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Shielding concerns at a spallation source

G. J. Russell, ii. Robinson. G. L. Lqate, and R. Woods
Urs Alarms Neutron Scattering Ccnm.r

Los Alamos, Ncw Mexico 87545 U.S.A.

ABSTRACT: Ncwsons produced by 8(K1-MeV pmorr reactions at he LOS
Ahios Neufsorr scattering Carter .spatIation rcutron source rXNJWa variety of
challenging shielding problems. Wc identify swxal dam3cristics distirraly
different from reactor shield.ing and compute tie dose attenuation through an
mfinitc slab/shield composed of iron (100 cm) and boratrd @yethylenc
(15 cm). Our calculations show that (for an incident spallaticrn spemum
characteristic of ner.nsons leaking from a tungsten target at 90”) the dose
through the shield is a complex mixture of neutrmns and gamma nsys.

Iiigh-energy (> 20 McV) neuuon production from the targeI is E5% of the

IotaL yet causes 48% of the dose a[ tic shield surke. Rimary bwacrgy
(c 20 McV) neutrons from tic target com.ribule negligibly (HO.5%) [o the

dose M rhc shield surfacr yet cause gamma rays, which musibute =3 1% LOtic
toral dose at h shield surkc. lmw<nergy neutrons from spa.llskionrc~tions
hchave similarly [o neutrons wirh a fission spmrum distribution.

1. Introduction

“~hc Los Alamos Neuwon Scaucring Center (L, UIJSCE)[ I I r.rscs8CKI-MCV ~cms
from [hc Clin[on P. Anderson Meson Physics Fiwility (1.AMP~[21 [o produce
nculn-rns for basic materials science and nuclar physics rcwarch.[’l Becaw it is a
srmlla[ion source, LANSCE produmJ neutrons cov~ing ●but 14 dccak in energy
(sub-mcV [o 8CM)MeV) and experiences shielding problems common to all such
sources, huI di lferenl from lhr).se of fission sources. We rli.scr,rss[he principles O(
spalkrtion source shidding through a detailed calcula[irm of a gt rmemically simple
shmid, and, usin~ he same example, cofrlras[ spallaliorr source spclrum protkms
wllh :1fissi.m spcc[rum ncu[nm .unrrcc.
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2. Spallatlon Neutron Source Shleldlng Issues

2.1 High-Energy Neutrons

For spallalion nxtions, wc divide ernxgy into two regions: Iow-energy (<20 McV)
and high-cmergy (> 20 McV). kw+mcrgy neutsons arc basically produti in thru
ways: a) dircdy from inlranuclear cascdc ~; b) by cvapomlion; and c) from
fiiicm. llwsc Iow+ncrgy ncutsons arc anitted %nowM-less” isaropically and caw

shielding problems Iikc lhosc for fission ~mrs. High+ncrgy ncuuons, rcsuhing
from nuclrmn-nuclcun rwm[icms, have a slrong angular depmdcnrx and cause unique
shielding problems, At 0° [o lhc proton tmam. high-energy neutrons can have
cncrgics up to the incidcru promn enrxgy. As the angle widr respxt to tic pro[on
barn incrmscs, lhc high-energy ncutson spectrum sofmns considcrabl y. The
presence of these high-energy neutrons and their strung
angle-dependence are two reasons why shielding a spallation sourrt
is quite different than shielding a reactor source.

2.2 Thin and Thick Targets

on i~ way m LANSCE, tic IAMPF proton km can s(rikc a variety of obju[s
(Iargcls), ranging from pro[on &am lranspoa-1 pipe and rrugncts m r.hc I. ANSCI;
rargc[ ilwlf. Fach of tlrcsc ‘sources” presents diffcrcn[ ncuwoa spccmum and
in[cnsi[y m an adjaccnl shield, causing h cffcclivcncss nf [hc shield [o hc
significantly dcpcndcm on IIrc spill @n[.

For H(X)-MCV promns incidcru on s~inlcss steel (one amm ltrjc.k), tile calculawt
double diffcrcmial (cmxgy and angle) neutron production spectm arc illmtraled in
Fig. 1. Onc can scc drc srrong angular dcpcndencc of Ihc high -erwsgy ncum-ms, hu[
rhc Iow+xcsgy nculrrms are nearly &tropic.
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l:or a tluck urgct. Mh lhc X and magniludc of the Icakagc neutron spectrum and
[hc ra[io of high-arergy to low-energy rrcufrons can change dramatically from onc
targcI to anolhcs. ~ target itself “modcraux”, ‘self-shields”, and ‘amplifies” the
ncutscms produml. The neutron sparum (intcgra[d over all angl=) from a mild
SICCItiick-Iargc4 (SO+m-thick and 20-cm-diam) is shown in Fig. 2. In contmsL tic
quivalcm spectrum from a Win-target (0.3+ m-thick and 2fkrndiam) of lhe same
material is also shown in Fig.2. The dramatic diffcrcncc Oxxh in intensity and
energy) Ix[wcar the Iwo leakage sprxh is evidcnl. Figure 2 also gives k neutron
spectrum from a 30<m-thick and Io-cmdiam tungstcrr target (a [ypical LANSCE
mrgct). FW *is Largq Iow+ncrgy nurmms *count fcw95.3% of the [od ncuwcm
production, and highuwgy neutrons 4.7%.
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Cafculaled rnxlrcm yields frnrn thin and thick tqcLs for lKX)MeV
prntons.

This is another reason why shielding a spallation stmrce is more
complex than shietdinr a reactor source: different Ieakaga neutron
spectra are produced dtponding upon whether the proton beam strikts
n thin or thick Iargel; neutron production is also matedol dtpendtnt.

2.3 Thin nnd Thick Shields

III ir p;lr[wulw shlcldlng applica[i(m, [hc dlstlnchmr trtwccn ‘Ihln- and “lhlck-
slllcldi (“anIr mlptti.nrrt and may affa-1 the applwnlnluy 0[ slmplishc Iormrlisms ((M
r\t III IiIIIng Ihc rwutrm d(ws at ihc shmfd surf,nrr. If pmmy Il}w mcrgv Imu[r(m$
L-tmlI IIIIIIC sl~:nllmmlly (cllhfr dmx-dy IM try pnmfm-in}: gammn-mys) u} [k uml dIIU-
:11 Illr IIlllcl %Illcld Slllfwx’, ‘m lfcflnr [k dllehf 10 tw 111111“1’wtlOIIICI mllpmrnl\
t (N II III UIIIII}: II) [fw ncumn (hwc ,am: ;I) hl~h crwrgy IICIIIIIMIS, ml h) smlrmfxrv I(IU
rm)r}:i (rvqnlr;~il~w) Iwulr[ms pr(dmxxf hy hl~l) rmv}!v nml[r(m lnIrr;M.[l(u)s In IIIC
\hl(.l(t llwlf Illt’w W{’lmll;lly low CIlrl}:v llrlllll)ll\ :Ilr (ll\ll Ihll[(.lf Ihllnl):h{lul Ill,.

dII(.lll, ,IIItl ;IIIU. II IMII Iln. tfiq)lrr;ll:lm r (:1111 .1111.IIII MI) Id hI@I mcr~:y IIt. 1111IIfI\ :li I! I “i



“’pcnc~[c” [hc shichl. LMh [hc high-energy and sccondwy Iow-energy neutrons
prm-iuccgamma-rays. which al.sa cxmt.rihulc to lhc loud&M u dtc shield sur-kc,

This is another complexity arising in shielding a spallution source
relative to a reactor source: when a shield attenuates high-energy
neutrons, low-energy neutrons are produced, i.e., the shield itstlf
becomes a neutron source. Depending on the application, the
high-energy neutrons plus proft’~y may dominate the dost at a
shield surface.

2.4 Flux-lo-Dose Conversion Factors

A nether shielding complication has to do with jlux.to-dose
conver~ion factors for neutrons and gamma-rays. The flux rcquird 10
poduce onc mrcm per hour O( dose is energy depdcnf as .slmwn in Fig. 3.[s1 1[

lakes a flux of =5.5 n/cm2-s of 100 McV ncuwons to pruduce I mrcm/hr of dose,
compared 10 a flux of =220 n/cmz-s of I eV ncumons. At I McV. it rakes =60
times more gamma-ray flux Ihan ncmrrm flux 10 produce I mrctir. Thus, tic
energies of ncufsons and gamma rays l~king through a shield can hiwe profound
cff:~fi on k tcxal dose at dw shield surfau, The rapid change of IIIC flux-to-dose
conversion fimws can cmrsc signilicam cmors in dose estimation, if the spxh arc
not WCII known.
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2.5 FhJX and DOW

Ncrnrcm and gamma-ray fluxes arc related to lhc physical numtmr O( ncu~ons and
pholons, rcsprxfivcly. IMcaors @ in LANSCE Scica’rtifrcinsuumcms rcsfmnd LO
flux; unwanmd ncuu’cmsand gamma mys can cause &kgmund probfcms. tiowcvcr,
t.trcswdc.micrm arc inside irwrurncnl shielding and tiir rcspon.w irrcludcs k cffccu
of tic inslrumcm shield on lhc incidcm nculrons and gamma rays. Do.sc, on [hc
mhcr hand. is also rclevam bccausc it is dad IO human biological response 1~~
mdralr(-x’r.

13ccausc flux -Io-dose conversion fac[ors arc cncrg y dcpdcru. flux md ik).u arc
aucnumcd dif[crcmly by a shield. When a shrcld ‘aumuzucs- Iow+mczgy ncuurn?s, II
mudcrwcs (slows down) k neutrons widtin dtc shield (dtxrcasing lhc ncuuon dew)
and capmrcs neutrons and produms gamma fays. Whcdrcr aucnuatiur of flux or do=
dominams lhc criteria f(x a shicfd &sign depends on llrc plicular shickt applicalron.
Flux is Impmarrl when shielding dclcc[om; * is isnfronml whcsr shielding ~lc.

2.6 Gamma Rays

Ihok)glcal]y. wc need 10 conccm ourselves wIUr UIC WI dose (rrcuuon plus gamrmr
rays) al UW sfucld surtacc. Dctccmrs also _ 10 bodr nculmns and gamma-rays,
lhrrcforc, gamma fays mm bc ~counlcd fm when &signing drt”-:-rr shielding. All
Iow<rrcrgy ncumons M du noI undcsgo particle =ti-~. such as (n.xn), (n.p), w.,
with nuclei arc cvcnlually capturd in lhc ahickt or I* from il. In addllion I(J

capmrc and inclasti =ucring gamma rays from Iowuwrgy ncuuon inactions.
addllimral gamma mys arc p,oducd from the spallation p-rxcs.. itscl!. T’treu Iaucr
gamma mys mayor may m bc inqmrlam in a particular shield applicama.

We have fdentifitd another difference between spallation and fission
sourct shielding to be an additional r~mma-ray source jram tht
spallation process itself. Depding on we appli~tion, onc may ncal w

accuom fcwall tlumc ncuwcm componcsm (@nary fow+ncsgy, ~mary highs’qy,
and secondary Iow-energy) plus gamma rays whcrr dmgning a shield for a spalkirm
nculnm .Wurcc.

2.7 The Calculated High-Energy Neutron Source

A cmni)hca[im in using Calculated high<mrxgy rwutmrn spcu-a in .shicld dc:ilgn m [hi’
IMNCIIIIJI IM Ihc cmatpukd ar@cdcpcndcnt spcdra arc mcorrm Mh in trlagnilli(lr

d sllit[~ Ctmrpnrcd I(J mcasumi rcsulLs. Ilwrc have twcrr h)lh cxccllcnl agrccmcnl
:IIId mnp}r (Iistigrccfncn[ Mwccn mcxsurfd ml r;Il(. IIl;Iuxl (hNIbllW(I II IcI(.1111.11
Ill):h t“lwlgy ncun(m pnnllwlmrl. In gcnmal, Ulcula[mrrs ulMlcrpr(’(lK’[ mc:ksurcdcnlis
WIIIIIII v;lllrcs. [ 111111Ihcw prt)blcms irrc rcsolvrxt, (mr rnny (III ~Imw stllrl~~
t;IllIll;IIIIms) IIlull Ildy Ilw t“xl(.IIlalcd high curv~y mwron prtnhl{.lllm by s(lln(” l~h‘1}1
10 WI INIIN lI)r lhi. w IIII(x’IimnlI(.s SII( h ii Iwbi nwy h“ (-i}rl.w’(~ll(.lllt;il wIII.11(l(x”l(lIIII.
III(” ICI.III VI. Ilrllnwlwl( c IM.[U’WII lllllllilly ;Iml W(”(m(l;llv hlu rlll”l}ly 111’llll(llli Ill *I

!).1111, Illlfl \lll(.lil 111. WJ:II



3. LANSCE Shleldlng Concerns

LANSCE shielding issues can lx broadly summarized a.. follows: a) adqua[c
dcflnitmn O( the ncusron source; b) pro[on beam Iinc; c) scrvicc cell; d)
Ia.rgcUmo&ralcw/rcfkcM, c) Iargcl anm; f) ncutroc cotlimx, g) Iongin.rdinal ncutr~
beam Iinc; h) trzuwcrw ncumun &m line; i) ncurmn inssrumcn[; and j) ncumn
lwarrr srop. Wc have u.scdour Mnmc Carlr, code pchgc LOaddress many O( these
shmk!ing cmrccms.

4. Calculations for an Inflnlte Iron/Polyethylene Slab Shield

4.1 Problem Deflnltlon

To help understand the co,tiplcxi[ms of spallarkm SOI,UCCshicldlng, wc chow a
kcomclncally’ simple shield model (Inflnilc slab). The shield (see Fig. 4) wm
com~ of IO(J cm of iron (mild SIczl) (OIIOWUI by 15 cm of ~ plycthyknc
(5 w[% na[ural boron) witi a monodlrwti~al ~inl source of neutrons incidcn[
ncwmal 10k iron shield surface. Ttu aucndaru rbcusfon~ gamma-ray progeny sum
m FIVC the IOUI dose at various Iom[ions throughout the shield. By prim~
high-rncrgy gamma rays. wc m~n those gamma rays praiuc~ by high-energy
rcacuons. Sccodary low-energy gamm,~ rays result from ~ordary Iow<ncrgv
ncurron mmmwns. 1* lwo gamma-ray cnnqmmms sum m give a segment wc
UJII spallauun gamma rays. Prrmary low-energy nculrtm mrcracmms produce
prima.ry Iow*ncrgy gamma rays, Nil gamma rays were assmcd lncdcm on Ihc
:ihrld.
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A uni[ source of spdla[ion ncuwons calculati al 90°10 the axis of a 10+mdiam by
30-cm-tiick lungsmn Iargcl (sez Fig. 5) was used as the prin’uzy incidcml Spallaf.it n
spcarum. In addition, we ud a unit Wau fission spectrum, which is also dcpic[cd
In Fig. 5.
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l’lg. 5, Unit sounx spcma used in shickt calculadons.

4.2 Results

For the umgsten spalhion ncuuon-s~trum in Fig. 5, p+mu-y Iow-cmgy rrcuuons
auoum fm 95.3%I of the mat ncwon leakage fmnn k W&W primary high=ncrgy
ncu[rons axourr[ for 4.7%. I l$mg rhis spallahn neuron s~lrum. we show
calculalc.d neutnm and pamma-ray dosm throughout ~ shield andal the shield
surf= in Figs. 6 and 7. S~ low-energy neUrrCHI production k depicted in
?:ig. 6
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In Fig. 6, you can xc dw buildup of L~c secondary Iow-r.ncrgy nculron &MC as !hc

high+mcrgy ncuwons arc mcnuati by IJW shield. The high-energy ncumns arc
altcnualcd vw Iitllc by tic plyctiylcnc; scondary Iow+mxgy ncuf.ron pduction
falls as WCII. AL fhc oulcr surkcs O( fhc iron shield Iow+&rgy neutron doses fall
rapidly, duc to namron ciimrc, enhanced moderation, and lack of isotropic reflection.
The same argumcms hold for tic swondary Iow+mergy ncuwons; in addi[ion, the
soum of lhcsc neutrons dcnrascs tapidly. The doses al lhc shield surfxc arc dc~ilcd
in Table 1.

Table I. Dorcs al tic Surface of a Fc~H2 (5% B) 1~15 cm Shield

% of Incidcnl
% of Ncumons

Dose TYTIC Total Ilxc @’f? 90°)

Rimary Hi-E Ncumns 43.0 4.7

Secondary LoE Ncutrcms 12.8

Gamma-Rays frcnn Primary Hi-E and
Secondary Lo-E Ncuwcms ~

subtotal 68.1

Primary hvE Neutrons 0.5 95.3

Gamma-Rays frmn ,Rimary
Lo-E Neutrons -3-l-A_

Sub[oml 31.9

The gamma-r~y dose is further illusmud in Fig. 7. Gamma-ray pcxiuction sw m
incrcasc al the irodpolyethylcnc inlcrfatx and continues into the firsl pm 0( I.hc
wlyclhylc.nc. This irmx~ is causal by k runowd of Mumcms via neutron ~pwrc
and inelastic processes showing why, for me maIcrials, iI is impcmaru [o accoum
for gamma rays as WCII as nculrons in shield designs.
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The cffars of a unil Wau fission spccu-um on neutron and gamma.riy doses for tic
=mc shield arc shown in Fig. 8. A similar dose altcnumion is observed here as for
[hc primary low-energy neutrons in Fig. 6. Al the shield surface in Fig. 8, k dose
is essentially all causal by gamma mys. The complexity of spallation ncmron
source shielding compared LOfiision source shielding is swr in comparing Figs. 6
ar,d 8.
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Shield Tnlcbness (cm)

Fig.!l. Relative neu[ron and gamma-ray dose through the

hdpolycthylcmc shield for an im%lcn[ Wat[ fwion spcmum.

Shielding calculations for spherical shields arc underway.[sj One might expa

spherical shields LOhhavc ncuwonically different than infinilc slab shields. One
reason is lhat, for the infinite slab shield dixusaed hem, s 79% of the primary
Iow+mrgy ncuuons incident on we in~ shield surface arc removed by kk
scalt-kringand do nol contribute 10 tic dose al h outer shield surfwc. For a
spherical shield, lhcsc ‘a.llwlo- ncuuuns arc incident cm ~c opposilc side of tie
shield, aml. rxmwqucndy, have rcpeatd oppormnitics to comributc to the dose at tie
oulcr shield surface. Thus, depending on shield paniculars, primary Iow-cmrgy
ncut.rons can corlzibulc significandy to ti dose a[ h ou[cr surfwc of a sphcricd

khicld,

5. Conclusions

A spulla[mr ncwon s(mrw prcscnLs more dIH’IurlI shicklmg prohlcms [hmr those

pwcd by a rcac~lr wnrrcc. Wc dcm(msm--md IJrctuwc dd(crcncc.. tc[wccn dw IWO and
dl(nvcd lhL’ Ilwrca.wd txmlplcxlly of s@lirmw. simrcc shickllng through a cdcuktiofi

lI)r WI lrordlrn)lvlL[hylcll(. shwkl. “I”hIS CXaIIIIIlC IIIU wutcs tww shielding ~;rirrciplcs

Ii)r J iptillwm simrcc, [hc pwlllulms dcIrcnd {m [hr slrclfic shwidlrrg prohlcnl.
ShI(’hlIIII: :1 IISSI{)II vmrlc IK slrnll,lr II! sIII(.I(!III}! k prlmiir! 1(w crwr}:y ncu[f(ms ill
,1 .1,.111,1!1(,11 \,)ll[,, Q 1II(” Ii)ilil,.nr 111.II IIIMI ilx.i lrlllll ;IIIII III,, \hIt.1(1 y{’t~ill~’lri .



composition, and thickness dctcrminc whc[hcr high-energy or Iow-energy ncul.rons
dorninalc LIE ncmron dosz at tic shield surface, and k reladvc importance of gamma
rays.
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