


Modeling the Temperature and | ce-Thickness Profiles
Within OM EGA Cryogenic Targets

Introduction

Cryogenic targets for direct-drive experiments on OMEGA
reguire a 100-um-thick layer of solid hydrogen isotopes (DT
or D,) uniformly distributed around theinside of athin-walled
(2 um), 1-mm-diam polymer capsule. Thisuniformity isachieved
by maintaining the capsule in a uniform and stable thermal
environment where the inner and outer ice surfaces are each
positioned along a single isotherm. The hydrogen fuel is
layered!=3 in the following sequence: the capsule is perme-
ation-filled with gaseous DT or D,; the gas is cooled to the
liquid phase, then gradually cooled through the triple point;
polycrystalline DT or D, solid expands from a single nucle-
ationsite. Heat provided during cooling through thetriplepoint
is needed to sublime the hydrogen ice from regions where the
ice isthickest and redeposit it where ice is thinnest to form a
uniformly thick layer. For solid DT thisenergy is provided by
the radioactive decay of a triton atom, which produces an
electron with amean energy of 4.6 keV and provides 12 uW of
uniformbulk heatinginan OMEGA target. D, layersrequirean
external source of heat, whichisprovided by an IR light source
operating at the strongest vibrational—rotational absorption
frequency of the D, lattice (3.2 cm™).

The alowed deviation of the inner ice layer from a com-
pletely smooth symmetrical geometry islessthan 1-umrmsfor
all spherical Legendre modes ¢ < 50.4 This demanding speci-
fication requires a diagnostic technique that is capable of
measuring how accurately the capsule is positioned along the
isothermswithin the layering sphere. The only availabletech-
nique with the requisite sensitivity istheinterferometric tech-
nique used to measure the smoothness of the ice layer.> The
uniformity and smoothness of the ice are the best measures of
the thermal environment in the layering sphere. Since the
interferometric technique is also in development, additional
information is needed to understand the thermal environment
present inthelayering sphereto allow ustoiteratethelayering
and characterizing devel opment process. Thisinformation can
be obtained only by numerical simulation and is needed to
define the initial layering conditions. As experimental data
becomes available, the theoretical model can be refined.
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This work is an initial endeavor to develop a numerical
model of thethermal conditionsof acryogenictargetinsidethe
layering sphere. The layering sphere is a spherical cavity
containing two sets of orthogonal windows for viewing and a
hole for inserting and removing the target. The temperature
gradients within the ice are calculated for specific conditions
and nonuniformitiesinsidethelayering sphere. Thisallowsthe
pressure inside the capsule and the ice thickness to be calcu-
lated from the measurabl e temperature on the layering sphere.
Thenumerical simulationsare validated against analytic solu-
tions where possible. The sensitivity of theice layer’s unifor-
mity to the effects of three principal nonuniformities are
calculated: (1) misalignment of the capsule from the center of
the layering sphere; (2) variability in the uniformity of the
capsule wall thickness; and (3) temperature gradients on the
internal surfaceof thelayering sphere. Knowing themagnitude
of these effects will guide our target fabrication and cryo-
engineering research priorities.

A commercialy available computational fluid dynamics
(CFD) code FLUENT® isused to model the cryogenic target in
the layering sphere. This code employs an advanced variable-
sizemesh generati on mechanismthat providesmaximum com-
putational resolution where it is most needed. FLUENT also
possesses two properties that are required for more sophisti-
cated modeling: (1) it allows mass transport to be calcul ated
concurrently with thermal calculations, and (2) it has the
provisionto model condensation, anintegral component of the
layering process.

Two-dimensional (2-D) axisymmetric models of the envi-
ronment, which included the layering sphere, exchange gas,
target capsule, and DT-icelayer, wereusedfor thecal cul ations.
The models were created with GAMBIT (Fluent, Inc.) geom-
etry/mesh generation software, the companion program to
FLUENT. For these initial calculations, the target mount,
layering sphere windows, and target-extraction hole were not
included in the models. The geometry of the environment,
along with the meshing scheme, is shown in Figs. 81.11 and
81.12. A finer mesh was used in the ice and capsule, where
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greater temperature resol ution wasrequired, whileagradually
coarser mesh was used in the exchange gas extending to the
layering sphere’s inside surface. The cell size in the ice was
10 x 10 um?, and the complete environment totaled over
15,000 cells.

Thelayering sphere had aninsidediameter of 25.4mm. The
capsule, which was centered in the layering sphere (unless
decentered for modeling purposes), had an outside diameter of
950 umandawall thicknessof 2 um. TheDT icewasa100-um-
thick layer on the inside of the capsule. The geometry was
considered symmetric about the vertical axis; therefore, only
half the overall geometry was modeled. A 50-mTorr helium
exchange gas was placed in the layering sphere to allow heat
conduction between the target and the layering sphere.

With this model the dimensions (thickness) of the capsule
and ice could be readily changed, simulating capsule non-
uniformities and DT layering, respectively. Also, the target’s
position within the layering sphere could be changed easily.
Thisflexibility allowed many situationsto bemodeled, and the
steady-state ice-thickness profile was calculated iteratively.

Target in
layering ——>1]
sphere’s center

interior surface

T1496a

Figure 81.11

Axisymmetric 2-D geometry/mesh of the target capsule, DT ice, helium
exchange gas, and layering sphere’s interior surface used in the CFD
simulation. The inside diameter of the layering sphere is 25.4 mm, and the
outside diameter of the capsule is 950 um.
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The temperature-dependent properties of the materials in
the model were used at 18.5 to 20 K whenever possible. The
properties of the capsule material—polyimide (Kapton)—
weretaken from literature and product specifications supplied
from DuPont. These are listed in Table 81.1.

Tofirst order, auniformand stablethermal environment will
produce auniform hydrogen fuel layer if a perfectly spherical
capsule with auniformly thick wall is positioned at the center
of an isothermal layering sphere. In actual operation, devia-
tionsfromideality exist, whichwill affect theuniformity of the
ice. Thefollowingthreemodel sweregeneratedto cal culatethe
magnitude of thesedeviationsfromideality onthe steady-state
temperature and ice-thickness profiles.

Case 1. Misalignment of the Target from the Center of the
Layering Sphere.

Thetarget can be moved within the layering sphereusing a
four-axismotion controller (x, y, z, 8) with an absol ute encoder
defining its position. The primary goal isto make fine adjust-
mentsto position thetarget at the center of the target chamber
for the implosion. Generically, it is known that centering the

T1496b

Figure 81.12
Close-up view of the geometry/mesh of the capsule and DT ice used in the
CFD simulation. The DT iceis 100 um thick, and the capsuleis 2 um thick.
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Table 81.1: Properties of the materials used in the CFD simulation.

Solid DT” Polyimide (K apton)8.2 Helium at 50 mTorrl0
Thermal conductivity k (W/m K) 0.35 0.05 0.0227
Heat capacity C, (Jkg K) 2720 130 5600
Density p (kg/m?3) 257.6 1500 0.0002
Heat-generation rate Q (W/m3) 51000 0 0

uniform target in the layering sphere is critical to achieve a
uniform ice layer; however, the sensitivity of the target’s
position in the uniformity layering sphere to the ice is not
known. Whenthecenter of thetarget doesnot coincidewiththe
center of the layering sphere, the side of the capsule farthest
fromthelayering sphere’ssurfacewill bewarmer thantheside
closest to thelayering sphere. (Thecooler wallsof thelayering
sphere act as a heat sink for the heat-generating target.) This
resultsin anonisothermal inner-ice-surfacetemperatureand a
consequent thinning of theicefromthewarmer side. At steady-
state conditions an ice-thickness nonuniformity is created.

Case 2: Capsule-Wall-ThicknessNonuniformities.

Direct-drivetarget capsul eshavebeen produced withahigh
degreeof uniformity indimensionandthickness. X Thecurrent
method of measuring the variability in the wall thickness is
white-lightinterferometry and hasan accuracy of oneinterfero-
metric fringe~0.3 um. This case studiesthe effect of acapsule
nonuniformity, which istoo small to be measured, on the ice
thickness. (If it is found to be significant, a more accurate
method will have to be used to select quality capsules.) These
nonuniformitiesin the capsule wall can lead to thermal gradi-
ents in the ice as thinner areas in the wall offer less thermal
resistance to heat loss to the exchange gas than do thick ones.
As research continues on engineering precise uniform cap-
sules, the effects that nonuniformly thick capsules have on
cryogenic layers must be calculated.

Case 3: Temperature Gradients on the Inner Surface of the
Layering Sphere.

During calculations for Cases 1 and 2, it was assumed that
thelayering spherewasisothermal; that premisewill beinves-
tigated here. In this case, the effects that a temperature non-
uniformity over 12% of thelayering sphere’sinner surfacewill
produce in the target at the center of the layering sphere were
calculated. The source of theheat |oad could be (1) alocalized,
small thermal short to an adjacent shroud along an instrumen-
tation sensor or the optical fiber used for IR layering and/or
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(2) heating on the windows during IR layering and target
viewing, and from external radiation. Depending on the mag-
nitude of the temperature nonuniformity, polar and azimuthal
temperature gradients may develop in the ice. The effects of
these heat sources must be identified by cal culations so they
can be minimized by engineering.

Themost obviousinitial concern—heating caused by room-
temperature radiation—is not expected to be a significant
contributing factor: radiation will be absorbed in the windows
(BK glass) of the first stage of the cryocooler, which are at
45K. Lessthan 0.4% of thelightistransmitted by these 1-mm-
thick glasswindows. (Re-radiationfromthesewindowsat 45K
throughthelayering sphere’ ssapphirewindowswascal cul ated
to heat the target by less than 20 nW, which is negligible.)

TheTarget Viewing System (TVS) isused toilluminateand
view thetarget when it is positioned in the center of the target
chamber. Absorption of thisradiation in the sapphirewindows
isacontributor to anonuniform layering-sphere temperature.
Thesourceisfilteredto 532 nmwith abandwidth of 40 nm, and
the heat load islocalized around the windows. Because of the
excellent thermal conductivity of the copper layering sphere,
that areaisexpected to haveatemperaturenonuniformity of the
order of 1 mK. (If theillumination sourceisunfiltered, the heat
absorbed in the sapphire window is ~40 mW.)

A nonisothermal layering-sphere surface will transmit its
effects into the surrounding helium exchange gas, which will
produce an uneven heat load on the capsule. The nonuniform
capsuleenvironmentwill resultinashiftinthetargetisotherms
to create a nonuniform cryogenic-fuel layer.

Solution Procedure

Separate model swere devel oped to determine the sensitiv-
ity of the smoothness of the DT ice to deviations from ideal
boundary conditionsthat may beexpectedinactual operations.
Thiswas done to identify those parameters that most affected
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thelayer’s smoothness. Only heat transfer viaconduction was
modeled: the pressure of the helium exchange gas (50 mTorr)
istoo low for convection to contribute to heat flow, and the
small temperature gradi entsbetweenthe capsuleandthelayer-
ing sphere preclude a significant radiation effect. (A more
complicated refinement to beadded | ater will incorporate mass
transfer and the presence of helium inside the capsul e into the
model. Thiswill allow the dynamics and time dependency of
the layering process to be determined. These capabilities will
be needed to complement the experimental observations.)

An iterative procedure was used to calculate the final ice
profile. Initially, theice was defined asauniformly thick layer
inside the capsule to calculate the heat generation and the
temperature gradient over the ice thickness. Next, a new
boundary conditionwasestablishedtointroduceaperturbation
of interest, and the resultant temperature profilein theice was
calculated. Theice'svoid was offset, with the void remaining
spherical, to alter theicethicknessand to simulatethelayering
process. (The solid, which has atemperature-dependent vapor
pressure, sublimesand diffusesfromthewarmer surfacestothe
colder surfaces, where it condenses). The simulation was
repeated with the adjusted i ce geometry, and new temperature
profiles were calculated. The process was repeated until the
temperature difference on the internal surface of the ice was
minimized. At thisapproximately uniformicetemperaturethe
net transfer of DT would be approximately zero. This conver-
gent configuration was the best approximation of the steady-
stateice profile that can be achieved with aspherical void for
the prescribed boundary condition.

Resultsand Discussion
1. Analytical Solutions

An initial, idealized model was created to determine the
temperatureprofileof auniform spherical icelayer. Thismodel
was used for two reasons: (1) to determine the thermal param-
eter space expectedinsidethetarget layering sphere, and (2) to
compare the numerical solution to the analytical result to
ensure the model was functioning correctly. The model con-
sisted of auniform 100-um DT-ice layer inside a 2-um-thick
polyimide capsule with the temperature of the outer layer of
the ice constant at 19.5 K (the defined boundary condition).
The DT was self-heated with a volumetric heating rate of
51,000 W/m3 (about 12 /W per target). The numerical simula-
tion calculated the steady-state inner ice temperature to be
19.50065 K. Thus, aradial temperature difference of 650 uK
existed between theinner and outer ice surfaces. Thetempera-
ture profileis shown in Fig. 81.13. Thisresult compared well
with thefollowing analytical result.
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The steady-state governing equation’? of a spherical shell
with heat generation is

2
Ed—(rT) +

:0, 1
rdr2 M

=~ |0

where r is the radius, T is the temperature, Q is the heat
generation, and k is the thermal conductivity. The boundary
conditionsare (1) theinner surface, r =R;, isat T; and the outer
surface, r = R isat T,; (2) no heat transfers from the solid to
the gas (assuming negligible thermal conductivity and heat
generation in the gas). The solution is given by

- _1Q0n o 301 1 [H
T To—ekg«’o R 2F§3E§ R @)

Thiscalcul ation assumes spherical symmetry, i.e., uniformice
thicknessand heat transfer solely intheradial direction. Using
the dimensions of theice, Ry =473 ym and R; = 373 um, and
the thermal conductivity k = 0.35 W/m K, the temperature
difference between the inner and outer surfaces (T; — T,) was
630 UK. This result agrees within 3% of the numerical solu-
tion, validating the mesh resolution and sensitivity of the
numerical approach.

A second model was created to determine the temperature
profiles from pole to pole along the outside surface of a
nonuniformly thick DT-icelayer. If theiceisuniform, thereis
no pole-to-poletemperature differencebbecausetheheat loadis

® o °
19.5006
19.5005 .
19.5004
19.5003 o
19.5002 .
19.5001

19.5000 ' ! . ' o
0 20 40 60 80 100

Position in ice (um)

Temperature (K)

T1498

Figure 81.13

Radial temperature profile of auniformly 100-um-thick DT-ice layer inside
an OMEGA cryo target. The outside ice surface was fixed at 19.5 K. The
volumetric heating rate of DT was 51,000 W/m3,
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symmetric. When thickness variations exist, heat can flow in
the tangential direction, leading to a nonisothermal inner ice
surface. To model nonuniformities, a 100-um-thick ice layer
wasconstructedwitha2.0-um ¢ =1 nonuniformity. Themodel
withdimensionsisshowninFig. 81.14. Theisothermal bound-
ary condition on the inner surface of the ice was 19.5 K, with
all other thermal and material propertiesof DT the sameasthe
previous model. The CFD simulation predicted atemperature
difference (AT, = 12 uK) along the outer surface of theice.

T Dimensions are in um,
not to scale

T1505

Figure 81.14

A nominal 100-um-thick icelayer with 2-um ¢ = 1 nonuniformity used inthe
CFD simulation to determine the pole-to-pole temperature difference in
nonuniformly thick DT ice.

For the analytical solution, Eq. (2) wasrearranged and two
calculations were performed. Each calculation gave the tem-
perature of the outer ice surface for a given thickness. The
equations were solved by using the inner-surface boundary
condition:

¢ 210He o a0l 1T
'_6kéR° 5_1 %J'
_}952_ 31l
"5k g*’o 2325— %*Tozy (3

where the indices “1” and “2” on the radii and temperatures
indicatetwo different locations. By solving the equationswith
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real radii and properties(showninFig. 81.14) and allowingthe
indices 1 and 2 to refer to the north and south poles, respec-
tively, the temperature difference along the outer ice surface
(ATp=Tp1~Top) Was 14 uK. Thisresult agreeswithin 17% of
the numerical solution above.

2. Numerical Simulations

The two models above determined the thermal parameter
spaceand compared well withtheanal ytical solutions. Thenext
task wasto cal culate the effects of realistic perturbationsto the
system on the DT-ice temperature and thickness profiles. For
these more complicated situations, no simple analytical solu-
tion existed against which to compare; instead, the numerical
models were used to predict the profiles.

Case 1. Misalignment of the target from the center of the
layering sphere.

In this model the target was shifted from the center of the
layering sphere as shown in Fig. 81.15. Thefigure depictsthe
centers of the target and layering sphere offset by
1 mm, about one target diameter. The interior surface of the
layering sphereisisothermal at 19.2 K (the prescribed bound-
ary condition). The capsuleand DT ice wereinitially uniform
2 umand 100 um thick, respectively. The cal culated tempera-
tureprofilesinthe DT iceand vapor spaceprior tolayering are
showninFig. 81.16. Sincethe bottom of thetarget wasfarthest
away from the colder layering sphere, it had the relatively
warmer inner ice surface. The pole-to-pol etemperature differ-
ence along theinner ice surface caused by the target misalign-
ment of 1 mm was 85.5 K.

1-mm

offset ¥__|
from A —

center T

A4

T

Layering sphere at a
constant temperature
T1500a

Figure 81.15
Axisymmetric model of atarget offset from the center of thelayering sphere.
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The next step of the simulation was to determine the ex-
pected shift in ice thickness caused by the temperature differ-
ence on the inner surface. Since the bottom part of the target
waswarmer, the temperature-dependent vapor pressureof DT
above the ice was greater than where the ice was colder. The
resulting pressure gradient would create a net masstransfer of
DT tothecolder, upper half of thetarget whereit condenseson
theice surface. Thisreducestheice thickness at the bottom of
the capsule and increases it at the top. The semi-circle that
represented the inner ice surface was shifted downward to
represent the thinning of thelower layer and thickening of the
upper layer of DT. Following the iterative solution procedure
described previoudly, the ice's void was manually varied to
simulate layering, and the simulation was repeated until the
pole-to-pole temperature difference along the ice surface was
approximately zero. This occurred when the total ice ¢ = 1
nonuniformity was 1.1 um. (The ice thicknesses at the north
and south poleswere 100.55 ym and 99.45 um, respectively.)

The simulation was repeated for different values of the
misalignment of the target from the layering sphere’s center.
The inner ice pole-to-pole temperature differences before
redistribution caused by different target offsets are listed in
Table81.11. Thecorresponding £ = 1 nonuniformitiesintheDT
layer resulting from the offsets are displayed in Fig. 81.17.
Using the ¢ = 1 mode for these analyses is a reasonable
compromise asit isthe dominant contribution to the total rms
roughness* and makes the calculation tractable. Clearly, in
actual operationthechangeinicethicknesswould beobserved
in additional modes of the power spectrum (¢ > 1); however, at

19.5531254
. 19.5529633
19.5528011
19.5526371
19.5524750
19.5523129
19.5521507
19.5519886

19.5518246
I 19.5516624

19.5515003

AT=
85.5 uK

T1500b

Figure 81.16

Temperature profilesin the DT ice and vapor space for atarget offset from
the center of the layering sphere by 1 mm. The pole-to-pole temperature
difference on the inner ice surface was 85.5 pK.

MODELING THE TEMPERATURE AND | CE- THICKNESS ProFILES WITHIN OMEGA CRYOGENIC TARGETS

present, modeling these additional modesis beyond the scope
of thisarticle.

Case 2: Capsule ¢ =1 nonuniformities.

Thecapsuleitself can producetemperaturenonuniformities
intheiceif thewall isnot uniformly thick becausethecapsule's
thermal conductivity is much less than that of the ice. The
effects of these small perturbationsrequired an adaption to the
model. Tomodel the sensitivity of nonuniformitiesof theorder
of tenths of microns, the scale of the area under investigation
was reduced to include only the target capsule and the DT ice
and vapor space. This removed the exchange gas and layering
sphere from the calculations. Instead, an isothermal boundary
condition on the outer capsule surface at a temperature of
19.5K wasused in al simulations.

Table 81.11: Pole-to-pole temperature difference on the inner
DT-ice layer before redistribution for various
offsets of the target from the center of the
layering sphere.

Offset from center Temperature differenceinice
(km) (LK)
0 0.0
500 -52.0
1000 -85.5
1500 -190.0
2.
3 8 | | | o
5 24r .
i
S 20t -
£~ 16 .
% \EE 1 2 — —
£ ' ¢
E 0.8 ° 7
g 04 7
&= 0.0® ! ! !
0 400 800 1200 1600

1501 Target offset from center (um)

Figure 81.17
Total ice { = 1 nonuniformity inanominal 100-um-thick icelayer for various
offsets of the target from the center of the layering sphere.
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An example case is shown in Figs. 81.18-81.20. The cap-
sule (nominal thickness 2 um) was model ed to be nonuniform
by shifting the semicircle representing the outer shell surface
upward by 0.15 um to create a total ¢ = 1 nonuniformity of
0.3 um. A uniform 100-um DT-icelayer was placed inside the
nonuniform capsule; the complete geometry is shown in
Fig. 81.18. Since there was a greater thermal resistance at the
north pole than the south pole due to the thicker capsule wall,

373

473 —>|
474.85

T1502a

Figure 81.18
A 0.3-um nonuniformity (¢ = 1) in the target-capsul e thickness. Theice was
100 pum thick. Figures are not to scale.

19.5008700 ————— 11—

Temperature (K)

19.5008425 1
-80 40 0 40 80

T1542 e (°)

Figure 81.19

Temperature distribution along the inner surface of the ice (0° at target
equator, 90° at north pole, —90° at south pole). A pole-to-pole temperature
difference occurs as a result of the ¢ = 1 nonuniformity (capsule thickness
nonuniformity).

theicewasrelatively warmer at the north pole. The calcul ated
pole-to-pole temperature variation (~25 uK) along the inner
ice surface is shown in Fig. 81.19. Using the iterative solu-
tion procedure, theicethicknesswas shifted to simulatelayer-
ing (by moving the ice's free surface) until the temperature
gradient between the poles reached zero. Thisresult is shown
inFig.81.20, whereatotal 1.86-pmice (=1 nonuniformity was
calculated. (The ice thicknesses at the north and south poles
were 99.07 um and 100.93 um, respectively.) The results of
simulation recreating other capsule ¢ = 1 nonuniformities are
listed in Table 81.111.

Case 3: Temperature gradients on the inner surface of the
layering sphere.

In the model for this investigation, the temperature was
raised by a fixed amount on an area covering 12% of the
layering sphere. Theremainder of thelayering spherewasheld
at 19.2K. Thissimulated the effect that al ocalized heat |oad on
thelayering spherehasonatarget. Thecapsuleand DT icewere
initially uniform 2 um and 100 um thick, respectively. The
resultant effects on the ice temperature and distribution were
calculated for atarget centered in the layering sphere.

The presence of helium exchange gas allowed temperature
perturbationsonthelayering spheretotransmit tothetarget and
create an uneven heat load. Naturally, the side of the capsule
closer totheheat sourcewaswarmer thantheoppositeside. The
DT icethinned from the warmer side and redistributed on the
cooler side, until the free DT surface was isothermal. The

T1502¢

Figure 81.20

The ice's void was shifted until zero temperature difference occurred
between the poles. This was considered to be the final ice-thickness profile.
Figures are not to scale.
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resultsarelisted in Table 81.1V. A 10-mK nonuniformity over
12% of the layering sphere caused a ~0.5-um ice ¢ = 1 non-
uniformity. A temperature gradient along the layering sphere
greater than 10 mK must be present to changetheicethickness
by asignificant amount.

Summary

The temperature field within the cryogenic target is influ-
enced by many factors, including the presence of exchange
gases, target alignment within the layering sphere, target cap-
sule thickness uniformity, temperature gradients on the layer-
ing sphere, in-situtarget characterization methods, and external
radiation. This temperature field determines the thickness
uniformity of the DT-ice layer.

Thetemperature profile and ice ¢ = 1 nonuniformity of the
target within the OMEGA cryogenic target positioner were
calculated using a thermal model in CFD simulations. The
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work isolated the effect of discrete factors that affect the
uniformity of the ice thickness and determined a first-order
sensitivity of theice smoothnessto the effect: (1) variationsin
target alignment in the layering sphere, (2) capsul e-thickness
uniformity, and (3) temperature uniformity on the layering
sphere. Theresultantice-thicknessprofileswerecal culated for
these various boundary and initial conditions.

For a target misalignment from the center of the layering
sphere by 1 mm, the expected ice ¢ = 1 nonuniformity is
~1.0 um. For a capsule ¢ = 1 nonuniformity of 0.1 umin a
nominal 2-um-thick shell, theexpectedice ¢ = 1 nonuniformity
is0.6 um. A temperaturegradient along theinner surfaceof the
layering sphere greater than 10 mK must be present to change
the ice thickness more than 0.5 um. Results from this study
determine which variables have the greatest effect on the ice
smoothness to guide target fabrication, layering, and cryo-
engineering priorities.

Table 8LI1I:  Pole-to-pole temperature difference before redistribution and resultant , = 1 nonuniformity

for different capsule , = 1 nonuniformities.

Capsule-wall nonuniformity Pole-to-pol e temperature difference Resultant ice-thickness
(1=1) inice before redistribution nonuniformity (, = 1)
(k) (1K) (k)
0.1 9.5 0.6
(1.95t0 2.05) (99.7 t0 100.3)
0.3 24.5 1.86
(1.85t0 2.15) (99.07 to 100.93)
0.6 525 3.72
(1.7t0 2.3 (98.14 t0 101.86)

For an OMEGA cryo target (2-4m capsule wall, 950-um OD, 100-um ice layer)

Table 8L.1V: Pole-to-pole temperature difference before redistribution and resultant ice , = 1 nonuniformity
for temperature gradients over 12% of the area of the layering sphere.

Temperature gradient over 12%
of layer sphere area

Pole-to-pol e temperature gradient in
ice before redistribution

Resultant ice-thickness
nonuniformity (, = 1)

(MK) (LK) (pm)
5 15.4 0.34
10 28.7 0.54
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