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ABSTRACT

New expenments 1» & NIF-scaic worosdal cyhinder
have resulied 1 trwe shadowgraphs of the DT ice suriace.
The spectral analysy of the 1mages sammed over -modes
2 through 256 reveal that the surface roughness reaches
values Just below 1 0 um m semperstures of 19 K and
sbore  Summeng only modes ¢ 210, the purual surface
foughness isbelow 07 um a 19 5K These results inds-
caic thal natrve beta lavering wall be sulficical 1o mee
the NTF requirements for DT 1cc surface finnd for beth
Be and CH sblshing shells

The 1oredal cyhinder incovrporntes » hinear heater
alorg the cyhindrical axy 1o tem the concept of surface
cnhancemen due 0 heal atsraed hetaclayenng w» DT
Adiuonally, with the use of ihis heater 1 1 posuble 1o
symmoinze a pur D; Isver

[ INTRODUCTION

Inert:al Conflaememt Fusion (ICF) cxporimenis re-
quire hugkly anuform layers of Liquld o7 wold deulenume
tnuem (DT fuel condensod on the inner surface of the
target capsale  For the Naional Tgnation Faciluy (NI,
the protofype igrution target has A plasix of heryllium
shell approxn 130 Lmthuck with an inade daameter of
15 mm whicanding a A0 um-thich layer of DT

Symmervrc Ligwed Layers of DT up 10 ~6 pm thek
have heen suppurted saude small glass rmcrubalioon las-
g wning A therma) gradient lechnoque’  Alihowgh
thuker Inquid layers have been supporied” in NIF-acale
-apsules. they are unsiahle o highly non-umiform he.
zause the rauo of the surface teason fore 10 the gras -
1.0na) force hecnmes Ion amall

Highly urdfiein sweid DT 7 we ) Lavers have heen
demoanisied uung the heta-Lyenng ™ techngue «» houh
whndncal” and sphencal® geomeines llomcver the wr
lavet gronn by Ml-'*ﬂll\.-dﬂifn tuhlimatioacc-nden-
i o -4 not smorphous and the wiface finieh ananed '
*I-.s naiwral procest is 4 mapor coneern fof the applcation
<l thay Iabnupe 10 [CF targer fahevewon The innes

su-faoe of the fuet layer in iaser fution targets muy be verv
smooth’ w prevest umplomvely-dnvom Rmylesgh-Tavior
wstabdines from mucnag cold foel 1o the hot spot.

Messurcmonts of the surface roughacss of a2 DT 1x
iaycr wnside & transparent sphencal targe present dafficul-
ues becanse the layer 1¢ relauvely thun and us wner cdge
bes close 10 the inner odge of the capsule wall.  Further-
more, the umage 18 distoreed by the inlerverang woe and the
refrucuve effect of the cupsule iteeifl  In » previows ex-
penmen! umag & re-cnirant cvhindneal cell 1o remove the
refractive distortions aseociated with a sphencal peometry,
Shchak” reporsed that the rms surface roughness, o, for a
119 pmthuck DT xce layer was ] 7 . However, the mi-
face measurements were alf~cted by opucsl 101 srfecuons
i the ne lnyers that formed o 1he aapplire windonw s uned
o seal 1ke re-entrant Cyhinder

n 1hig paper we present resul's of new cypenmenis
demgned 10 improve the aicusacy and resolution of surface
roughness meagurements by removing many of the dissor-
Lons which caused WRCEIMDD 0 Previous cvpcnmcnit
Additsonally, with an iniejiated axial haster. we reposnt 1.0
s aothung offect of a heat flux an the cufae of hvdiagen
fuel layen formed on 4 cwved wbalrate

I DFSCRIPTION OF THF TODROIDAL ITET T

A cylindriial well design with an interaal 10rosdal ge-
Gmetry waa used hecae o approumales the Jdohily
wned geometry of a sphere e, wunalute i two o1
thogoaal diractionis) while st:ll petinaung an waobsurcad
vew of the Mydrogen wc edge The radius of 1l.e caual
bure at the wautl 18 1 00 wm and hemue the «cll har Jinwa-
w-na ioughls equis alent 10 an NI wrget The dusign n-
c-poraies 8 ormral healer 10 provade 1he roruirid hoas
Nus fo surfs o samooihung as depecied in Mg |

The «ell detagn was hased on @ thermal anal-s:s fine
clemen mc del” that in.orporsed the coppes sharaic the
aual heater and the mo glasa windaws The goal of il
thermal apalvas wos 10 inmpre that the shape of 1 /-
-herma ncar the surface of the coppar Lind woukl IcMan
-mvanamt upen the sppln ana of av al Itats power U



thus were ot Jonc. the Svdrogen 10e Laver would D¢ sub-
Ject 12 bulk migranon dac to & change 1n us thermal em -
ronmeni. casunng the obeerved laver thickness 0 change
nouceably whencver the hester power was changed The
thermal modelhing led us Lo ancrease the polosgal radius 1o
1 50 mm and to wuncaie the ons as shown By adpst-
ing the thermal conductvity of the axial hester 1o Iic in
the range of 1 0 10 1 3 W/K_ the posi:on of the of the hoa
shunted through the glass wandows 10 the Zopper body of
the locus uid be Sonuralled Tius 18 agvastageous be-
<aux heat shunted drough the glass windows helps kecp
them free of soc and secondly, the :ncreased hemt flux
through the gas near the windaws forces the othenss 1
confarm w the Wrcida! shape

! -— Fil: hre
—— D;I:I\C'
L H:aer
vV T L
P Wrnidtws:
- Coppertcrus

F.8 . ><hcmauc cross-sectonal v-ew of *he -aro-
aal Zell shown w1 G o relath ek thuck equlioratod . .S
Ve AlTows fepreacnt hest emansung from _he serara
neanng rod The slear bore 12 1 mm e duare cr whie:e
mexcduadiossl * mm

T:e ax.al heater was ocnsuuciod v winding ™o
ez of P30 ressuance ware anic 8 128 .m-giamcter
nasd-zl and ther opox potung ihe wound h2ager :nnde
2 21 O 203 tude 1D o the requared thermai
S<raducance  Tha heater assembls was .nserted .- Whe
== = & 3 e "hrough one of Le winaows and scaled
arzcpow  1a ave.d therma. gresses and posmibic lcak-
afe Jf lnum. Ue . ater was Not seaxcd .oic the fa «-n-
30~ but was acC.oxel: ocated ir g armah rescad gryand
re s

A Lerow angle Aiffusc back '.ght source (g s .p
lesign e & Kohuer mucroscope Ligh.: was .onstfucted ic
reduce the amouwt of Lgnt scanered 1m:0 the 1c¢ -a~er
1> 3 back . z7:er rrod.cos -~ages cf e cige - * a

su o for somatad .mage anahs s
Il FEXPERIMENT FROCEDLURE

The torodal 2cll was anached 10 the low iemperature
sage of a closed-cy<le helium gas refngerator locased .a a
venulated. NGum-approved hood® It was connccicad 10 a
ias handling svsiem capable of provud.ag ersher pure Dy or
DT Tho ceoll was surrounded by a scaled sccondan on-
wnment chamber <cpt cvacuaied 10 pPrevein 1o sIvsials
froan Sondonsing on e cell mindows Hence the thermal
Lnk to the <ell was catrch due W its COPPEr MOUNNNg
stand lao use, the Sell was coolad 10 jum above the wple
point of the gas muxnufc and a small amow:=t of gusd I -
drogen was condenserd into u. Then the wmperature X the
srvosial was quackly lowernd 0 the demred opersung icm-
peraurcbammen 170K and 19 S K

To melt the 1o laver botweep differcat Sxpenments.
the 'y wemperaiure was brougtl slowly up o a few ml-
I'xehn sbove the tnpie po:mt of the 1wowOP:ic Muxture and
rcld at that iemperararo for a fem muncics Lnformnmely
melurg was frequenshs accompanied b a ZToss ~hange 1o
e amount o Indrogen in the cei: 30 that 1n pracuse u
was nCl possble [0 make repeatea =xpenments on lavenng
at Une same valuc of fins! laver Uuskness

IV DATA ACQLISIT:ON AND REDLCTION

Each parucular expenment sons:ns of acquanng a se-
ncs of tuge resoluuon CCD images of :he deve.omng -ce
laver Once tho unage daa .8 a0qui™d. 1 18 “rs~uferred 12
a soocnd compuwter where ar. image anaive-- prgram® de-
zzrm.ncs 1he 10¢ edge 10cation alyng redsal .inecs cnwnatling
frm e erter of the image veryus angse and hen per-
fxms an FFT 0 v-ei? a moda. perrurbaien pouer spev-
uuym The ~ of the «¢ inver -1 gemuned bv tmi.ng 1w
squarc root of the quadrat.ca.lt summed power specti-im
over Ml modes A interem --proa'is Mmooy 2 Crungh 244,
Puc v *he asge pumber of « D pwris in -l - me
112247 (e hugh dvnamic range of each pixel 112 bus and
--= dagreo Of IR*CETRUON nhcTem 10 the 3nmivas frmures
as sl a3 7 ] .M MM L= Jouseabdle (n I powye wpou-
uarz”  [Eoce it was NOCessary 1o efl:rInAMle LNy fum.
faies such as {razen mcthane by cleamng 1he Mrane g
n=drogen with two scparme 2 am none4:/w i vy amiey
AL IALEMMLXLME fempe-aiureg or "¢ o arg I o n ~ 8 5 al
- 8 ey 10cated near :ne e~ rance s = vl

v D EXNPLRIMENTS

Jue ©© prgiamnE . Priw-wE e aners fra o
pc—merts werw conduced with pure Jruscrnes - (¥ amirw
=LA cvpenmenia ubsmg U are proder - - (laye tle oo
=Er o e CYPENMETuAEi JC prwr R I



um. In addwoon, D. expenments permurted a cabibr zon
of the effecuve heat flux from the ceatral heater

Ignoning the clfects of *He producuon (which zan be
mas.tfmt.dcpenm“onumplenfudm-
perature), a umple ono-dimennonsl model” has proven
w0 be sufficent 0 predict the ra.e constant r for the
exponential approach to 1ce laver thickness umformun
insde sphencal or cyhindncal 1sothermal shells due to
beta-layenng 1n DT, givng

r=HN,1q, (§))
where Hj 13 the beat of subhimation (J:g) and ¢ 13 the rare
of heal gencravon (W/g) in solid DT. For DT s 19K,
r= 26 73 mimnes, 1 ¢ . independent of lover thickness.

Usng a3 coc-mennonal argumest mumular 0 that
used previousty’. we have dermved the mie constam r,
appropnae for heat-asqsted Lnyenng wn D

-H_’M .z)

Q (ae-r)
where p, 18 the solid density, J 15 (he final umform layver
thickness, Q is the hineal rate of heat production (rom the
ccntral heater (W/cm), and r 1k the intermal ice radius
: o

Note that s _r_)
mncr 1 surface (W/am?®)  Henoe we prodict that the
rodigindution rale constamt due to a central heater (for
relanively thin solid lavers, where 7, 15 noarhy constant) is
proportional to la.e- fuckness and nverscly propot-
uonal W the heater power The renults of our prehmunan
D. expcnments arc conmustent with theae predicuons.
assunung that ~ 310 %% of the heazer power 12 shunted by
the windows Unfortunately. Bowever. wo did not allow
sufficicot ume dunng the oqubhbrauon pcrods 10 3cCu-
raich cvalustc the raic constants as a funcuon of heater
power (Cumrentiv. we arc imvolved with funther 7). ex
penments 1o provide more socurate values ) Moreover.
13 nOt anctly oorrect 10 assume that raic Mmeagurements
made n the prestnt “open” REOmMein are equivalent o
trose made 1n the “Closed™ peometry of a sphere of &
srzught ovauder. We can only obeefve 12y et evolulion &l
one postuon 1n the trus, nameh al the wast, but redus-
mnbuuon of matensl following A freere from the melt can
:molve solid (rozen on gecuions Of the cell near the win
dows which are out of the field X view. resuling e
slowcer ralo obcnalions

We have been messunng the role constant r, by fit-
ung .0 exponential to the o values resulung f{rom the
daa analyses [he final 5 measured 10 the sohd D Isver
docs nat appear 10 be a strong funcuon of heater power
satursung at | 9 am at heater powers of « mW and
axnt for an 30 um-unzk Iaver Howeover. our hmiad
dawa docs suggest that for D; 1ce. o 13 roughh prepor-
tonal to Ivcr thackness

Ta

13 cquivaient 10 th: heat flux at the

V1. DT EXPERIMENTS
A Nanve Beta-Layenng

h proved 10 be very difficult (0 esumate the appropn-
atc amount of liquud 10 condense 1010 the ccll 1n order 10
achucve the demred (NIF-target) solid thickness of 80 um
The majornity of the inmal hquid charge 18 not vissble as a
menscus and oaly afier a lengthy lavenng equhbration 18
the final thickncss of solrd obhvious By luck, onc of the
expenments shown 1a Fig. 2 hut the dessrod 80-um  thack-
ness exacthy! Fig 2 shows the evolution of three acparals
expenmenis where ume 11 measured from the moment
when the bquad DT charge i first frozes The ocntral
heater was off for these cxpenments. thus only native beta-
lavenng 15 dnving the equlibraion. We were nol inter-
esicd 1n ralc mcasurements here but only the ulumate
mumumum 10 o In any case. it 15 ned pogsable W cvaluate o
ar much earhier umes. because 1t typically wancs about onc
hour for the DT 1ce 1munally frozen on the windows to sub-
hme away and permat a clear view of the intenor toroudal
surface

The behavior shown in Fig 2 13 rypizal of all of our
natve bewa-iavenng expenmems 1n that o minn 12es five
10 fax hours after famt freezang  In our tordal ~ell, some
of the earty ume 13 speit redistnbuung the sel.d wually
{rozen on the wir2ows To the-naked cve. the laver ap
pcan to be iavanam afier onk- two hours. but the cffects
secn hers arc subte and can only be obsened w- e
scngiuve analvis discuinsed 1n sectsen 1V

. [ S. K |

1
B R LR -
a
- LR R L )

T apnad 1ame “va:

g 2 RAS surfac™ roug™neit s ume 91 namc
beta-inenng of D1

I he presence of A MuUMIMuM @ 10 Coch data 30018 -
Jocbiedin duc 10 the producuon of ‘He in the wid e
it dawta on hegi-asssted laverang in pure U; show ne-
wch nunima as igng s the heater power 1 Puiniaaed
congant  [voizallv. ‘He bubbles sre otwenn =} foeming’
within soid D] oniv st 'cmpetatures be:cw - IX K
taitnough vwch Jetals watinn the achd canno ne ohwre -



with tke present hghung system) Whether or not sciual
bubblcs are prescoi. it seerms thal sufficiemt ‘He forms
within the sobid 0 cause swelling or local drssortions of
the ice crystals We can only comjecture that snme DT
cnstalhies. doc cither o thesr oneststion or BMtOpC
Zomposition. swell a1 different rades from others What-
cvcr (he Cauc, i 18 obvious that the degradabon of the
we surface » sufficiendly slow 10 2 (=+ iur A considerable
peniod of tume dunag which a heta-lavcred arger oould
be ‘shor”  However, it 15 problemnaiic thal the minimun
oocurs 50 late, roughly ien rale consamis, 1. ~10-r,
afler fimt freesing

The good nc -3 is that the final o is shightly below
10 pam for an 80 am-thick layer st 190K The damanc
Improverneal 1n 0 over previous data® in a re-cntram
cylinder are duc 0 improved optics. in-proved back-
highting which gives a lugher contrast of the imcnior sce
cdge. and most importanly. the presenoe of low thermal
conductivity windos maenal which allows the wvindows
10 bocome ice-free with oaly the very small scif-healing
prescmt 1a the DT vapor space We bave estimated thal
the sif heahag In the vapor specc of 1he prototypc NIF
target is approx 1 . W & 19 K. due pnmanly fo betas
formed 1n the ncarty salid depositing oncrgy o molc-
culcs 1n 1he vapor space’® Dunng our D; expcnmenus
we cxpressly usced somc vory Jow healer powoss W deier-
munc where the windows would just remaia clear M ice
Factonng 12 the larger volume of (he present Lorus aver a
sohercal NIF warger, the poser necessany o remone D,
Kt 15 conufiend wih owr ~sumalions of beta-acinaied
xif-hcanng in DT vapor

The data shown 1 Fig 2 for 2 13U um thuck laver at
19 v K show both a hugher mumumnaum o and & stocper nse
aficr the mummum The daa pno 10 the mmum.un arc
also nouccabhy highcr than the 30 um-tuck data.  Both
these obacrvanons are conmstent with the addisonal DT
sniid tuckness Al earhy umes, relatvely more matenal
must be removed {rom the windows and the overal. "ay-
enng unufornuty u delased AU all (mes. the greater
laver thickners produccs a proporuonally greater amound
A 'Hc Home the degrading cffets of 'He arc increascd
and the act result 35 that e MuumMam 1 owculs o
roughh the same ume as for the thinmer Iaycr Al 4
hugher temmperatuse of 17 3 K (anly 0 ) K from Ui inple
no.ni) the data sgain munouze shghthy helow 17 um o
roughh six hours Nots that thug Lavcr 13 more thaa Iwice
ihe tuchness of the B um-Uuck laver  The clovated
icmpcrature st makes up for the incrcascd thichncas
prceumably because at clos ated tcmperatures the ‘He can
more cauly diffuse oat of the 30Iid [71 1ndo the rapnr
wice |his 13 conmsient vath I lomer slape of 1n
creanng o v8 Line following the muumum =cn in the
Jdara at 17 2 b rclatne o that «ocnn the 1 am thilk
Lner 3t 1vu b WS nun by g 3t hem mglh

smoother the i9 3 K data mught have been if layer nad not
been so thack.

Figure 3 ghows the 1cr laver sarface roughness power
spectium a; for the 30 pm-thick lsyer a2 190 K a1 324
mupules, which 13 nexr the muassem observed in Fig 2

- G-l —_——— ———
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10E l1 — OK 0~ P
Tmgay ° srm

S slace Pougls s Powe ewt?)

0 -3 1x
7 MOSe N

Fir 3 Surfacc roughncss powcr spoctrum +5 J-madc
numbes for native bewa-lsvenag of DT at 17 K

Also shown s the power specirum for the cmpty [orus
showing ihat an exceliemt job of machurung was done on
thus difficah zeometny’’. Compared to the power specira
obtained 1n @ re-cniramt Cylnder with sapphure windows'.
the prescui dats aro Jower al Al modes.  Note that no un-
xie mode has an amplitode (obtmnod by talang the squarce
root of any pout on the power spoctrym) sbove ¥ ¥ um

Another method of diusplayv-ng the spectral data 18
shown 1n Fig 4, where ue hine plotted 1 parual swiace
rcughncss smpiitudge o,, defined tn

——

J.. - JZa. 1

f

Thus valut compules the surfacc roughness summed for all
manies 4 amd shove the value of 7 e g . the tadal v 10 that
shoun al 1=? (1he lowed made whach we can eval.ate 1n
the jreent expenimenial ceanfiguraiian whie o, s
wymmad only for mades 10 and hughat cic Such 4 plot
allows ane 10 ovaluats the Kclatine Soninbution of Lloaer
madcs v3 highcr mojes 10 1he tolal o

Compannag ih naunc hois-lnenng o, obtunad at
17 3 K with that mcaswed at [¥ K. we now sot that at the
highcr tomperatare. there 1S less coatnbeuon to @ due to
higher mudcs, whike the Sontuibutions due 10 modes below
1 "0 arc highcer presumably due 10 the greater thckness of
IhC laver Al ughes iemparatured the Laver 18 “smoowher
thocause amonthness U pnmanh 2 masafouanen of the
amplitude of Ligher mode Rwnbert btut the thicker .ner -+
lumpucs 1 ¢ ot has gizater luw unadal perturbations
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Fig 4 Pamal swface roughacs o,, Vi mode

number 1 R the empty cell, two astive wea-layered DT
surflaces. and a DT solud =oc Lz or enhanood by an adds-
texngl Lot Mo frem an aaal heater

B Hea-Assmiod Bea-Larenng

Addpicnally. we presest a spectrtum 12 Fig 4 mcas-
vicd fr a relaively thin layer at 19 € K. where a wip-
plemenial hester power of 720 W was presest during
the Liyer Swmatson.  Some of the dramatic improsement
in the onerall 7 1v unidoubledly doe 1o the relative thin-
ness of Uus laver However. mou of this ;:aprovemcnal s
duz 10 th: uonotbing cakanced by the central heat flu-
Nz that there e relatincly linke coatnbulion: 1o the
~oughacss duo 10 modks «xone [ = 27 This specirum was
ilat of the mursmun in the time <rice, ocowsng oaly 70
mn alcr freeneg  Tollowing the muimum. ihe inver
d.d not dcgrade siemdily as do nauve beta-layers. bt wi-
.matcly korcled ST ot ~0 T m rme A previons cxpen-
men: was perfornod whiere the iner was fud oguhi-
hratcd with nate beta-larvenng at 17 S K. ihen aflor
~ 12 houss Ibc heatcr was acinaicd  In thus <ase.
smoxchis docicased 16 2 Saal value again ncar ~ 07 L
+ifhin 150 minuics We nuav hyvpothemse that 2 Xentral
hoat flus can compensaic for stuads-siatc  produchen af
1z ounzr. for fresky fresce DT where ‘He has et
el sa'wraicd the sol.d cven snuoiher lavers arc pasuhic
a1 alw cf por:od of ume

ST OO USIONS

We shold caunen thal auf Song” ucng are rather
tnatin e houause we o nat 3! have a sufTicicnt data basc
of culkr natine beta-isvering or acat-asusiod DI beta-
tnenng  \Morc work an Lavenng wih DI wil) kelow a
tharcegh siuds of hial-asuded D- lazenng n 12e 100
e ynderan. 17 -desiifs 3md COMECt svslemalis Crrors

Sorect®slind = anpears that the wchisjue of ralne
“a-lmensg will be safftacent for provud:ing ssalsh's
vl e Tners e S s fareety r ke

Rlical madeling - has shown tha. fer perfectly smpoth
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