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CALCULATED NE UTRON-ACT1VATION CROSS SECTIONS FOR E,, s 100 \[eV

FOR A RANGE OF ACCELERATOR MATERIALs

M. Dozoian, E. D. Arthur. R. T, Perrv, W. B. }Vilson and P. G. }“oung

Los Alamos National Laboratory, Los Alatnos, SeW \Iexico, LS,4 97345

~: Activation problems associated with particle accelerators are commonly dominated I)Y rcactio,,s

of mconrlary neutrons produced in reactions of beam particles with accelerator or lwam stop macorials,

\[eUured v~ueg of neutron.~tlvation cross sections above a few \fev are sparse. (.’akulations with \he

GNASH code have been made for neutrons incident on ail stable nuclides of a rurge of elements comr.lon to

accelerator materials. These elements include D, C, N, O, Ne, \lg, AI, Si, P, S. .ir, K, Ca, (’r, \lri, Fc, (.’o,

Xi, (.”u, Zn. Zr. \fo. Nd and Sm. Calculations vre made for a grid of incident neutron energies cxterrding

to 100 \feV. Croe..ssections leading to the direct production of as many as U7 activation products for each of

S4 tar~et nuclide were tabulztcd on this grid of neutron energies, each beginning with the threshold for the

product nuclide’s formation. !dultigrouped values of these cross sections have been calculated and MC being

integrated into the cross-section library of the REAC-2 neutron activation code. Illustrative cross secticms

are presented,

(medium-energy neutron,, neutron activation, accelerators )

Neutron activation rates are calculated M the integral over r,.eu- ●

tron energy of the product of the neutron flux and activation

cross section-, These radionuclide production rates cars be used

in a radionuclide inventory code to calculate the temporal in.

ventory of coupled radionuciidea followinc; a srpecillc irradia- 9

tion history. Versions of the CINDEfll and ORIGEN1 codes

are typically used for such cafculationa in nucle~r rmctor ap ●

placations, The REAC code~-s, devclaped by Fred hlann at
tIEDL, hu been used for tl:e ~aat right yesrs for medium-

euergy neutron activation cnlcu!ation.s Ior a variety of magnetic

fusion energy (\[FE) studiec and the E(I ion hfaterie.ie Irradia.

tion Te~t Facility (Fhl IT) dvsign ~t.u,lv, The code’s mu]tigroup

cros~.section librarj extends to fib ‘\ie V ud consists munly of

data csdculate.j with the nuclear systomatico code Tl[RESH-
11,0with data procemed from ENf)F/B.V7 and other edu.

ations used where available. ENl)F/B-V contdns ●vdu~ted

neutron reaction cross sections (OI neutron wrergiaa En x20

lleV.

The design st Jdy for the 100. MeV H- Ground Teat Accel.

er~tur facility (t3TA) has required the development of a library ,

of cross wctions for ft12AC extending to a neutl m energy of 100

Nlcl’ and connistlng of procemrl ENDF/B.V dat~ extwrtfed or

supplemented with reaction data obttined from nuclear reac- 9

lion physics model code calculations, Thew cdculstlons and

tllcir results, as weU M cornpsrlsons to avaJlable data, are de.

wiil)e(l in the sections that foliow,

C3NASH Input Parameters and Data

‘rlIc streal;llinul v~roirm of GNASII,t inrludlng ●’aporrttlon

,nnd prrequllibrium Inodelm. was uml for prr)durlng the comprrs-

ilv spvctrn aIId individual reactlrm da{a for the Imutrun nctivrt. _.

gui~hability memory factor implemented in the emis~ion

rate formula;

preequilibrium model augmented with multistage pree-

quilibrium modeUng9 which follows M a logical exten-

sion of the muter ●quation basis of the GNASH cxciton

model;

Ignaytuk level density WCJ selected;

etch neutron activation target WM described by two sep-

arate cdculationc based on energy range;

for the eleven incident neutron energies En = 0..5,

1., 2,, 3., 5., 7.5, 10., 1’2.5, 15. and 17.5 hleV an

emitted. p~ticle ●nergy grid AE of 0.25 MeV wu

used; a maximum of 15 compound nuclides (AZ=3,

AN=5) were allowed to be formed.

for the seventeen incident neutron enerpjes Em = 20,,

2%, 30,,,,,, 100 hleV u emitted pa.rtic~ ●nergy grid

AE of 1.0 MeV wu selected; a mmdmum of 54 corn.

pound nuclldes (AZ=6, AN=9) were aflowed to be

formed,

compound syutemn formed were allowed to decay by gamma,

neutron, proton, deuteron, triton wd a-p~ticle emission;

additional data describing

- ground. state muses,

.- .separatlon energies,

npitw and parities,

- trantrmlwsion coeffklcnte and inverse cross scctiona

ba#ed on vwious optical model cdculationrs,

- gamma decay level information extracted from the

(~DRLs2 file,’” and

opllond (Ilr?ct reaction crrm nectlone w@r~ und.

tioll of ~,ighty. four target nuclidrw ill lhc rnnge 5 < Z < 02 IInd

itlrldont neutrrsn mwrgiec En ~ I(IO hIuV. Th? foll~wing wer~

the cummon (; NA51[ modeling features 01 th~ rues cxccu(cd:
‘1’al)lrI I Ilsts the target nuclid?n for whlrh (; N/\Sll rdrIIlt I.

th)un wore ma~l~, Idcntlllcd for each target III ‘rrd)le I nr~ 1110
- . . ..-.....1.1 .-! ,- --.1-1 1.,..1 ...1-,1 - I!. *.-l”m. .t, ,rm, -m ,,, ”,lml ,.,. .! 1,.1”. -“,1 “ll,,ll.lm. rm.~-rl f,,, U.ltlrl, ,. PnalII, Stl,,n rp,,ma .8,,..



cmnhlncll Ct.* .\Stl ou~pul nms mr (Ia(-n I iirge L WeIV IIILi.rIU~at,.,,

Ivi(h a utility code RE.\DGS to accumulate cross sections [or

the production of each product from all reaction paths gen-

erated in the alculation, resulting in a machine-readable file

of cross-section valIIcs beginning at the threshold value and a

plotting file for the 10cd X1.\PPEll J Ocomputer graphics so[t-

ware.

Comparieona with Meamsred Data

GNASH ca,lculation~ have ban made for this set of nuclides

berause of a gclleral absence or sparsity of meaured cross sec.

tion data. The recently published 1987 IAEA Hand] k on
Suclear ,\ctivation Datall identifies ten standard mol ,r re-

actions for neutrons, of which three are reactions calculated

in this study: also listed are cross sections below 20 MeV for

some .206 reactions, including some common to the data Bet

described here. Additional data are accumulated in the ear-

lier 1!)73 l.\EA I[andbmkla, and ● variety of neutron-reaction

data sources are identified in the L4EA CINDA compilation.’a

The EXFOR computer data library of ●xperimental memmred

neutron iilducecl reaction data, ●vailable from international nu.

clear data centers, altio list cloas-section and other data ex-

tending beyond the typical 20. h!eV limitation. To illustrate

tlw validity of the magnitude and ●nergy. dependent shapes of

calculated reaction crosc sections, we compare calculated rt+

suits of reactions for which thare mist appreciable metiured

data and results of other calculaLione.

Figure 1 comparea the 12C(n,p)12B cross section calculated

with GNASH and the measured data of Kreger and Kern”
●nd Rimmer and Fisher”. Figuree ‘2.6compare GNASH cal-

culated (n,2n) craee ~tions for laC, l’N, leO. ‘CU and “2hf0,

respectively, with the data of Brill ●t SJ.,16, Brolley et al ,’r,
ilcfifillan and York,le, ●nd Furguson ●nd Thompeon,’e Figure
7 shows tile GNASH results for the 27.41(nx)24Na croee W.

lion, accumulated from 2’Al(n,a), 27Al(n,n 3Ue) and “Al(n.d

d) contributions. Thic calculatedcroeeeection ie compared with

the dala of Dayhurst ei al.m end with EN DF/B-V. AIM shown

is the REAC data for thio reaction, committing of multigroupd

ENDF/B-V data ●xtended with the chape of TIIRESM.11re-
suite. We have extended ENDF/B. V with the chapeof GNASif
rmults, resulting in a much better agreemant with the Bayhurct
data over it’s limited rang..

G?JASII hae been ueed to calculate crms mctlonc for About

(;000 neutran.lnducetf nuclide production croee sectlonc for the
righty. four stable target nuclldu of 24 elemanla common to M

accelerator environment. Simpllficatlon- to the GNASH coda
have bean ●mployed to permit tho cafculatlon of data for thlm
rarlge of nuclldee. Comparlaons with Ihttlted meeaured data

indicate uncertaintlec of about a f~tor of 2. These d~ta era
currently being used ●t HEDL to exlend the REAC.2 cross.
ncct Ion Ii brary.
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Table 1. GNASll Neutron Actitmtion lleeulto

Products Formed

#lP roduct Nuchdse

231’ ‘“}l?-7He~-uLi~ -10 Be,7-’B

41

74

74

74

74

T

74

‘:4

I)IJ



1. I. I.. 1 ,( . . . . . . . . .. A.., 1.1:,1+. 1 11 lltl!!lLI@,,l !l.11,1~ I (. ,Jll, II,,J=,J I

I)r{)(lucfs Fornmi
rarget # Product \ IIcl I(ies

36Ar 71 1-3 H,411c,~"- 2sYa.2'-Ju\lg,n-w,\ l,24-33Sl,2g-3'P,
?d-3Ss,30-36(q,33 -36~r

‘Ar 73
1-3[[ 4~P,22-2dya,?3- 30\[g,24-32~1,2 $-.T4si,26-36P,

2d-37s,30- 3d(-1,3.1-37,Ar

1-311 41ie,?4-2d ~a,2S-30\f~,26- 3~,$1,27-34sl,? ~- J6p,
‘O:ir 67 ,

29-3ds 30-40 cl,33-39,jr

37 K ~? 1-JH,+He,23-J” \[g,’ “-3~.41,’s-~sl, ?6-~P,~S-’”s,
30-3d(.1,33- 39,Ar,35-.M~

<o~ ~~Al *6- Msl,27-~p,fd-3As,
72 I-311 4He,24-Jo\fg,23- ,-

30-J+ l,33-40~r,3S-J9~

‘1~ 70 I -Jl I,41[e,25- JO\l~,?6-32,\l,2T_ 3’sl,:~-~p,~J-36s,

30-40(-.] 33-41,\ r,3s-40~
.,

40Ca 64 1-JII,’11e.2’m-37c ll,:s-” 29- MSI,ZU-”P,
2d-37s 30-3d(-] 33-39 :\r,3S-40K,37-39~a

.<
42(-a 69 l-31{,411e,26,29 -J2,\l,27-34sl, ?d-36p,~~-~s,3u-40Cl,

XI-41 #,,r,36-42~,37-41~a

‘m 68 l-3~[ 4}lF,27, ?9-32 ,\l,?@.-34sl,29 -36p,30-34s,31- 40~l,

33-42~r 35-43~ 37-42(~a

44Ca 67 1-3[1 411P 2d-32~1 ?9-34si 30-36p 31-=s 3?-40~1
,.,

M-43~r,3a- 44~,37-43ca

46ca 50 l-31~,41[F,30-32 ~l,31-34sl,32-36 p,33-36s,36-4OCl,

3tk45,\r,36- 46~,3d-45~a

~$ca 48 l-3fl 4H@ 32 Al,3334sl,34-36p, M-Ms,36-40~1,37 -46~r,

3m-41J~ 40-‘ 47ca

5oCr 76 1-311, ”fle,M-4”Cl,3’- 4’Ar,”e-4’K,m-wCa, ”’-4aSc,
41-4gTi 43-60 v,46-40Cr

b2Cr 80 1 3~i 4[[e,3d-40cl,37 -46 Ar,=-4#~,39-49~ a,40-50s~,

41..31+1 43. 52v,4S-61cr

53Cr 79
1-311 41[e 37-40c.l 3d-46Ar 30-4* ~,40-SO~a,41-Slsc,

42-52+1 43-53~,45- ‘ 5a(-r

s4cr 7S
1-3~~ 4,[e 3&4~cl 39-46 ~r,40-4tK,41 -$O(-a,4t-!22Sc,

,,
43- S3.rl 44-S4V 46- ‘ 53(-r

‘“%ln 83 1-3,1 41~@ 39-46Ar 40- WK,41-Wca,4?-a~ sc,43-oSTi,

44-&4 v,4e:88cr,47-845fn

54 Fe 78 1-Jf{,41{e,=-46 K,-u-4uCa,’u-BoSc, ql-51Ti,~J-5~V,
4n-53~r,4T-54~[n,40-t~Fe

56 Fe 84 I-3H 41~e 40-46 ]{,41- 00ca,42-52sc,4S- b3Ti,44-64v,

4a-86 &r,4~-06~fn,49- 8SFe

37Fe 83 I-3[[ ‘I[e 41-46 ~,42-EOca,43-5Ysc,’4 -04 Ti,4~-~~v,

46-S6cr,4;-87Mn,49 -66Fe

5* Fe 79 l-3}j 41~e 4Z-UKf4S-W~a,44 -0 Zsc,40-84Ti,46-s6v,

47-rJ7~f 40‘-50 Mn,50-~?Fe
-,

~co 83 1-311,4 He,-3-auCa,-q-~, ~0-w~-s’Cr,
46-88 \[n,40-$SF~, el-Mc0

5 ‘Ni 81 '-3}i,4iie,42-50Sc, u-= Ti,44-~4V,4s-a~ Cr,4T-s5h[ll,
49-s?Fe,$l-~~Co,so-8?Ni

UO~i 85 l-0[l,4He,~-~~sc,48 -MTi,4e-~@v,4r- $rC~,u-M~fl),
49-59 Fe,51-60co,81-69Ni

61!fi 83 I-3}1 4}le,48-E2se,46 -S4~ri,47-06v, U-8~~r,4@-~9}fn,

nO-60Fe,81 -61co,a3-60Ni

62Ni 79 1-31[ 4[10 40- E2sc,47-U4Ti,40- 88v,49-04Cr,80-@ oh[l],

SI-61 ~c,Bi-62~0,54-61 Nl

64Ni 68 I-311 411e @-82st,49- MTj,@O-6@v, Sl-6~Cr, ~~-whlll,

sO-62FF,5i-64~o,50-d~Ni

WJl 83 1-3i[,41[e,47-54 'Ii,4@-B6V,4w-Mcr,50-mhf n,Bl-6l~e,
sa-oa~o,B3-~Nj,a~-6~~u

~a(=u 74 1-31141[F49-64Tj !o-sdv, el-M~r, t~-w~fn, ~~-e~Fp,
84-#4~!o h~-6B~l,87-fi4~u

~zn M 1-311,411 r115-On V,~m-MCr,Bn - —
6rJMn,~’ -”’ Fr,5~-”” 0,

33- fiosl, rn4-4.1( $11,56 -fi3zll

I
—

[’r,),lllrts I’(,rtwf!

r,=qet # Product YIIrlI&w

“6Zn 79 1-311.411e,so-1s V,31-WCr~2-6u\lll, T3-*2k'e,; 1-'' J(', ~.
t$-65\tl,56 -66~(1,56- h~zn

67Zn 74 ~ -31[,411=,51 -$6v,S2-5A(:r,S3 -6 O\,,,, $4-I,2~@,5S-Rl~O

56-66~1 57-6~~u,59-66~[)
.,

6“Z II 09
I-3,, 4}~e 52-S6~ 53-W~r S4-f30\fn S5-fi?f.e 56- I;+ (-()

!.,
w; ’y, WAru,kbq,)

.4

‘“Z(I .57
1-3,, 4,, e 14-56\. $$-SA~r,56 -fiO\[il, $7- S?r(,,5*-t; t(-, ),

,,
5*-STY, !10-70(.,, *?- W-Z,,

.!

‘[]Zr 82 1-311,’ l[e,’”1-’7.\s, 5-*5 Se,T’’-SMBrsTiir, i~rMill,lll,
nO-r19qr 82-90 y,r14-69~r

.,

‘]Zr d3 '-311,41{e$7s- *2.\s,76-sfise,; 7-*711r,7*-kslir,7:' -m`' Ill),
dO-9Ll$r Wt-91y CJ4-W7r., .

‘2Zr $3 1-3t{,4iie,;6-*2,\ 9,;7-=s$e,;d-~A Dr,;g-ngl(r,M)- '+0ltl~,
@l-$lsr,02- 93y,A4-Ol~r

94~r 77 l-.l H,4&,W82 ,\g, ~9-~$Se,~O-@~r, dl-31];r,*2 -’’? ~l,,
d3-!43sr,d4- 94y,i46-CUzr

l-3[~ 4}[e,du-U2 A6,fAl-dbse,dhd Br, e3-91~r, d4-*4Rl),‘8Zr 69 ,
!45-95$r d6-96y,fJd-9Szr

.,

~zi[o 73 l-J}l,~l[e,’O-* Dr, (’--’ KrRb,mR8gSr,a7rQOY, Q0Y,
d4-O]zr dd-Q~Nb,dd-~l~fo

94M0 82 l-3 H,4He, ~d-d6Br,?9- 69~r aO-90~b dl-WI+,d3-92y,

d4-.93zr d6-94yb,d6-9~Mo

gs~ro 85 l-3 ff,411e 7D-67Br dO-90~r,dl -91 Rb,d2-92sr,d3-93y,

64-9w~r,ti’-~8~h,~-M~[o

m Mo 87 l-31~ ‘He W-W Br,Sl-91Kr,dl-9 ~Rb,@-93sr,~-94y,

d5-96jr,M-~~b,*-9sh~o

9~Mo M
1-3}1 4He,81-MBr,d2-Bl ~r,~-9~Rb,~-~sr, *-95y,

~+62r,d7-97Nb,* -wMo

96Mo 83 I-3H 4}Ie,W-d6Br,d3-91 Kr,*4-94Rb,d4-Wsr, d6-94y,

d7-97~r,d6-04Nb, w-97hf0

‘~tfo 79 1-3}! 4]1= M-W Br,@6-91Kr,d6-96 Rb,47-97sr,=-~y,

d9-g9~r,W’- 100 Nb,9a-99h[0

——

142Nd 87 1-311 41ie 114-1341 127-137)(G 12d-134ca,129- 139~a,

1~- l+oLa,lSk 141;e,t3~-142;r,l~-t41Nd

143Nd 87 I-311 ‘He i~?-i~l, i~a-l M~@,120- 1w~a,130-i40Ba,
131-lil La’13a-142Ce,l U-t*pr,l U-142N~

l“Nd 87 1-3H 4HG l?~-l~[ 129-139)(0 130-140~a,131-141B~,

132-lil L_:l~-143~e, t34-144pr, t~-143Nd

145Nd 87 l-3fl 41 Je,119- 13Tl,130- l@xe,131- 141c,,132-141na,

Is- 143La,134- l~~e,131-148pr,137-144Nd

146N(l 86 l-31[,4~[e 130- 12@[,131-140~e,132 -142~a,133-143Ba,

134-144 La’136-146Ce 136-t 46pr, t3S-1411Nd

l“Nd 79 1-3H 4f[e t~%!~l 133-t404&,134- 142cq135-L44D&

lW-li6La, ~3?-147ce,l~- l*pr,140-!4?Nd

160Nd 68 1-31[ 4[le lS4-1361,13h 140~e,136- 142(’+o,137-144Da,

1~- 146 La,13b 14dre,140- 180pr,14?-t40~d

14 ‘Sm 85 '-3 H,411e,1:`-1mCs, '2B-'mBa,1Ju-'4u La,1J1-141( 'e,
132- 142pr,133- 143 Nd,1W-144pw,, t37- 143s1),

14713m 87 1-3[1 4[[e 131-139 ~8,132- 142 Ba,133- 143 La,1~-144~e,

13S-li5pr’134- 146N~ 137- 147pln,139-146snl

14’% 87 1-31{ 4He 132-140 (xx,133-143Da 134-144 La,13S-145~e,
,,

136-140pr 13?- 14tNd,l~-l@pm, !40-14?sm

14gSm 87 l-$~ 4He,133- 141~S,134- 144 Ba,13~- 145[,a,l.~- 146(’lP,

t37-147pr,134 -144fq~ 1$$-t40pll),14t -t44s,,,

laOSm 86 l-a,{ 4He 134- 142~@,13b- 144~~,130- 144[, ~,13T-147~@,
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