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USE OF THE LAWF ACCELERATE AS A FUSION fLATERIAL~RADIATION EFFECTS FACIL1l Y*

Halter F. Wsmr,+ Lub~rd N. Kmetyk,t+ Halter V. &@en,+++ Robert Llan,Jdnovlcll,+

+LOS Al mos Mstional lmorato~, Los Al mtos, MU hico -
++Sandia Nationil Laboratory, Albuquerqm, kw lkxlco

++* 111,Witzerlmtd

Ptdterldls fOr fusion appl Icdtions wI1l be subjected tD rtdldtl OfI thdt prDddCeS l~r~e
munts of trmmutdtlon product !Pses such H and H@, ts -11 ts otne”s~ lheke ydSeJ. S

products ctn halve a mrked Influence on mattrtal ?<chdnlcdl ~roprtles d s they d?teCL

tlw mlcrostructuldl ●volution of the ntmal. P1.eVIOUS cd cu htiOnS by others h~tic
shown thdt the800fW protonbem at the Clinton P. Anderson Los Alnnos kson PnysIcs
Facillty (LAWF) wIil ptiuce gdsQous lrdn-tatlon proddcLs in muuIILs nedr thwd
mpectml in the fusion envlrom?nt. lhis r@port w1lI survey the LAW fdClllL# fr+m

the standpoint of ●aperment design, t~erature conLrol, avallanle ●x;ml.nwmdl VGIJW
and dvallatle beam tlm. blculhllons have been -de thdL pr@dlcL tha: aLL~lna:.le
dls~lwmwnt rdtes at speclflc avtlldble tdrgrt stdtlons it LAW. tfestiltsfur ● , k,
Al ind stdlnless steel UII1 be re;lorted.

1. lNTR&IJ~i:Y~

lt hdS DeWI SfIW”I 11] thdt medllml cnw~ proton
sources such d3 lhc Lllnton P. Andersun Lo*
Almm Won Physics faclllty (LAWI) can be
considered ds d sllmldt~dn cqrce fur
fusion.mdterldls- lrrtdldtlor studies. lkcl)*
nlzlng this t~d the ~~ent mlurr %tdte ut
LAW w! halvep.msued u;e of thl% fdclllty dnd
hav~ ~rfn~ CQIC1’:dtlOmA[ StldlQS dMWd d!

detemntng 11s fed%llllllty and Utlllty.

~dltlondlly, uc hdte recently concludsd dn
emperwwnt [t] it LAWI thdt dwemlned thdl
Ultr~hlgfbpurlLy dl~ln~l Wt@rldl SUb.feCtEd tO

concurrent :VL I IL itrett dnd mdlmrnqy
protun fau~drd~nt SIWWFII lower votd furutlon
thdn In ldrn:lCdl wtrritl Chdt MS
slwultdneo.sly MIbJecLed to the sdm Irrmfldllon
htstory, but W% undrr no dppt!ed s:rcss. hp
CUndlLIOn\ of concurrent CYLIIC stress dnd
rddldtlun dre Inhermt In ddvdnced ●nw~ sour~r
d~$lqn$ SUCh d% MylWtlCdl ly - and

incrtld: ly-cunflnpd L~H systmb; this eq)prl-nt
•drh~ th~ flr%t USe of LAWI tor fu%lon

mdterldl% itudle*.

. . . . . -—.
“I@sewch tubprFLPd by Ih@ U.S. Mpmwn of
InerWm



th~y propose to study fatlgu-crdck growth as a
function of dose rate. This experiment will be
possible because the proton beam can be directed
to i~i~ge on only the s~q~le; enlongdtion
measurements can be mdde relldb]~, In-situ, dnd
close to the speclm!n.

Additionally, the proton bed:-) can be directed
into sizdble ●xperimental volunes. Tnis allows
use of generods amounts of Subsidldry eqdtpnenl
for cx~,eriment control dnt! monitor. klatlve to

the coru of d fission test reactor dnd most of
the proposed eXp~rllIUr.tdl dress in lnlense
nc,l:ron sources, this SIZd!Ile vOIUIW 15 seen I?S
a ]drge ddtidn:d~e. A sche,?atlc lay~ut Of One Of
the ex; crlmel:d~ areds dL LAW]F 1s shown in
Figure 1. *re d uSdb]c ex;lerlmeft:dl lJLl]L#.1~ of
~rEdLer tl}dnf).s:q’ 1s ?IVAlldhle.
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~IGuM1. 2’: %q~;e drrdnyenmL In tht’LAIW beam.

UWt4eV proton% can lWWtrdfU substantial
thickne~$efi ut materldl; energy loss 1s onlyb .11
Mev/cm In aluninum lhr requlrewumt of

●xtremely thin sectionsdno Lhe IJU5tlLIIllLY u?
dmblquods surfdcti effects inherenL LLI ;ti rly
pedVJ-10kI iWddldCIOII SLUUleS are elltillr,aLeu.
Addltlomlly, IIUltlble Sd3~leS IIW M easily
irrddldLed sim;tdneously by SLdCkln~ LIIe
mdLeridl dlong tne bedrnllne, mdklny mdxln-c”l aie
of dccelerdtor beam tlmti. Yet enoLller duiarLaYu
of tne nigh cwwtrdtlny power of Uuu IwJ prutun~
cdn be seen by noLln9 Figure z. }ur this
experlmsnt, [2J it wds necessary thdt Lne twJ
fulls hdV(? dn ldefitlCdl lrradldtlon nlstdry.
lhe folis Kre Iwcndnlcd]]y dllywt W thd~ t!lrj
wuuld Botn be in an Iden:lcdl puslLlur, In t~lu
lidussldwlntenslLy-profile L h!%)t ~td n.
CdlCu]dLIOnS [4J lndlCdteLl :nfl: n~lLIFiu

SCdtLerlnLj effeCLS in the ]edaln~ full dJ~lJ r!..L
d I ter Lhu flUA dt ttlr SCL J~ld f~:l.
PusL.irrddlat19n rddlochemlstry dnd}jili L>J

confln~d tne cdlculd:lorl ina dS\JrIA’ trial: :IW
dlffererltldl Co~~drl$U~ tfld” W SAJx~}: w; .

medfllnbfJl, kin sdi~; 1~~ recti;~ed lGc,.::L~i

dotes.

3. tit. IA:L> Ll~ LAW; LAFL~ikL:tY tJLb~w!

1.1 :W’1 bedw ?ruflle df’IL! Ilmc >Lruc:uru

The L/@b’~ Uudl ;Crcfllti 1s essen:lall) Ud->bld’
1 II lnLerlslLy. Its tlmu iLru~:urL! :5 ;,41 $1,:
(U.3J15 Ptllsus Ilt lZJ W, 5.JJms Lc:tiul’
p“lius). Ihese ~drdiJUtUri ~ru d;,[lcd :.

LdiCuld:lUfl% on ~,91nL-dufccl klrlU:lL> u .,

dfft?CL~li by rddldl IUII IIIJJLIAI LU I, rr~:.,r~
o .Illdtlurl%. Ihe rcsu]L\ 0? Lnt5u Ldl.u!u:l J!i.
dri’ iw:l~rlzud twIuwm

~.]d kltld:lC$ ~dlCuld:lWl%

Lonsldrrdble WJf?. hds hem duns! on point-cictuL:
klnctlL, .dlculdtloni under pulsed Irrddldtlufi.
lhc Inl!.d] work Lb,)J developeil cull~,ultr LLILIL’h
with thP Cd~dtJlilty Of dccountlng fur

polnL-drfecL produLtlon undtir Irrddldtlon,
dlffuslon, and dnnlnllatlcm dL sinks, fur bum
Steddy lrrduldtlLkn and tor d slny]r pulse Ot
rddlttlon followud by dn annedllnu perlud. InIs
work recksyl Ized thu fdct thdl under PIIISLIJ
condltls)ns, point-defecL concentratlws wdlIJ
rlw during Lnc rddldtlon pulse dnu trsun LtlXdY
at d rdL’1 stcpenornt on Lne slnxs I rl L IIU
mdterldl. ~Ie IJUIWd iySte:lCdn DI! vds Lly
ditterent from prior euperlencti In fl>hIuII
sludle! In wnlch thr rddlatlon lb esscnLldllj
}teddy state III Lhdt, tur d ~lven nut t]uull,. u
(tOtdi nunbt!r Ut

. - —. ——
tncidenr. en~ryrtlc parllLltis

per unll dred), the pulsed $ystmn Is SULIJeLLWI

tu y.wlwls ot Inten\u Pcklfll-uettict gwerdtlun
WiLll dn lnterML)dldLe tllIW fOr dnned]ln~ SSCLWCIIII
PUI sei. Void yrUkVLh is gWern&d nut ullly bJ

total fluencf2 but diSLl by ~ulnL-dvfecL
concentrdtlons as d functlun of tmvm lU dli-

COi~ldrl SOll to thv Idrgl! #nLJunt Of flsslt.11 ddLd
Wdllable, account nust M! lRddV Ut tht
difference betmen stetdy-state alla
irrddlatlon, trke

pul M!ll
Idtur bclny Lhc csmdlllun

inherent t II ddvdncud-cwcrgy %ystem duslym



including mdgneLical]y - and inercldl ly-confined

CTR SYSLe~S.

Our group [8,9] extended the Calculdtiondl
procedures to include the effect of nultiple
pulses of radiation and also included the effect
of the Inherent rddiatiokproduced tire+
dependent terq,erature. This mrk was inltlated
fir5L in an effort to unaerstdnd Lhe effeCLS of
pulsed irrdd:a:$Jn since an ●ventudl compdri50n
Of Our LAWF reSulLS to dVdlldiYle datd under
St@ddY irrddldtion was desired. Kcondly, the
Cdlculdtion is an dld tOwdrd the understdndlng
of the effects of pulsed rddldtlOn III CTH
Systms. lhe results of our cdlculdLlons dre
summdrlzed in Flgure3. For this mri, 100:
“orbtlme” 1s Stedcy lrrddl~tlon. For other

‘Omtlrllt!”, thti flu~ 1S dd]~s:ed such th~: edcl”,

pulse fgr each “om:l me” cun:dlns dn eqbdl

nmLer of lncldw: <,IJ Me; protons b~t thu Vblse

length 1s shor:er. 1! 1S Zeerl thd: :he rdtc for
steady SLdLd dns k% LJIbt IW, W51LU IS thti LAWI
Case. dre very nedr!j thu sd. Iu dl:er 3LI, &lti
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of pLllSt!
intensity on void gru.’{h III #’@lnun. lh e
flmre is from Ref. [91. lhu flus fr’,. this.-
Cdlcuidtion uds 2 n 1(1’” prolons/m’s.

Only when the IJUISC IS very lnten~e. 0.11
“o*tlme”, ~I~CS the rdto bCCUmI $Iynlflcdntly
dlfferrnL; Lhls Wrh contlutwt thdt this effect
could be expldlned by the lWlt’ rddldflol+
prodaced tequ?rdturr pulse caused by thr lnLenw
U.li rfidldtloil PISC t!ld ltS direct effrct on
pulnt-dtifect dIffuslvlfy. in sunmdry, our

calCuldLlbns cunrluded thdt th~ Inzlsed ndLuru of
LAFtll uzul.i not slynlflcdnlly dlter the klnrtl:$
of void grwth re)idtlvr to Steddy lrrddldtlon
and thus d co!IIldrlNJn of our result$ tu Slr?ddy
lrrddlatlun dald WUIII b~ possible.

3.lb Tempcrdluru Cilculatlon$

Ior this cdlculdtlon, 11(II 11 MS assmed Llldt

the tamperdLure would remln fixed dt the
surface of the foil and dt d rddlds, d, ~C
(where ois on? standard devldtion of dhdussldn
beam) from the center. lhls “dmoleni”
temperature in redllty 1s the-tempe-dture of the
cooldnt plus a Smdll flllll grddlent. TIIIS
dssunption is redlistlc becJdse in ~rdCLICe
COOldnt flow rate Cdn be ad~usced LU d vdlue
where the hedL-trdnsfer film coeftlclen: IS
Idrge enough .0 keep Lhe te~@rdtUrP $r.dl~nt
(foil Surrdce to cooldntj dt less Chdn 1 “e. me

ciLlculdLlon requlrecl d solu:lun td Lt)c

t~-dlwnslon~l time-depende~l: hedL CfJfIJ.C;lj I

eqdd:lon In cyllndrlcdl Cdordind:cb:

I(r,z,t) ■ 1(’.) ex; i- >) ,
L

bt!d’1 LjlwPIl b)

LJ

b

u
curt-en:, yltien b,

n:, / Lt ~ ./ :.:
1’ “L—,.1 ~--”- ---—-—--—-— ws

?nrrx;, (- r“/r(t)dr v
i)

uhure n 1$ thv tuldl nuniww ui lw”utun~ III d
l~ui%rul”ddrdtlun AL. Al\u, thrlwdt in,,ut, ;,
1S tJIVCll by

9

wh~rp I 15 thv ●ncrw Iu$s prr Im,lon put ufllL
! en~th.



me heat flou eqdation was solved LILI] ~nd used
to cdlculate bed% ‘=”. Llny mdgnitudetfor vdrlous
beam current densities at LAWF where, In
principle, radiation eifscts stulies could be
performed. lhe results dre sunmdrized In
Figure4. Presented here are t~erdture rises
dfter a 0.5 ms LAWF pulse of 1 mA fur the most
heavily irradiated ared at the toll Center Ilne.
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FIGURL 4: rILIXnmWI cdlculdted te~.crdture rise In

dn d]UtllflU, Ilt!:dl LdryUt dS d ftJllC:lWl Uf ~rOtLlfl
f]ux dnrj hd~le tIllCkneSS (L). Ihu flgurt’ 1*
1 d~ en tr.MI ~ef. iv] dnd snow~ the r~ldilult

Du:ken Lewlerdtdr,” rlsu, sdmi It Lhlcknes5 dnd
flux, dt tne ●nd uf LIIC PJIW,

111 dddltlon tu the requlremen: Lh~t tnc
te~,erdture rise during d L4WII pUISC LIu smdll,
the mdterldl uust reLurn LLI “dmblenL” or cooldnl

t~erdture prior tu the drrlvdl of the next
pulse (7.tJms ltter) or d grddudl rise in
teqlerdture will Occur with time dnd vdry wltn
beam current. lhls trnqlerdture rise Is flOL

tccepttble if tewerdture control IS required.
Mditional cdlculdtlons nre don~, based on the
●qudtlons described ●bove, to determine tne
IWIQ tenllerdture both dt the end of the pulsr
and just before the arrival of the next pulse;
the coolant flow is ndlntdlned ●nd thus hett is
continually being transferl.ed. Ihese results
dre shown in Flgure5. lhe buttom Ilne on this
plot 1s rhe temleralure rise at the ●nd of d

cuoltny perloo, Just brfore the arrlvdl of a
pulte, for dlunlnm Sdqill!s with a thickness
less thdfl U.5 mm. At this thickness tne Sanple

will redch lhu Cooldnt te~erature before the
drrlval of the np~t rmflatlon pulse. tbwcver,
for a Lhlckness of 1 mm and flux gredter than
1 II IOil, the Smpledues noL rpturn to cuoldnt
teiqlerdture prtor tu the orrlvdl of the namt
PUI se. Under these condttluns, the Sawlc
Cciqwrdlurc wl]i grddudlly rl~e with ●dch pll)S@.
lhese conditions, tmwdver, are droned
Undccel)tdble tien lei~erdlure contrul ts
necessdrym

t
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PaO1oblLul molowar~s ‘

b~d.1 S;,Ot SIZL’5 Vdry thrdd;hdJL tllu L n:~,.’!

fdL1l ’t) d\OfI$ the ilrl;ldr~ LWd-ll171L (~llli, n,.
whrru pru:un current 1s Ly;llLdlly LIJ+UJ.I W.

Uur lfllLldl StUtly CuIISldWeLl 10Cd:lJ~,5 d: LIIU
Vdrlubls tdryl dred in Llnu & urwru, 11,

I.rlncl;llc, dccess Lo Ltle bed:l mljtl: be dCf,lu;LiJ.

~Ud’J SIJLIL S’,ZeS Vdl.y trU,ll J.14 tu 2.11CI.IIll
dldll~ter (Inl!:tj of the bdUS\ldtI Ded.J. :11

lJrdCLICSS, ~flySICdl dCCL?Sb 1S dVdlldtJ]e 111 LIIIII ;I

only iL Idrqct >tdtlun dt A-b. ntidr Llw flndl
beds StOIJ. tk!ru the proton be~m Is ldryUi tnf!”
1S dbnut b.fJ CIil. Althouyh hlyher dlspldcu:kw:

rates can Be achieved aL other std:lons, utir

Study Indlcdtes thdt temerdLurw conLrul lwu,in,~

dlftlcult al the current densities dl chc~u
stdtlons. Al M-b, the Instdntdnvuus prutun ll~a
durlny a L).b IIIS LAWI pulss! IS aDouL z : Iu’”
protons-m- *S- 1. Stuuy of Ilyure / IndlLu:u~

fhdt fOf dlLdlllnUll, even at d Lhlcknets Of 1 :11.11,

lne resulLdnl peak tmnperdturc ti <l”L. Iql>

proton current, huwever, ledcls Lu dn di)~ll.L)L;d!lL-

dtumlc dlspldte,nenl rdte, os srnuwn bvtuw.

Using the Wi?shold dlspld~!wwnt wlur~ , 1. ,
Wtenntned ty thtchell et all., L1lJ 1’L IV
dlspl~ce:mnl-energy cross section Ud c~lculd:,’

fur WLI Heti protun$ hy ‘Auller tt all., ~1] IIiIW

●~tended tu lncludc alunlnuu, JUl SLdl~ltc>%
sLeel, molybdenum, and tungsten and thu murlltluu
Ktnchl-P@d5t fumuld, ~ have CdiL’didtWl LIIU

dpa rdte$ fur thu various LAW beam $puL sI;r>
at a current of 1(MIU 4. lhe result+ drc SIIUWII
In }lUurutr.
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FIGLIRL 0: Dlsplacemefi: rd:es in thd LAWI’ proton
beam dt d current of luLKI I&.

For 301 stainless steel, this dlsglacemnt rdte
trdnSldtUS tO d ddf3dge level Of z dl~d In P

nln~weck LATF run cycle dt tdrget scd:lon A-b
fOr d 5L!J ~bed:k

A Iow-currun: [drgeL stdcion (]0 L& MdXiIIIUU) 15

dtidlldb]e In Ared b. Ihls StdLIOn hdS been
tJJnfl [c bd Cxcel lent for snort,
hlgnly-controlled ●xperllknts tndt LIO no:

reqdlre hlgn cluse or flutime. Asdltlondlly,
dCCI?S5 1S nOW dddlldb]e [0 d nPdLrOn f]UX Of

-lb~’-lO1.’ nudtruns cm--s Lhfouyh d “scrlnqer”
SyStm thdL l,tdCM s;~eclmens under thr bedlll sLu;,
dt Ldr~t Stdtloll A-LI.

3.3 %O~OSdiS LO l.AWt

All pruposdls for fesedrch dt LAHII dre
submitted to the L)lrccLorof LAH’F, Los Ald,nos
Nationdl l.abor~ltory, PO BUU 1663, Los Aldmos,
NM. 8i54k bpIcs of tne stdnrttird format dncl
Suhmlttdl lnstructlun$ cdn be ohtdlned from the

LAFf’1 USerS offlCe, Mdll StOp 83U, pL)~OX lbb~,

LOS Almos, NM,87545.

4.

d.

5.

5.

LLI:ILLU!. IUMI

LA~’~ 1S d llSpfUl tOUl fur fUSIOIblnd:erld]S

rddldflLI1>UffeCLS itudle>.
kdllablc d~,d rdtes dre hlqh enou~h to

perfurm dLC@l[TdtCd PE;TrllllrrlL5 dnd bedm

heat.lng 1$ d[ d IS!VLII whcril L@ltilCrdlUrU

cwtrul Cdn bc dCtllWed.
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