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beams incident on two lithium rargcts iII right angles, arrungcd
in the configuration shown in Fig. 1 [3} The rcfcrcncc bcum
current is 231 mA on each turcyt. thus significantly increasing
the available materials-test volurncs.
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cll:lr;lcturist ics, and tl}crnlfil-hytl ruulics rcquircrncnts. “I”hcresults
of the study 12.3] indicafcd ihtit [hc two turgct geometry ;InLl

m(dUlilr aCCCICrilt Or systcm provides considcr;lhk flexibility in
the uchicv:lblc neutron-flux ICVCISiind test volumes. and uist)
fwrmirs flux-g rw.licn[ luiioringq Stil~Cd cxpilnsion of testing

capability. and improvd fdcility availdniiity.

‘l-hc ncutrm~ics rCiiltCd results of thcw previous sludil’s
[2PII were imscd on estimations of the uncoiiidmi neutron fiux
witilin Iiw test voiunw. ‘I”hc next step in the cvtiiutition of [iw
ncurronics pcrfornlilncc of the D-Lithium source, invt}ivtw
cStimiltL’S for the fuiiy Iransportcd ncutr(m fiux ip iI test -
spccimcn intrmluccd in the testing vOiunlu, tind suhsquunt
Cili CUiil Iion of ilppropriilt C mntcridls response functions (such il!i

dilrtiilg~ and trii[lsrnlltiiti(}ns~ ‘l”his is tin ongoing rcscnrch, wi~[mc
first rcsuits ar:’ reported hrmin.

“I”hcncutrl)n source ~pcctrurn for the D-Lithium r~;l~[io[]s
inciu(ks contributions from the stripping rctiction. the formi~[il~~l
t)f il cl)mpound nucleus und oli]cr nuckmr reactions. A Spiltiili,

energy ilnd :Ingic dcpcndcnt neutron source mmki WilS
dcvciopcd with t ilc mclhmls prcscntcci in purt I I of this work.
Pilrt Ill prusunls tllc rcsuits of tin ilniliySiS thtit milximizt!s li)u

;l\’iliiilill C tL’St w)iumc :It given unc(liiidud flux icvcis, i>y
cx:lmining il rilllg~ of lJU:lnl/til rgct/l CSt-VoillmU configurations.” In

il;lrt IV, tiledL”liiiiL’(1 ncutr[~ll s(lurcc nlldcl is c(mplcd with :1

Mt}IIIL’ (’iirl[l c(dc (hl(’NP) 1~] It) prov’idc iin UnCrgy-l!Cl>L’llLIUllt

pt)illl-wise nculr(~ll filix spcctriim witiliil ti}c tcsi vt)iIImc,

Milt~ri:iis rcspt~nsu func.lilms ((ll}il il[ld ilpfltll) ilrC SlliWWqUCl)ti~

CStilllilt Lll IWSL’(1 011 Ihc flliiv trilnsportcd flux. nnd c~~mp;ircd I(J
til(lsc frl}n] il typicni IJ’1”fllSloll firS1-Wilii spuct rum, i:illilliy SOIIII:

c[lnc.iusi(lns ilrL’ dr:lwn.



JI.~uRc~ D=-WY

The doubly differential yield pcr microcoulomh of bcnm
charge is shown in Fijgurc 2.

Flgul

1010

10°

10°

107

10°

1Oe

“L’ 2.

I , , 1 1 1 , m 1 , 1 , , 1 , w , , 1 , , 1 , P

7

r

,.

* 0°

2> L , , 1 L , n 1 , 1 1 1 L n I , LL 1 1 1 1

0 20 40

NEUTRON ENERGY (MeV)

lhmldvdlffurcnlinl nkulr{ut viuld f[!r M

60



cxpcrimcntid d:ltiI. From this it can bc concluded that [hc D-Li
reaction is rnorc complicated than the Scrhcr model predicts.
The !krlwr model wus derived in a classical mtinncr for very
high crmrgy dcutcrons (> 1(W McV) and probably is nor accurtitc
for dcutcrons in the (}35 f4cV energy range. The highly
forward pcakm.1 I-whavior of the yield dicttitcs that the source hc
modeled with a v~.ry firw division of angultir bins. Also. the
forward yield depends strongiy on the dcutcron energy in tlw
mrgct. which in turn depends on the Penetration clistancc of IIw
Iwarn into the ttirgct. Chscqucntitilly. to model the source
accurately, the source must hc dcscrihcd with three voriablcs:
distance into the target. X, angle from the beam axis, 0, iind
neutron energy. E“. The source was rnodclcd u ,ng u AE~
corrt!sponding to t!vcry 1 mm of targd penetration. a All of 2.W1.
irnd it AEn of 2 McV. “I.(} rnodcl the neutron transport in thu tust
CCII. it was dccidcd Ihat the ct}ntinu[)usw’ncrgy /c[tnlinu(}tls-:t llglc
Monte Carlo COW MCNP. was Ihc kwst tool for the jolt, Imsml
on the following reason.w

(1) The highly angultir source dcpcndcncc would kild 10
an cxccssivcly complex quudrtiturc set in a 2-d or .Id discrctc
ordinil tw+ Cldc.

(2) .Ilc high energy (<=1(N) McV) cross sections for Ilw
proposml twit CCII mii[~riitls htivc (mm dcvclopcd for M(!NP :Ind
llcl}chm:lrk~ll 15~

[Indcr current limititti~)ns within MCNP. the source can
Iw modeled with onc Icvcl of dcpundcncc; th:~t is the dcpcndcnr
VilriilhIC%in th~ sourtc mu%t depend directly on ill] indcpcndunl
VilriilblU, Ilmwvcr, 1114! D-1.itllium sourct hilt! two Icvuls of
dcpcndcncy: lhc ncutrou tncrgy, Ed, depends on tlu! ilIl~lL-, 0.
which in Iurn dupcnds twt Ihc indqwndunt VilriilblC. X. ‘1’1)

il~~otllm{diit~ th~ 11-1.i source, a sp~~iiil version of M(” NP Wiis
dcvclopcd, Iturthcr. lW!L.ilUSC[Jf IIK ddnilml lliltllrC l}f IIIL! source

illld the’ rcsultinx size* t)f thc M( ‘N 1’ input f ilc. ti CIMIC Wiis
wrilk’n It) pnducc IhC M(’NP inpui filu for ii given I}uilnl
~~vmwtry illld ~“nrrgv, .llis Lldc providus for l)iilSillg thu illi~lL’,
t hL’ ncu:rml cnurgv illlll lhL’ Spiltiill pilriltllL’tL’rS of IIIL’ source, I 11

pillliCllliIr, IIIL’ ~ illltl Z Spilt iill llC~lldL” IICC of tll L! s(}llrcc (lJL’illll

cross swli(m) ws ImdLIILd with -IS(MI p}ints, ‘1’hc resulting
wmnw is drs~’ribud by milli[ms llf disrrctu prt)llilltilily l~ins.
“I”hurultwc. [hu hf(’NI’ o}mpulcr runs hiltl tt} IW lIIIIIC wilh

millions tlf s(mr(’c pilrt jl.11’!i t{} ilLIL’(llliltCIV SilnlplL’ Ihc wmrcu,

l!!, {JN(N!JJm’m FIAJXNly!ul:llj



distance in the x..y plane of each hcum ccntcrlinr from thuir
common vertex. The minimum viiluc of flux within the stimc
volurnc was also culculatcd, and was found to bc Iowcr than the
volume averaged flux values by factorsof 2-1 For example, for
a target separation of 20 cm, the volume with a minimum flux
above 1014 n/cm2/s is 9.3 Iitcrs, while the volume averaged flux
within that siimc volume is 2X104 n/cm*/s.
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Figure 3. Ilxpcrinlcnlill volume versus uncdlidcd volumu
ilVUrilgCd flux at VilrilW4 tilrgCt Scpilriltiol]!+ for the rufcrcncc
design (IWO liirg~is / IW{) l~~ilm~ ilt 2.50 mA CiICh)

I:igurc 3 illS() ShOWS [hilt Illl! tilrgL!t SL!pilriltil)ll hilS Iillld
CffCCt 011 th! cxpcrinwnl:tl volume iit specific VOlllnlC ilVL’ril~Lll
fill% lCvCl!$. Ill gCIICrill, illcrcilsing lIW lilrgCl SCpilriltiOll slightly
incmrc.mcs tlw :lVilil:llJIL’ Wlillg volunw ilt low lo mmlium flu%
1(’WIS. whilr dCCrL’ilSill~ IIIL’ volume ilt high fill X IUVCIS (:ll~t)~~’
l[lls n/Cm~/s] (-(~llSC(lllCllt iilllV, Ilw dclcrmi[lillg f:wtor ill fixing

II}L’ IilrgL’1 SL’pilrillit~ll is lhL’ rillliillioll ;11111 llL’ill flUX ll;llllil#’ S1’1’11
bv onc l:lr~cl duu [() thu [)lhcr. l:~w tllcsu rL’ilSiMIS. IIIL’ d~~sigl)
litirL!itl Iur rufcrr~xl to ilS lhc “rcfcrunw design” will Il;lvc Ihc [WI}
!ilrgL”t S !411ilC111131 (“III fr~ml Ihcir Wllllllloll vcrlvx. Willl L’itL’11IM’;IIII

(“:lrryitlg M) MA.
l;i}:llrL’ ,1 %ll(tWS 11)1” fill X L’t)lil(}urs ilt 1111’filL”L’of 11111’ (11

IIIC Iv+’(J Iilrgrls Il)r Ihc rcfrrc’m.1” dusign. “1’11(’ flux ctml(mrs
dl’lillc Sllrf’ill”L% Illill L’l\C’l(lSC p)inls wilh il till X gr~illcr 111:111(II

Lsqu:Il Ii] Ill{’ Ilux lL.vl’l }:iv~.n (m tlw t’{ml[mr. ‘1’hu ullipli(’:il sll;lpl~



of the flux contours is prmluccd by (Iw tisymmctry of [lw
dcutcron bcum. ‘1’hc beam in the z-direction is CJaussian with ii
standard deviation of 1 cm, while in the y-dirc~tion it exhibits :1
4 cm wide flat-top, having Guussian tails with a standard
deviation of 1 cm at each sid=.
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Figure 4. LJncollidcd
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flux contours at the face of onc turgct for

Figure 5 shows the flux contours for the rcfcrcncc dcsigll
at the 2=0 plunc; this pltinc is perpendicular to the two lithium
flow tubcs(scc Figure 1] ‘1’hc surface that cncloscs all of [hc
points in the test CCIIwith iI flux Icvcl of 1014 nicm2/s or grciltcr
is shown in Figure 6. ‘I”hc volurrw cnvclopu.i by this surfacw is
9.3 Iitcrs.
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Figure 5. IJncollidcd flux contours at the z=() plane for [Ilc
rcfcrcncc design.



Figure 6. Surface enclosing points with uncollillcd flux gr~iit~r or
cqu:ll to 10*4n/cm2/s.

An cxamirmtion of Figures 4 and 5 show tkt points in
the tcs[ rcgit)n clmw to the target arc exposed to very high fluxes
tind rilthcr stc(’p ilux grndicnts. However. there is -35 Iitcrs of
test volurnc l)il Villg u volurnc averaged flux of 1014n/um2/s which
hilS rclntivcly low flux grudicnts.

IV. NIWTRON TRANSPORT RILSUI.lS

“I”hc d[:t:lilml neutron source rnodcl prcscntcd in p:lrt I I
W:ISc(mplud with ii Monte C:irlo code (MCNPJ to cvtiluutc the
ful!y trunsportcd flux within the test CCII. A potcntinlly scri[)us
pr(>lllcm with this coupling is lhut the cross section d;lt:l
implcmcnt~”d in the Iutcst MCNP vcrsi[m tire hiis~d on ENl)l~-
lh’V L’V;llUiltCtl d;lt;i ;Ind extend ‘() neutron cncrgics ot up to 20

MuV t~IIly. ‘l”hc Ilcutr[)ns rroduccd from the fl-l, ithillm rcilcti(}l~

huvc cllcrgics :IS high :Is 50 McV. t;t)r this rcnson :1 m(dit’icd
M(’NI’ VUr.*1[)11W:ISIIsctl 151.thin includes cross sccti[)ll lil>r:lri~’s
With lliltil Ill) If} I(K) klc V If)r Some nl:lrcriills (il]~mlll(li[lgI 1, () ;II~{l
I’U),

‘1’hc :Ill:llysls cx:lnlinc[l ii g~u)nwlric r~’l~rcsc’lltiltioll t)l ;I
~ Iwilm / (~ t:lrgc.t d~.sign. ‘Ihc Lw~ t:lrg~’t / ~ Ix’;in] systl.ltl
is symmclric with respect tl)tllu (Ii:lgollill ill lllc x-v pl;lllc’.

Acc(~rdinply, the t~.vt) t;lrgL*t / tw[~ !l~ilnl rr!. ulls c;IIl Iw ~’:lsilv



ol)tiiin~d by supcrposlrion of two onc-turgct results, with onc of
the rwo dutti sets appropri:]tcly rotutcd. ‘I’hc guomc!ric
simulation CI1)SCIY rcscmblcs the tirrangcrncilt shown in Figure i.
,,., hu test region is simulutcd with ii 40 cm cube 1)1 ii
hornogcncous matcritil containing W % (volurnc) iron, .30 %
(volurnc) water and 20 % (volurnc) void. ‘1.hh material rsprcscnts
irn average “cooled test spccimcn” where the void is intro ducul
by the cxistcncc of the cooling tubes.

The point-wise flux cstimiitcs were dctcrmincd by
computing volume averaged fluxes in small twit volurncs :it
vtiril)us positions within the test ccl] region. ‘I”hc irvcr~ge mc:in
free path of the neutrons in tlw test ccl] mtitcrii]l is -.>4 cm.
‘I”hc size of a side of the cubic test %olurncs was CI1OSCU t:) Iw
:r)l)roxirnil[~ly onc-hillf of a mean free ptith, or 2 cm. ‘1.IIC

ornplctc tl!st Cell is a Cul?c with a side of 40 cm.
\ ‘(]nsc(iucntially, there irrc -lo mcirn free paths ktwccn the l)il~k
Wdll illllf the Iilsl point wllcrc flUX is CillCUliltCd. The 40 cm
volurnc wus scparutcd into twcntj 2 cm-Fcr- side cubic CCIIS. Ill
ctich CCI1 the flux wus cstimtitcd in twenty-fi~:c 2 McV bins
st:lrring at zero McV. In iin effort to improve the unccrttiintius
in the LXtirTliltCd flux, the LXll imports .,. !s were chosen so IIlilt
the I(JIUI neutron popul;l[ion in ctich CCIIwas held constant,



Cl)nscqucntially, if is useful 10 ililk’c iI comptirison Iwtwccn the
D-l,ithium source spectrum nnd [hc spectrum proc!uculi within
the stimc test-spccimcn trorn :1 monocncrgutic 14 McV D’I’
rwutron source. Using MCNP. the ncurron energy dcpcndcllt
flux was cnlcul;l; cd nt points within the II,XI CCII ill(~ng IIIL~
ccntcrlinc Of Ihc Iw;lm illld IIm results were norrrmlizud to the
stime total flux.

Ncurron ‘il. !~frii were ~sfimiltd for thrw different cilscs:
(1) iI rnon(wncr,g<lic 14 Mc’4 rmutron source simuhlting il [>”1”
fusion rt!ilctor firsl-~’illl cnvironrncnt; (2) the spcctrurn from IIIC
D-Lithium SOU!ISCm it is estimated from the uncollikd-llux
unalysis prcscntcd in p:lrt Ill of Ihc prcsunt report; i~illl (3) Ihr
fully transportl:{~ flux from the D-Lithium sol”.rec. Figures 7 ill]ll
tl SI1OW thC rcsulls of thCSC CillL’UliltionS ilt diSIilnu.!S Of I cm ;Il)(l
Z() ~nl within IIc tcsl spccimcn, rcspccIivtily.
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Lithium source. ‘l-hcrcforc, using the uncollidcd flux to ~stimiltc
:lVilil:llll C wring V()!IIM4!S (ilS WilS lh}llC in suli[~n Ill, ill)d in
previous sludics 12-1]) will yield ii fnirly good” LXtinlillc of IIIL’
collided flux rcsulls.

It is envisioned thtit the most importitnl applicntilm of
IIW D-Lithium source will Iw its usc as a mtitcrials testing iInd
qualification filCilily for fusion dcvicc% It is prudcnr Ihcn tl)
compart Ihc dilmi[g~ to mtitcriitls from t hc 13-Lithium spcct rum
wiih that f.wm u stiindiird D]’ fusion firs! wall spectrum. For
this armlysis the results shown in Figures 7 and H ilr~ usml.

A crilicitl issue for the c(mlpitrison is tlw choice of the
tusting milt~riillm “I”lw test spccimcn used in the flux studies
prwwntcd illM)V(! WilS llilSCd (}[1 iron, since tlw high-energy cross
sccIiOns for thin Illiltcriill were ilVililillllC in the modified vcrsitln
of M(!NIB that wnri utilimd. UnfOrtunutcly Ihc dilnl:lgC dross
section diltil for iron ilr~ not fully known to high cncrgics. on
Ihc contritry such dIItiI exist for copper 131 to cncrgics ii~ high :IS
.S() McV. For this rcwson IhC d:tm:tgc :Ii]itlysis wiis ~rfi}rfil~d on

copper. IlilSUd lm ii Ct)mpilrlsi)n l}f the copper und iron cnms
scrti{ms, it is L’XpCCt L’11 thin Ilw trilllsfmrtcd flUX in il cOppur-
llilSCd test spccimcu is very !linlililr to thilt Of un ir,)ll-lliut~”l lust
spccimun. C“t~[]s~’tlllullli:llly, thurc should Iw Iilllc crrtw in
subsliluling Ihc flux trilllSporl L’d in ir(m for thu flux trilllSpl)rt L’11
in cl)ppcr.

‘1’IIC nliltCriillS rrsp~msc functions tllilt ilrC implwt:lnl 10
f usi(m rcilct[tr W4ign ilrL’ IICIII rm] dilnlilgl.’ to t IIL’ llliltrri:ll lilllit”l-
illlll Ihc prmluclitm t~f trilll Snllllilti{}ll isotopes. most inlp[wt;l[ll (;f
which is Ilclium, Ilc, In thi~ work Ihc ncutrou tl[lnlilg~ t{) IhL.
lilttiCC WilS Cstinliltml using diSplilCL’nlClltS pcr iltlllll, tll)il. “1’hU I IL’
pr[duclitm is nwnsurml in iltolllit. pilrtS pcr million, ilIJplllm ( )Ihur
dcrivutivu rwqmnsu functi(ms ilrL’ IIK rillitl i}f ilpplll 1[} ll[~il 1111(1
th(m(Il}il pr(yluctitm pcr illl U(llli VitlClll ncu[r[m Willl loilllill~!, WI.,
(d’ I hlwilll-,

‘l’ill}l~mISlillilll;lriz(’sIIIL-rcsullk ftlr tilt’ llillllil~(’ II) i.tl[}[)l”l
:1s dl:lrrmincd :11 Iw{) p(isilitms within Illc’ 1(’s1 c(”ll: I {’m ilWil\’
illl(l 2(I L’Ill ilW’ilV Irfml 111(’ Iilr*L’1 l~;l(.k-w;lll, il[i)ll}! till’ 111’illll
crnturlinr. “1’hl%i’ CilllWldt iol)S wrrc dl~lt~m flw 11{) 111il t~’llil.iil I )’1
fmiim mwtrim stmrcu ill)ll Iht’ [) I .ithium s(mr~’c. ‘1’111’tillllL” illSl\
inrludrs IIIL’ rilli[}s Ill 1111’ llillllil~t. rrsp{)nsr I’unrt ilms Iwt wr(’t~
t hr t wt) simrt’(w,



‘1’nhlc I. Compilrison (}f (lilmilg~ 1(} nliltcriills
I)- Lit Ilium sourw itnd ii ~tiinditrd IYI’ fusion ncutrorl

I:or il noint 1 cm inlo Illc ?cSt cc~

Iwlwccn the
source.

nlitv ~Li ,. DLi/Dl’
WL (MW/m2) 239 33,4 ().71
<En> (McV)
dpll
ilpplll (I IL!)

dpti/(MW/mz)
:tppm/dpu

7.3 I(L3 ().71

139.3 179.6 ().77
1:49 lNW 0.61
5X 5.4 1.09
K2 10.5 o.7n

(h ,~lv [)Li ., *,, , ,).,.

W;, (MW/m2) Imlll ON I.Ni
<En>(Mu’J)- 4,4 3.1 I.mw
(I pi! 7.H 6.4 Imlq

ilpl)lll (IIC) 5?.4 -3~m2 MO
dpil/(M W/m~) (W 711 (INS
ilppM/dp:l M+ ~}) 1,37

‘l”ilbl~ I illdiCilIIX Ihill illllil)ll~h IhC lW[) source SllW1ril ilr~’
dilfcrcnl, Illt! llillllil~L’ 1[} lllill Criill!i is similar. l!L”L’illlSL! 111(! poinls
rup:. rlud in ‘1’illllL’ I r: ~), SL’111pt)inm illl}ll~ [Ill! lWillll cunlcrlinu. il

is cxpculcd [hill lllus~’ points will ruflcct 1111! Illil:illllllll

dil’1’crcnccs in Ihr Iwo stmrcu slwctrn. Mtwmwcr, if (MW titk~s
inlo ilL’L’olllit lhL’ llllCL’rtililll ics involvml in Ihu Cnlculnlitms
rcl:llml 10 cross-srl’litmso wwnpulcr Colks, :Ind CXIIL’I irrildiillioll

SC1’llilri{)S, il C’illl IX! L“t)llL”llldL’(1 Illill thL’ nil Illil~L’ 1[) il Illilluri:ll

LmXp(MLI(l t{) il fmi(m lirst-~’illl/llliliik~I ncuirtm qwclrum l.iilt Ill’
rL’ilSttllillllv SilllllliltL’11 W’itll il l)-l.llliilllll llilSL’d k’Slill~ filL’ilit V,

V*.(WW’LL!S!!N+M



spectrum. lIowcvcr, the results indicated thtit the d~milg~ to
mtitcri:lls from the D-Lithium source is similiir to tl~ilt of the
typi~ill D’1’source Cxiltllind under the stimc conditions (LIillllil~L’

to the same mi~t~riill at the sumc point within the test CCII] ‘l”l~c
numlwr of iipptll tind (JPii, ils WCll iis th~ riitio :lppm/d~il iill(l
dpil/MW/m2 iirc within .30% fo: the two sources. It is m)tcli tl~ilt
the points cxilmincd Iic in the tCSl ~l!ll illong till! h’illll
ccntcrlinc, and were cxpcctcd 10 yield the maximum diffcrcnccs
Iwtwccn the two sources. It can ttwn hi! rctisonilhly concluded
th:lt the fwo-tnrgct, high-twurn current D-Lithium :murcc is :1
Icchnologicnlly ilnd Cconomicillly” tittractivc candicftitc us il
fusion mil!L’riillS irrildiiltion and twhrdogy Icsting source.
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