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Smoothing of deuterium-tritium ice by electrical heating of the saturated vapor
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High gain targets for inertial confinement fusiqiCF) are spherical shells which contain a layer of
deuterium-tritium(DT) ice which surrounds a volume of DT gas in thermal equilibrium with the solid. The
roughness of the inner surface of the cryogenic fuel layer inside of these targets is one of the sources of
imperfections which cause implosions to deviate from perfect one-dimensional performance. Reductions in the
surface roughness of this fuel layer improve confidence in the ability of the ICF program to achieve ignition in
the National Ignition FacilitNIF), and increase the relevance of cryogenic experiments on the omega laser.
We have developed a technique to generate a heat flux across this surface by applying an electric field to the
DT vapor in the center of these shells. This vapor has a small but significant conductivity due to ionization
caused bys decay of tritium in the vapor and the solid. We describe here experiments using a 1.15 GHz cavity
to apply an electric field to frozen DT inside of a sapphire test cell. The cell and cavity geometry allows visual
observation of the frozen layers. We find that the resulting heat flux reduces the roughness of the ice surface.
[S1063-651%97)13803-X

PACS numbgs): 51.50:+v, 28.52.Cx, 78.70.Gq, 64.70.Hz

I. INTRODUCTION are large compared to the surface thickness, the derivative of
the temperature of the ice surface with respect to the ice
All high gain target designs for inertial confinement fu- thickness becomesT(h)/dh=qsh/ks at the free surface of
sion (ICF) employ uniform layers of condensed deuterium-the ice. For 10Qum of DT ice this is 0.15 K/cm. Since the
tritium (DT) to achieve efficient ignition of the fuél]. Vari- increase in surface temperature with increasing surface thick-
ous routes to the formation of these layers within targefiess is driving the smoothing process, we expect that an
shells have been investigatéﬂ], and the most promising INnCrease |ndT(h)/dh should result in a smoother surface.
method relies on the radioactive self-heating of condensefne way to increase this quantity is to add an additional heat
DT to redistribute the solid along the isotherms in the strucflux from the saturated vapor to the ice. A heat fliyx will
ture containing the fugl3—5]. This process is referred to as generate an additional temperature profile in the ice,
“ B layering.” The resulting roughness of the ice surface hasl (X) =fx/ks, and will increasedT(h)/dh by fJ/ks. This
been characterized optically and been found to be in thécrease will match the derivative produced by the DT self-
range of 1~1.5:m rms for cylindrical layers approximately heating wherf =gsh or 5x10™* W/ent’. o
100 um thick and 2 mm in diameter. It is desirable to reduce Here we describe a method to generate a heat flux inside
this roughness to reduce the effects of mix during the implo©f an ICF target using the electrical conductivity of the DT
sion of an ICF capsule and increase the drive flexibilityvapor inside of the ice shell. This gas is made electrically
available to experimental designdfj. conducting by the3 decay of tritons in the gas and the sur-
When liquid DT freezes in an isothermal shell, it initially rounding fuel layer. An applied electric field heats this gas,
forms a very rough layer on the bottom of the container.generating a heat flux which propagates through the ice layer
Because the ice heats itself with a volumetric rate ofto the exterior of the shell.
0s=5.06x10 2 W/cn?, there are variations in the tempera-
ture of the surface of the ice as the film thickness varies. The
thicker areas of the film are warmer and consequently have
higher vapor pressures, so material tends to sublime away The electrical properties of DT gas are only roughly
from these regions and recondense at the cooler areas. If tlkeown but measurements have been made by Squedk
container is isothermal, this leads to an ice surface that corusing an ac bridge at low frequencies and low electric fields.
forms to the surface of the container. For pure DT the rate aThese data may be used to estimate the free electron density
which the material migrates can be shown to HE§ in DT gas with a density of 100 molffio be 4x10™ m® at
Rpr=0q4/sSps, Where s is the heat of sublimation1550 20 K. However, these measurements were done on the gas
J/mo), and ps (5.18x10°2 mol/cn?) is the density of the alone without the additional radiation load of the surround-
solid, so that Rp~27 min. ing DT solid found in an ICF target. Soud®| estimates the
Once the ice layer has formed, the temperature within théraction of 8 particle energy escaping from a surface layer of
ice layer isT(x) = — qx%/2ks+ qshx/ks+ To, Wherekg is the DT of density 1.4 mol/rhas 0.11. This is about five times
thermal conductivity of the solidk is the distance from the the 8 energy generated in the vapor of an ICF target. Since
inner edge of the containdn,is the thickness of the ice, and the free electrons are only about one percent of the charged
T, is the temperature of the container. For wavelengths thaparticles in the gaf7,8], their recombination rate is approxi-
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mately independent of density and we can estimate the Vacuum Insulated
free electron density in the gas ax 20 m®. The electron / DT Fill Line
mobility u. can be estimated from electron mobilities
measured in 76.8 KpPgas[10] and from Ref.[9]. For
fields of 500 V/cm and densities of 100 mofiithese give LHe Space
1e=0.1 nf/V —s.
A high gain National Ignition FacilitNIF) target has a
DT ice layer approximately 2.2 mm in diameter and 0.1 mm
thick. This surrounds a gas volume ¥f,=4.2x10"° m’
with an inner ice surface area &=1.3x10° m?. The
power coupled into this gas volume by an electric field is

=== Variable Pressure
Prf:eneMeVgE ) 1) -

Control Surface

whereE is the root mean squared electric field amds the
electron charge. To reach a heat flux equivalent to the bulk
heat produced by DT requiresP,;=Shq=63 uW. The , |
corresponding field isE=6.85x10° V/cm. Given the ' 1.15 GHz Cavity
electron mobility above and the interior diameter of 2 mm,
the electron transit time through the DT gas space is about
0.3 usec. In order to avoid the loss of electron mobility as
they drift into the DT ice, we choose to work at a frequency
much higher than 10.3 useg. The desired field can be gen-
erated using a resonant cavity with reasonable rf power. For  Vacuum Insulation
practical reasons we choose to apply the field at about 1 2 Secondary

§apphire Cell

. . . Containment
GHz. The experimental design described below allows us to
generate these fields in a cryogenic microwave cavity sur-
rounding a cell containing condensed DT. Flexdble thermal links
IIl. EXPERIMENTAL SETUP FIG. 1. Schematic diagram of lower end of cryogenic insert.

The DT sample is contained within the sapphire cell. The cell is

The cryogenic system for this experiment is designed tGooled by the LHe dewar. The 1.15 GHz microwave cavity is
refrigerate a microwave cavity with variable heat loading duecooled by a mechanical refrigerator via flexible copper braids.
to varying rf power input while maintaining a cell containing
DT at a constant temperature below the triple p6ir®.8 K).  wetted by the solid DT. The parts of the sample cell inside of
Because the rf power can be on the order of a watt, wehe rf field are made entirely from sapphi# 5 mm diam-
choose to use an independent close cycle refrigerator to reter sapphire rod Isaa 3 mmhole bored through the center
move the rf power while maintaining the DT cell at constantperpendicular to the rod axis. Flats are ground on either side
temperature using a LHe cryostat. of the 3 mm hole to provide a flat surface to which sapphire

A schematic of the cryogenic cooling system is shown inwindows are epoxied. A sapphire ring 3 mm in diameter and
Fig. 1. The sample cell assembly is mounted on a controlled mm wide with a 2 mminner diameter is positioned in the
temperature surface which is linked to the bottom of a LHecenter of the 3 mm bore and epoxied in place. The inner
cryostat with a variable pressure gas filled cell. This allowsedges of this ring are beveled to provide a %8 wide flat
the sample temperature to be held just below the triple poinsurface on the inside of the ring. A 1@0n hole in the top of
of DT with relatively low control power. The cavity structure the cell provides an inlet for the DT gas. The function of the
is hermetically sealed and attached to the control surface a#g is to provide a surface on which to image the DT ice that
well, but a thin stainless steel tube is used to thermally insuis not vignetted by the outside edge of the 3 mm bore. The
late the cavity from this surface. This design gives us a higtassembled sapphire cell is epoxied to a sapphire tube which
degree of thermal decoupling between the cavity and théolds it in the center of the microwave cavity. This structure
sample cell. Flexible thermal links are used to conduct thes attached to the control surface through a copper structure
heat generated by the rf power to a CTlI 1020 mechanicatat provides tight thermal coupling.
refrigerator. Our flexible coupling is an oxygen-free high- As discussed above, this experiment requires electric
conductivity coppefOFHC) wire bundle made of strands of fields of about 600 V/cm at a frequency large compared to
0.003 in. thick OFHC copper wire wound to a diameter of 1/(0.3 useg. A microwave cavity of a reentrant design is
about 0.5 in. Four bundles each about 1.5 in. long conduatsed as the resonant structure. This type of cavity is com-
heat out of the cavity. The sealed cavity structure serves asraonly used in klystrons and other applications where uni-
secondary container for the DT in the sample cell. form microwave electric fields are desirgtll]. The cavity

Figures 2Za) and 2b) show the sample cell region. Figure design has a goo@ factor, which produces a larger field
2(a) is a cross section of the cell where the shaded part showiatensity for a given power input. The field is intense and
the region where solid DT forms. Figuré® shows a quar- uniform between the two pole pieces where the sample is
ter of the cell cut by two vertical orthogonal planes. Thelocated. A cross section of this cavity is shown in Fig. 1. The
shaded portions of the figure show the surfaces which areavity parts are machined from OFHC copper. The two end
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. FIG. 3. Schematic layout of microwave electronics. The
z Viewing HP8753A Network Analyzer serves as a synthesized signal source.
Axis

gular, with a length of 0.75 cm and a width of 0.5 cm. The
wire is 0.09 cm in diameter.

Figure 3 is a diagram of the basic layout of the microwave
system electronics. Our frequency source is an HP8753A
network analyzer with a frequency range of 300 KHz to 3
GHz. It is needed primarily for tuning to cavity resonance
and adjusting coupling when setting up the electronics sys-
tem. However, its internal synthesized signal generator
pieces are attached with bolts and sealed with indium gaSke%rves well as an accurate and stable frequency source. The
to provide a vacuum tight cavity. The length is 9.14 cm andpower amplifier indicated in the figure has an output up to 1
the inner diameter is 5.08 cm. The two inner poles are 4.2%/. The output power is adjusted by changing the source
cm in length and 1.27 cm in diameter. This gives a gap of 0. power from the HP8753A. The power meter is an HP438A
cm between the poles. Not shown are two optical windowswith two 8481A sensor heads. The power meter measures
that allow one to view the sample. They are constructed oincident and reflected power from the cavity via the Narda
fused silica and are 1.9 cm in diameter by 0.64 cm thick Model 3022 bi-directional coupler. The directional coupler
Their clear aperture is 1.27 cm. These windows are alsdiverts less than 1% of the signal traveling in the forward
sealed with indium gaskets. and reverse directions to the and B inputs of the network

A W|re |00p Coup|er is used to make the trans|t|on from aanalyzer By measul’lng the rat|0 Of transm|tted and I’eﬂeCted
coaxial waveguide to the microwave cavity. It is formed Power, we monitor the coupling to the cavity.
from the center conductor of the semirigid coaxial cable that ©One of the more important physical quantities in this ex-
carries the signal into the cavity. The size of the loop isheriment is the electrical field strength in the sample cell. We
determined empirically and adjusted to bring the VSWR have modeled the reentrant cavity design using the two-

dimensional2D) code Superfish. Using the measured loaded
(voltage standing wave rajiof the cavity circuit as close to O of our microwave cavity of 4070 at a VSWR of 1.16 at

one as possible. Determining the size of the coupler is com3
plicated somewhat by the temperature dependence of the r19 .6 K, we find that the field generated by the cavity is given

sistivity of the cavity walls. A critically coupled circuit at

room temperature will be over coupled at 20 K where the

cavity operates. This problem is solved by first sizing the Ecay=1950:200 V/iemyPs /W, v
coupling loop for a room temperature cavity. The assembly

is then cooled to liquid nitrogen temperature and the VSWRwhere the uncertainty is due to differences between code
remeasured. The size of the loop is then adjusted to minimizeesults and calibration measurements of the electric field
the VSWR at 77 K. Final VSWR's are typically 1.16, giving [12]. This corresponds to a required rf power of 0.264 W to
a reflected power of only 0.5% of the power transmitted togenerate 1000 V/cm in the region between the poles with no
the cavity. The final coupling loop is approximately rectan-sample cell in the gap.

(b)

FIG. 2. Sapphire sample cella) Distribution of a typical ice
layer in cell after layering is completéb) Quarter section view of
sample cell.
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FIG. 4. Relative electrical field inside of a sample cell with a
dielectric constant of 10 as compared to exterior applied field. The
axis directions are indicated in Fig(i. I 1

Account must be taken of the attenuation and distortion of
the electric field by the sapphire sample cell. Since the power
generated in the DT gas varies as the square of the electric
field, variation of the electric field distorts the isotherms in Charcoal Getter
the cell and will affect the shape of the ice layer. This issue .
has been studied by use of finite-element analyk®. The 1
static solution is suitable for determining the field of the first
resonant mode of the cell, so we model the two poles as a
parallel plate capacitor and hold them at opposite fixed po- LHe
tentials. Sapphire’s dielectric constant is anisotropic and var- s
ies from 9.3 to 11.5. Since the crystalline orientation of the
various components of our cell lie along different orienta-
tions, we have calculated the field inside the cell for various
values of the dielectric constant in the range of sapphire and ) _ _
use the range of the results to estimate the uncertainty in th% FIG. 5. Schematlc of t_he palladium hydride source used to sup-
field inside the cell given below. The volume inside the cay-PY PT 9as for this experiment.
ity and inside the test cell are assigned a dielectric constant
of one. the Pd. When cooled to LNlemperatures, the Pd acts as an

The magnitude of the electric field in the cell along vari- €xcellent adsorber of hydrogen. Liquid helium cooled char-
ous directions is shown in Fig. 4 for a dielectric constant ofcoal is used to pumpHe generated bg decay of tritium and
10. The curve labeled shows the magnitude along the axis other potentially tritium contaminated gases in the system.
of the hole through the sapphire, from the symmetry plane to
the window. The other curves are values taken on perpen-
dicular line segments across the circular cross section of the
cell. The field strength varies from 45% to 68% of the ap- The roughness of the DT ice surface is characterized op-
plied field. The average magnitude of the field inside of thetically. A long range microscope looks through windows in
cell is 53% of what would be applied if no cell were in place. the cryostat and the cavity and is focused on the ring cen-
Using this we can write for the field inside the cell tered in the sapphire cell. Images are taken with a Photomet-

rics camera using a Kodak KAF-1400 charge coupled device
Ecei=950+ 120 V/cm\/m. (3) (CCD) array, and downloaded to a personal computer for

analysis. Images are saved using a 202@24 subarray of

Therefore, to generate an average field of 1000 V/cm insidgixels on the CCD. Each am pixel at the CCD corresponds
of the sample cell takes 1030 mW of rf power. with 2.15 um at the focal plane. Raw images such as that
shown in Fig. 6 have a bright central region which makes a
transition to a dark outer region where the ice surface blocks
the light. Analysis of the images consists of locating the

In order to supply DT gas to this experiment it was nec-center of the transition from light to dark as a function of
essary to develop a DT source. Palladium hydride is usedngle. This is done by initially guessing the coordinates of
extensively to store and pump hydrogen isotofie$-16.  the center of the bright region and sampling the image along
To carry out these experiments we have constdietd gm  radial lines emanating from the center estimate. Image inten-
Pd bed which is loaded with 300 Ci of DT gas. A simplified sity along the radial line is estimated at one pixel increments
schematic is shown in Fig. 5. The hydriding reaction is re-using a bilinear interpolation scheme. The resulting linear
versible and is controlled by adjusting the temperature of tharray of intensities is scanned to find the point of maximum
bed. When heated to 100 °C, hydrogen gas is released froderivative in intensity as an initial estimate of the location of

L[]
| T

V. DATA COLLECTION

IV. DT FILL SYSTEM
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- QSZ2
2K

T(2)= +C.z for Ah—h{=<z=<0, (6)

2

To(y)= qugy +Cpy+Co for Ah—hy<y<Ah+hg,
9

)

where we have assumdg(0)=T.(0)=0. Two conditions

on the four unknowns come from the requirement of conti-
nuity of the temperatures a¢=hs+Ah andy=Ah—hg,

and aty=Ah+hg andz=Ah—hg. Two additional condi-
tions are generated by the requirement of continuity of the
heat flux at the two ice surfaces requires. These have the

FIG. 6. DT ice layer before heating of the DT gas inside the ceII.f '

dTy(x)
the edge. The linear data is then fit to an error function using ~ s~ gx
a Levenberg-Marquardt method allowing the center, height,

baseline, and width of the fit function to vary. The center O.fwherehDT is the molecular flux of DT in the vapor space and

% is heat of sublimation of DT. Using the general solutions
r the temperatures these two conditions can be reduced to

. dTy(y)
=Nprs—Kq db , (8
x=h!+Ah y y=Ah—h;

procedure is repeated as a function of angle to produce
array of edge radii versus angle. The center is recalculate
and the entire p'rocet'dure is repeated until the center e_stimates ks(Ca—Cc)=0shs+0aghg=Qr, 9
converge. At this point the roughness of the surface is com-

puted by calculating the root mean square fluctuation of thavhich confirms that the total heat flux out of the system is
edge estimates from their average, and a power spectrum efjual to the total heat generated in the system, and

the surface fluctuations can be calculated. .
29sAh—Kkg(Cat+ Co) =2nprs+294Ah—2kCy. (10)

VI. THERMAL ANALYSIS Using the temperature continuity conditions we can solve for

... the temperature difference between the two ice surfaces giv-
In order to calculate the effect of the rf power dissipationjng

in the DT gas on the rate at which the DT forms a uniform
layer, we consider the one-dimensional case show in Fig. 7. —Ahhgg

S ’
To simplify the equations we define Tl_TZZ—kS +hg(Ca+Ce) +AN(C,—Cy),
11
hy—h,=2Ah, hy+h,=hg, hg2=hg, and hg/2=h,.
@) and
In the three regions the general solutions for the temperatures Ahhyag
are Ti=To=————NgCs. (12
9
—geX? We can now use Ed9) to eliminate theC,— C. term in Eq.

Ta(X)=—, —+Cax for O=x<hg+Ah, (5  (11) and Eq.(10) to eliminate theC,+C, term, and Eq(12)
s to eliminateC, in Eq. (11) giving the result

khs| s [ Ah _
(T1—=Ty)| 1+ kshg h—sqghg+qSAh_nDTS .
(13

. -

Ks

7

The factor ofkghg/kshg is very small sincek,/ks=0.04 and
hg/hy=0.1, so we ignore it in the following. Using a binary
diffusion model it can be showil7] that

Dn dng, (T
nDT:W% (Ty—T2)=B(T,—T,), (14
SHe + DT g3 T=T
Vapor

where D is the diffusion constant of the DT through the
<~ e hy >y mixture of DT and®He, n is the total gas density); is the
He density, anchg, (T) is the density of the saturated DT
FIG. 7. Geometry and variables used in the analysis of the layvapor over the solid. Using E¢l4) to replaceT, — T, in Eq.
ering rate. (13), and solving fomyr we have
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Q7Ah
Npr= (15)
ES +shg

Sincenpy is just the rate at which molecules are leaving the
surface ah;, we have

dh, dh,
~Ps gt ~Psqr Mot (16)
S0
dAh QtAh/pg
at Tk : (17)
§+Shs
This can be integrated to give
/
Ah=hg exg [ - —211s |4 (18
S
§+Shs
Hence, we have for the layering raie
/
R= kQT_Ps, 19
(§S+Shs
or,
h heks [ dng,(T) -1 -1
_ ds qg g ghts Sv ’
R— - n3+l
sps Shyps|| shDn | dT [
(20)

The first term in parenthesis is the result of Ré&il, and this
term plus the term in braces is the result of Réf7]. The

second term describes the effect of the heating of the gas o

the layering rate. For a fixetHe concentration we expect the
layering rate to increase linearly with the power dissipated i
the gas, which is proportional to the power dissipated in th

cavity. Since the average heat flux generated at the DT ic

surfacefs is qg4hy/2 in the planar case, the rate induced by
the rf heating can be expressed as

|

fq dng,

hgk
er: ' 2=
sheps

sh,Dn

-1 -1
ns+1t . (2D
Tl

n
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FIG. 8. Layering rates corrected for DT age vs RF power ap-
plied to the cavity.

the cavity. At each rf power value we allow the ice to evolve
into a uniform layer, photographing the layer in the cell at a
constant rate. Each photo is analyzed as described in Sec. V
and the Fourier transform of the surface fluctuations is com-
puted. The decay of the second mode in the Fourier trans-
form is plotted for each power and fit to an exponential. This
mode has the largest initial amplitude since it is primarily
caused by the vertical asymmetry in the ice layer when it
freezes. The layering rate at that power is then taken as the fit
coefficient of the exponential.

In order to calculate the heat flux generated by the electric
field we first need to evaluate the effect of the factor in
braces in Eq(21), which depends on th#He content of the
vapor. To do this we fit the observed layering rates to a
model of the form

aPt+c
R(Py,t)=

bt+1 22
wherePy is the rf power into the cavityt is the age of the
I%T computed from the elapse time from the fill of the cell,
anda, b, andc are fit parameters. We multiply the rates by
bt+1 and plot the result in Fig. 8. As expected, these age
corrected rates are proportional to the power into the cavity.
e find c=(4.5+0.7)x10 4 sec ! anda=(3.5+0.3) X102
Sec Y/W. The reciprocal ot is just the time required to form
a beta layer with ndHe and no rf power. Our value af
gives 36-6 min which is consistent with existing data for
DT [5,17]. The slopea can be used to calculate the heat flux
produced and therefore the electrical conductivity of the gas.

We haveaP=fg/ships or

Since this expression is independent of geometry except for f,=ashpsP;=(2.65+0.27)X 103 W/cm?(P, /W).

the effects ofHe in the braces, it should remain valid in our
roughly cylindrical geometry. Since heat flux through the
surface is proportional to the square of the electric field
which is proportional to the power into the cavity, we find

that the layering rate is proportional to the power into the

cavity for a fixed temperature arite concentration.

VII. EXPERIMENTAL RESULTS

23
Using Eq.(1) and Eq.(3)
aships
Tq=€Ngile= (950 V/iem 2 W. (24)
9 € (Vg!S)
The volume to surface ratio for our cell is

(Vg/S)=3.7X 10"2 cm, however, from Fig. 4 we know that

In order to evaluate the coupling of the electric field to thethe heat production within the cell is anisotropic and conse-
gas we first measure the rate at which freshly frozen liquid imquently the heat flux at the DT ice surface is also anisotropic.

the cell forms a uniform layer as a function of rf power into

This leads to uncertainty inVy/S), since more or less heat
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FIG. 9. DT ice layer after RF heating of the DT gas in the cell. FIG. 11. S, vs RF power for severai.

may flow through the surface of interest than the average We defines, as the rms roughness of the surface due 1o

over the cell. If the ring were part of a spherical surface Wemodesn and higher, so that

would have ¥//S)=3.3x 1072 cm, and if it were part of a

k=128 1/2
cylinder of Iength 2 mm, we would hgyé_s/_é/S)=5.0><10’2 Sn:( D P . (26)
cm. Averaging these possibilities  we have k=n
(Vg/S)=(4.0£0.9x107% cm. The layer thicknessh;
=(94.4+5.1) um. Using these we find whereP,, is the power in moda. Figure 11 shows, as a
function of rf power for several low values of. As the rf
0y=(7.3:2.8) % 10 5Q-m)~ L (25) power is increased, initially falls but then increases as low

frequency surface perturbations grow. The rate of increase

This is consistent with the numbers quoted above for thdalls with increasingn since the power spectrum of the elec-
electron density and mobility in the gas. tric field near the DT surface also falls rapidly with increas-

When rf power is applied to the cavity, there is a rapiding n. For eachm, S, can be fit to a trial function of the form
apparent smoothing of the ice surface as seen by comparing
Fig. 9 with Fig. 6. The photograph of Fig. 9 was taken after Sh=anPi+bn/Py, (27)
applying 315 mW of rf power to the cavity for 500 sec. This
reduction is also made apparent in Fig. 10 by comparing th#here the first term represents the roughness introduced by
power spectra of the surfaces before and after applying théhe field anisotropy and the second represents the smoothing
rf. The heat flux treated surface is smoother at all waveby the heat flux. Th@,’s decrease approximately asrdnd
lengths, but the magnitude of the improvement increases dfeb,’s scale approximately &8.13um-W)n~*%/P . If we
higher frequencies. Above mode 50 the rf heated surfacénagine an experiment in which a perfectly uniform field is
reaches the noise level of the detection system. The lowetpplied we would consider only the effect of thg's. Then
smoothing rate at low frequencies is expected since the elegince the length of the DT surface=2m(1 mm)/n, we can
tric fields shown in Fig. 4 have a substantial nonuniformexpress the expected rms roughness of the heated surface
component. This anisotropy also complicates the analysis dfsing Eq.(23) as
the rate of improvement of the surface with rf power. As the
rf field is increased, the field anisotropy induces low fre- _ 0.14 um JL7mm
guency perturbations in the ice surface even as the higher - (f/mwWicn?) mm
frequencies are smoothed.

(28)

VIIl. CONCLUSIONS

1x10

NoRE We have experimentally demonstrated that a microwave

“g ixto? frequency electric field may be used to heat DT gas inside an
Z owel] R enclosure of solid DT. We have measured an increase in the
g ; rate at which the surface comes to equilibrium resulting from
£ o] this heating. The layering rate increase has been modeled,
g 1o | and comparison of our data with the model gives a value for
z ' the electrical conductivity of DT gas which is in reasonable
§_ 1x10°4 ] agreement with previously published results if the effect of

the radiation load of the solid on the gas is considered. The
i o o S50 enhanced thermal gradient across the gas solid interface pro-
Mode duces a smoother solid surface than has been previously ob-
served on beta layered surfaces. We empirically predict the

FIG. 10. Comparison of the power spectra of the DT ice surfacesurface smoothness obtainable under conditions of a per-

before and after heating. fectly uniform electric field as a function of applied power.

1x107
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