperature plumbing (~0.3 cm3, compared to 5.0 cm3
of cooled volume) generates a pressure external to thetarget. Thisis because
gas in the room-temperature portion is less dense than the cooled gas. The
external pressure generated by this density difference is sufficient to cause
thin-walled targets (wall thickness <5 um) to buckle. Successin cooling thin-
walled targets with valve V6 open and the compression equipment running
in reverse requires accurate determination of the target temperature and
calculation of the corresponding internal pressure. Since thin-walled targets
are much stronger against bursting than against buckling, the best strategy is
to keep the external pressure slightly below the calculated internal pressure.
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Thesystemiscontrolled by aprogrammablelogic controller
(PLC), which islinked to aworkstation with a graphical user
interface (GUI). All valves and motors in the system are
controlled by the PLC, which also monitors all pressures,
temperatures, and the status of limit switches. The pressuriza-
tion ramp is managed by control loops that include the high-
accuracy pressure transducer, the condensation tube ther-
mometer and heater, and the motor driving the oil syringe
pump. These loops are executed and maintained by “C” pro-
gramsresiding in the PLC. The GUI software allows the user
to monitor, log, and view data from the target-fill processin
real-time. It also allows modification of the fill rate and
parameters of the control loops. There are several hard-wired
safeguards, such as limit switches that prevent excess piston
travel in the syringe pump.

All system partsthat will contain =1 atm of DT have been
provided with secondary vacuum containment, with aglovebox
providingtertiary containment. Thissecondary containmentis
divided into four chambers. Helium gas at ~0.5 atm will be
circulated through three of these chambers with a circulation
pump, while the fourth chamber is kept evacuated to insulate
the condensationtube. Thedivisionsof the secondary contain-
ment system areshownin Fig. 81.5. A modifiedion gaugewill
detect tritium |leakagewith aresol ution of ~10 mCi/m3at 1 atm
and ~150 mCi/m3 at <1 Torr. If alow-level tritium leak is
detected, the tritium-contaminated helium will be pumped to
thetritiumrecovery system, evacuating thecontaminated cham-
ber. High-level leakage will be routed with the circulation
pump to a local uranium bed, which will absorb the DT.
Volumesinthe secondary containment chambers are sufficient
to containtheentire DT inventory of 0.34 mole (10* Ci) below
1 atm at room temperature.

Target Filling

Four targets are filled simultaneously. Each target is sup-
ported by three submicron strands of spider silk® as shownin
Fig. 81.6. The spider silk is stretched across a beryllium wire
frame, which is formed into a shape that avoids the OMEGA
laser beams, and coated with a uniform, conformal layer of
0.1 um of parylene, which fastensthe silk to the shell. The Be
frameis attached to a boron fiber, which isin turn attached to
anAl base. Thismounting method ishighly robust at cryogenic
temperatures. Thefour targetsare placedin acontoured copper
holder, as shown in Fig. 81.6. The copper holder acts to
improvethetemperature uniformity insidethe permeation cell
and also provides a space filler to minimize the volume. With
thisholder insidethe seal ed permeation cell, thecooled volume
is5.0cm3. Reducing thegap between the copper holder and the
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Cryogenic target supported with spider silk, and a holder for four targets
(only one of thefour cavitiesis shown); also see p. 21, Fig. 81.21, thisissue.

target support elementscoul d reducethisvolume, whichwould
reducethe percentage of the DT inventory required tofill aset
of targets (currently 82%). The tighter tolerances, however,
wouldincreasethedifficulty of removingtargetsfor transport,
and a higher target attrition rate might be expected.

Filling thin-walled targetswill take from 8 to 60 h, depend-
ing on the specifications of thetargets. To fill them as quickly
aspossible, the pressureisincreased at auniformrate such that
the external pressure exceeds the internal pressure by an
amount AP, which is less than the buckling pressure:2

8E  wrf

D

wherew =wall thickness, D =diameter, E =Young’'smodulus,
and u = Poisson’s ratio. For plasma polymer shells3 this
formulawas confirmed experimentally at L L E by pressurizing
shellsof variouswall thicknessesin the 1- to 10-um range and
measuring their buckling pressures. To compare the data to
Eq. (1), thevalueof Eusedwas2.1 GPa, obtained by measuring
the expansion of several plasmapolymer shellsduetointernal
pressure. Thevalue of uused was 0.35 (the valuefor polysty-
rene, a glassy polymer with somewhat similar properties to
plasmapolymer). Thepermeationtimeconstant for anideal gas
isgiven by
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where p = permeability, R = gas constant, and T = absolute
temperature. Since D, at high pressure is less dense than an
ideal gas (62% of theideal gasdensity for 1000 atm at 294°K),
alarger time constant is expected at high pressure, suggesting
that a cautious rate of pressure rise should be used. For a
uniform rate of pressure rise, the pressure differential across
the shell wall is proportional to the permeation time constant
after atimet >> 1:

dP
AP=1—.
at ©)

Combining Egs. (1), (2), and (3), the maximum pressurization
rateis proportional to wall thickness/(diameter)3:

dP _ AP < 48EpRT  w.

S WD @

For a plasma polymer shell withw =1 ymand D = 1 mm, the
buckling pressureis 0.1 atm, 7= 10 s, and filling to 1000 atm
at room temperature requires more than 30 h. Thefilling time
may be reduced by filling at an elevated temperature.

System Performance

Several thick-walledtargetshavesurvivedfillingwithD, to
a pressure of 1000 atm. In the first test, two mounted targets
with 1-mm diameter and wall thicknesses of 10 umand 20 um
werefilled to 1000 atm over an 8-h period, left under pressure
for 3 days, and then depressurized over an 8-h period. After
removing the targets from the permeation cell, microscopic
examination indicated no damageto the targets or the mounts.
Inthesecondtest asimilar pair of plasmapolymer targetsalong
with a polyimide target were pressurized and then slowly
cooledto 20°K. The permeation cell wasthen unsealed, andthe
targets were viewed at 20°K through a fiber-optic borescope.
Thetargetswereseentobeintact. Oneof thetargetswaspicked
up with the robot arm and deposited on the tip of the moving
cryostat, where the target was warmed. A sudden spike in
pressure of the expected magnitude indicated that it had ex-
ploded, asexpected, and that it had retained al the D, fromthe
filling process.

The performance of the two compression stagesis studied
by comparing experimental data to the D, equation of state.
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This comparison requires knowledge of the volume of each
part of the system. The volume of each part is determined by
connecting to a known volume and observing the pressure
changewhen gasflowsto or from the volume being measured.
A 24-term equation developed by NIST# gives pressure as a
function of density for D, above the critical point (38.3°K),
using termsup to the seventh power of density and sixth power
of temperature. At temperatures below the critical point, satu-
rated vapor pressures® are used. It is difficult to predict pres-
sure and density accurately in the region of the critical point
(and down to the point where the liquid phase begins), and it
isplannedto rely on datataken with the pressurization appara-
tusitself.

Performance of the condensation tube for pressure genera-
tionisshown in Fig. 81.7. The data are taken by condensing
0.123 moles of D, (determined by measuring the change in
pressure in the D, supply reservoir and converting to moles
with the equation of state), and then raising the temperature of
the condensation tube slowly enough to assure isothermal
conditions in the tube (the tube, made of stainless steel, isin
good contact on all sideswith copper of high thermal conduc-
tivity). The 0.123 moles are distributed between the 12.0-cm3
cooled volume and the 5.32-cm?3 volume (tubing, burst disc,
and valves) at room temperature. A good match is obtained
between measured data points and the expected pressure,
calculated with the NIST equation of state.
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The pressure in the condensation tube (measured points) is accurately
characterized by the D2 equation of state above 38°K (used to compute the
solid line).
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Analyzing the performance of the diaphragm compressor
reguires knowledge of the oil compressibility. The manufac-
turer of the compressor® supplies compressibility datafor the
oil,” which arefit by the equation

C(P) = by (P/1 atm) — b, (P/1 atm)?, (5)

whereb; =5.30 x 1072, b, = 6.4 x 1079, and C(P) is defined
asthefractional reductioninoil volumefromitsuncompressed
value at pressure P. The expected pressure is obtained by first
computing the D, molar density,

~ M
“Vo-[AZ-Vi T(P))’

P (6)

where M isthe number of moles, Vyistheinitia volume, Ais
the areaof thepiston, zisthedistance of pistontravel, and V;,
istheuncompressed volumeof oil. Thepressureval uesentered
inthisequation are obtained by expressing the experimentally
measured pressuredataasacontinuousfunctionof z. TheNIST
equation of state is then used to convert density to pressure.
Figure 81.8 shows good agreement between measured and
calculated pressure. The fitting parameter adjusted to obtain
agreement between measured and calculated pressures is
Vi =113.5cms3, which cannot easily bemeasured. In addition,
b,=4.2 x 10~ provided amuch better fit at high pressuresthan
the manufacturer’sdata. For thisanalysis, it has been assumed
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Pressure versus piston positionisaccurately characterized by the D2 equation
of state and oil compressibility data. Error bars for the measured points are
too small to see. The maximum difference between measured and computed
pressures is 8 atm for the whole data set, 2 atm at pressures <500 atm, and
0.1 atm at pressures <160 atm.

that the oil pressure and gas pressure are the same, and that the
extra component of oil pressure required to deform the dia-
phragmisnegligible.

To pressurize targets, a temperature versus time profileis
calculated for the condensation tube, using vapor pressure
data, and the equation of state. This calculated profileis used
to program atemperature controller, which usesaPID loop to
control the temperature. An exampl e of a successful tempera-
ture profile and the resulting uniform rate of pressureriseis
showninFig. 81.9. Thedifferencein pressure betweenthefirst
and second stagesisduetothemeteringvalve, fully openinthis
case. The ramp that was obtained would be suitable for ashell
with a 3-um-thick wall and a 1-mm diameter, but the method
should work equally well to generate a pressure ramp suitable
for a shell with a 1-um wall. Hidden in these data are small
departures from a constant rate of pressure rise, which should
be correctable by adjusting the temperature profile with mea-
sured data near the critical point. This procedure’s successin
generating aconstant rate of pressureriseoffersan opportunity
to eliminate the metering valve. There is strong incentive to
eliminate this valve because of stem-seal leakage. Leakage
through this valve stem was detected by pressurizing the
system with He and was not eliminated by replacing the
O-ring. Thestemisseal ed by asingle O-ring, which appearsnot
tobesufficiently constrained. Evenif constraintsonthe O-ring
were improved, leakage would be expected when the valve
stem is moved.
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A uniform rate of pressure rise is produced by applying a calculated
temperature profile to the condensation tube.
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To generate the high-pressure portion of the pressure ramp,
avalveisclosed to isolate the diaphragm compressor from the
condensationtube. Thepiston of thesyringepumpisthengiven
an initial velocity, and a simple algorithm is applied to the
resulting rate of pressure rise to adjust the piston velocity to
match the desired rate of pressurerise. Theresult is shown in
Fig. 81.10, which shows a pressure ramp suitable for a shell
witha5-pumwall thickness. Upon magnification of thepressure
versus time data in Fig. 81.10, the pressure is found to be
increasing smoothly at all times, with small variationsin slope
dueto the control algorithm. No obstacle isfound to the use of
amuchslower rate of pressurerise, whichwould besuitablefor
filling shellswith 1-um wall thickness.
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Figure 81.10
A constant rate of pressureriseis produced by controlling the piston position
with a simple algorithm.

The pressurization system has proven robust, with all
indications that it will be able to fill shells with the thinnest
walls. Three additional observations contributeto thisconclu-
sion. Thesmallest motionincrement of themotor drivingtheoil
syringe pump corresponds to 0.002 atm at a pressure of
1000 atm, and less at lower pressures, much less than the
0.1-atm buckling pressure of shellswith 1-umwall thickness.
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When the motor direction is reversed, as will be necessary
when cooling thin-walled shells, there is one turn of backlash
inthemechanical system, but no observable pressuredrop that
could threaten shell survival. Finaly, it appears that the low
rate of temperature rise required for the condensation tube
(~0.2°K/min at 40°K) is achievable by applying a slowly
increasing power level ~12 W. To demonstrate the capacity to
fill thin-walled shells, aseries of increasingly slower pressure
ramps will be used to fill successively thinner walled shells,
followed by depressurization ramps and examination of the
shells. Thefinal and most difficult stepwill betoagainfill such
targets and reduce the external pressure while cooling the
targets by running the pressurization apparatus in reverse.

ACKNOWLEDGMENT

The pressurization portion of the CTHS is based on a conceptual design
by General Atomics. The use of spider silk to support targets was pioneered
by S. G. Noyes of LLE, who also developed the present attachment method.
Thiswork was supported by the U.S. Department of Energy Officeof Inertial
Confinement Fusion under Cooperative Agreement No. DE-FCO03-
92SF19460, the University of Rochester, and the New York State Energy
Research and Development Authority. The support of DOE does not consti-
tute an endorsement by DOE of the views expressed in this article.

REFERENCES
1. B.A.Brinker, J. M. Cavesg, J. R. Miller, S. G. Noyes, S. Sheble, and
L. T. Whitaker, J. Vac. Sci. Technol. A 1, 941 (1983).

2. W. C. Young, in Roark's Formulas for Sress & Srain, 6th ed.
(McGraw-Hill, New York, 1989), p. 691.

3. S.A.Letts, D. W. Myers, and L. A. Witt, J. Vac. Sci. Technal. 19, 739
(1981); S. A. Letts et al., Fusion Technol. 28, 1797 (1995); B. W.
McQuillan et al., Fusion Technol. 31, 381 (1997).

4. R. Prydz, K. D. Timmerhaus, and R. B. Stewart, in Advances in
Cryogenic Engineering, edited by K. D. Timmerhaus (Plenum Press,
New York, 1968), Vol. 13, pp. 384-396.

5. P. C. Souers, Hydrogen Properties for Fusion Energy (University of
California Press, Berkeley, 1986), p. 52.

6. Fluitron, Inc., Ivyland, PA.

7. This type of oil is “Tellus 10" made by Shell Oil Company,
Houston, TX.

11






