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CALCULATED NEUTRON-ACTIVATION CROSS SECTIONS FOR E, < 100 MeV
FOR A RANGE OF ACCELERATOR MATERIALS
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Los Alamos National Laboratory, Los Alamos, New Mexico, USA 87545

Abstract: Activation problems associated with particle accelerators are commonly dominated by reactions
of secondary neutrons produced in reactions of beam particles with accelerator or beam stop materials.
Measured values of neutron-activation cross sections above a few Mev are sparse. Calculations with the
GNASH code have been made for neutrons incident on all stable nuclides of a range of elements common to
accelerator materials. These elements include B, C, N, O, Ne, Mg, Al, Si, P, S, Ar, K, Ca, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Zr, Mo, Nd and Sm. Calculations were made for a grid of incident neutron energies extending
to 100 MeV. Cross sections leading to the direct production of as many as 87 activation products for each of
84 target nuclide were tabulated on this grid of neutron energjes, each beginning with the threshold for the
product nuclide’s formation. Multigrouped values of these cross sections have been calculated and are being
integrated into the cross-section library of the REAC-2 neutron activation code. Ilustrative cross sections

are presented.
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Introduction

Neutron activation rates are calculated as the integral over neu-
tron energy of the product of the neutron flux and activation
cross sections. These radionuclide production rates can be used
in a radionuclide inventory code to calculate the temporal in-
ventory of coupled radionuclides following a specific irradia-
tion history. Versions of the CINDER! and ORIGEN? codes
are typically used for such calculations in nuclear reactor ap-
plications. The REAC code®~%, developed by Fred Mann at
HEDL, has been used for the past eight years for medium-
energy neutron activation calculations for a variety of magnetic
fusion energy (MFE) studies and the Fusion Materials Irradia-
tion Test Facility (FMIT) design study. The code’s multigroup
cross-section library extends to 50 MeV and consists mainly of
data calculated with the nuclear systematics code THRESH-
11,5 with data processed from ENDF/B-V” and other evalu-
ations used where available. ENDF/B-V contains evaluated
neutron reaction cross sections for neutron energies E, <20
MeV.

The design study for the 100-MeV H™ Ground Test Accel-
erator facility (GTA) has required the development of a library
of cross sections for REAC extending to a neutron energy of 100
MeV and consisting of processed ENDF/B-V data extended or
supplemented with reaction data obtained from nuclear reac-
tion plysics model code calculations. These calculations and
their results, as well as comparisons to available data, are de-
scribed in the sections that follow.

GNASH Calculations

GNASH Input Parameters and Data

The streamlined version of GNASIH,® including evaporation
and preequilibrium models, was used for producing the compos-
ite spectra and individual reaction data for the neutron activa-
tion of eighty-four target nuclides in the range 5 < Z < 62 and
incident neutron cnergies E,, < 100 MeV. The following were
the common GNASH modeling features of the cases executed:

e preequilibrium model included a nuclear surface model
and new expression for Qs,° the proton-neutron distin-

guishability memory factor implemented in the emission
rate formula;

e preequilibrium model augmented with multistage pree-
quilibrium modeling® which follows as a logical exten-
sion of the master equation basis of the GNASH exciton
model;

o Ignaytuk level density was selected;

e each neutron activation target was described by two sep-
arate calculations based on energy range;

— for the eleven incident neutron energies E, = 0.5,
1., 2., 3., 5., 7.5, 10., 12.5, 15. and 17.5 MeV an
emitted-particle energy grid AE of 0.25 MeV was
used; a maximum of 15 compound nuclides (AZ=3,
AN=35) were allowed to be formed.

— for the seventeen incident neutron energies E,, = 20.,
25., 30.,..., 100 MeV an emitted-particle energy grid
AE of 1.0 MeV was selected; a maximum of 54 com-
pound nuclides (AZ=6, AN=9) were allowed to be
formed.

o compound systems formed were allowed to decay by gamma,
neutron, proton, deuteron, triton and a-particle emission;

o additional data describing

— ground-state masses,

separation energies,

— spins and parities,

transmission coeflicients and inverse cross sections
based on various optical model calculations,

— gamma decay level information extracted from the
CDRLS? file,'° and

— optional direct reaction cross sections were used.

GNASH Results

Table 1 lists the target nuclides for which GNASH calcula-
tions were made. Identified for each target in Table 1 are the
particles and nuclides formed for which production cross sec-
tions were calculated having thresholds below 100 MeV. The
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combined GNASIH output files for each target were interrogated
with a utility code READGN to accumulate cross sections for
tlie production of each product from all reaction paths gen-
erated in the calculation, resulting in a machine-readable file
of cross-section values beginning at the threshold value and a
plotting file for the local MAPPER 4.0 computer graphics soft-
ware.

Comparisons with Measured Data

GNASH calculations have been made for this set of nuclides
because of a general absence or sparsity of measured cross sec-
tion data. Tle recently published 1987 JAEA Handbook on
Nuclear Activation Data!l identifies ten standard monitor re-
actions for neutrons, of whicli tliree are reactions calculated
in this study; also listed are cross sections below 20 MeV for
some 206 reactions, including some common to the data set
described here. Additional data are accumulated in the ear-
lier 1973 IAEA Handbook!?, and a variety of neutron-reaction
data sources are identified in the [AEA CINDA compilation.!3
The EXFOR computer data library of experimentally measured
neutron induced reaction data, available from international nu-
clear data centers, also list cross-section and other data ex-
tending beyond the typical 20-MeV limitation. To illustrate
the validity of the magnitude and energy-dependent shapes of
calculated reaction cross sections, we compare calculated re-
sults of reactions for which there exist appreciable measured
data and results of other calculations.

Figure 1 compares the 12C(n,p)*?B cross section calculated
with GNASH and the measured data of Kreger and Kern*
aud Rimmer and Fisher!®. Figures 2-6 compare GNASH cal-
culated (n,2n) cross sections for 12¢, 1N, 160, 3Cu and 92Mo,
respectively, with the data of Buill et al.,!6, Brolley et al.!,
McMillan and York,'®, and Furguson and Thompson.!® Figure
7 shows the GNASH results for the 2’Al(n,x)?*Na cross sec-
tion, accumulated from 27Al(n,a), 2 Al(n,n 3He) and ?"Al(n,d
d) contributions. This calculated cross section is compared with
the data of Bayhurst et al.?® and with ENDF/B-V. Also shown
is the REAC data for this reaction, consisting of multigrouped
ENDF/B-V data extended with the shape of THRESH-II re-
sults. We have extended ENDF/B-V with the shape of GNASI
results, resulting in a much better agreement with the Bayhurst
data over it’s limited range.

Conclusions

GNASII has been used to calculate cross sections for about
6000 neutron-induced nuclide production cross sections for the
eighty-four stable target nuclides of 24 elements common to an
accelerator environment. Simplifications to the GNASIH code
have been employed to permit the calculation of data for this
range of nuclides. Comparisons with limited measured data
indicate uncertainties of about a factor of 2. These data are
currently being used at HEDL to extend the REAC-2 cross-
section library.
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Table 1. GNASII Neutron Activation Results
Products Formed
Target | # | Product Nuclides
IOB 23 1—4H’3—7He’4—9Li’6—IOBe,7—QB
VB | 25 | 17*I1,3-"He,*~°Li,5~!!'Be,"~1°B
T2 [ 30 1-4H’3—7He,4—9Li’6—11Be:*r-IzB’ 311G
13C 31 1‘4H,4‘7IIe,5‘9Li,6'12Be,7‘13B,9‘12C
14N 35 1‘3H,4"7He,5“9Li,g‘12Be,7‘13B,9‘“C,“"13N
15N 35 1‘311,4‘7He,6‘9Li,7'12Be,s‘“B,9‘15C,“'“N
50 [ 46 | T=711 3~ "He 2-Li,5- ’Be /-4 0-T5C IT-ToN,
13-150
170 || 48 | 1-411,2-"He 5-°Li 6~ 12Be, 7~ 15B 9-16C, 11-17N,
13—160
ISO 48 1_411,4_7He,6_9Li,7_IZBC,S'ISB,B_”C,”_IBN,
13-170y
TNe || 45 | T-311,71le,9- 2Be, [0~ 15§, 1T=17¢ -8 13-155,
15_20F,16_19Ne
21Ne || 44 | 1-311,*He,'9-12Be, 1~ 15, 12-18C 13-19N 14-200),
15-21F 17-20Ng
22Ne || 41 | 1-311,%Ile, 11112 Be, 12~ 15 B 13-18¢ 14-20N 1s-21()
1622 18-21N,
Mg || 72 | 700 lle,5 T°B,5- 5C,0-BN 17-71( &= 27,
16-23 ¢ 18-24N, 20-23)\ g
Mg || 74 | 1-3H,*He 9~ 16B,10-18C, 11-20 12-22() 14-23
16-24¢ 18-25N 5 20-24)Mg
Mg || 74 | 17311, 11e, 10~ 168,11~ 18 12-20 13-22() 14-24F
16-25N ¢ 18- 265 20-25\fg
AT || 74 | T=301 A1le,1T-I5C, 1 7-N, 3-77( T=-HF B6-T5N,,
18-26N3,20_271\Ig,22_26A1
_T‘;Si 79 1_311,4116,12_20N,13—220,“"24F,16‘5Ne,18_%Na,
20-27)\fg 22-28 5] 24-27Gj
29G; || 74 | 1-3H 21le, 13- 20N 14-220) 15-24F 16-26N¢ 18-27N5,
20-28)\f5 22-29 4| 24- 285
30gi || 74 | 1-3H %He,14~20N,15-220) 16-24F 17-26)¢ 18-25 N
20-20)fg 22-30 4] 24~ 295;
3P | 74 1“3H,4IIe,Is‘220,16‘34F,17:23Ne,‘8‘%Na,"’o'ngg,
22-30 5] 24-31g; 26-30p
TS 72 | 00, 1le, 57 F 7= Ne, B~ Na, 0~ °Mg, > Al
24-31; 26-32p 28-31g
33G | 74 | 1-3H AHe, 17-24F 18-26N¢, 19-28N, 20-30)\[ g 22-31 A |
24_328i,26—331),28_325
34g |[ 74 | 1-3[1 A1Le, 18- 24 19-26Ne 20~ 28N, 21-30)[ g 22-32 4]
24—338i)26—34P‘28—§’iS
365 || 68 | 1=3H,4He, 20~ 24F 2126 Ne, 22~ N3, 23-30\ g 2432 A],
25-34g; 26-36p 28-35g
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Table 1 (Continued)

Table 1 (Continued)
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Products Formed Products Formed
Target | # | Product Nuclides Target | # | Product Nuclides
- = — o - e — — 51— Bo— 3 — 62 b1—04
T FAr [ 71 | T 0H, 1le, - BNa, 1 Mg, AL 335 76-31p, %70 || 79 | 1-5H *lle,50-56y S1-58C; 57-80\ 53-62Fe, Co,
28-35G 30-36(7] 3335 5 55-65 56~66(3y 58657,
5 - _os _ _ _34q: 26— 7 - 51-56 52—58(, 53— 60 —62p, 55—64
38ar ff 73 | 1-311,%He,22-2Na 23 30p g 243247 25 34gj 26-36p. 677n || 74 | 1-3H % He, N 5V, Cr,33-50\,54-62F¢ 55— 61(o,
28-37G 30-88(3] 33-37 5, 56-66j 57-67(y 59-667,
- - _ _ 340 25— —31[ 47 52—561/ 53~58 (. 54~60€,, B5—62f 5664
120a: || 67 |1 3[1,410e,24~28Na,25 3°Mg,26 32AI,27 3451’25 36}:.7 87, || 69 | ! 311’ e, 5V, 3Cr,% Mn, Fe, Co,
29-38G 30-40(7) 33-39 5, 57-67Nj,38-68Cy, 50677
y b
T — — —r— — 7 1-31[ 4]0 54—561 55—-58(, 56—60p1,, 57—62F, 58-64
K || 72 | =71, e, 2 3°Mg,24‘32A1,75‘3481,mP, 5=37g, 07n || 57 31{, Ile, V,25=98Cr, Mn, Fe, Co,
30-38(7 33-39 4, 38-38 ¢ 59-67j 60-70(y 62-697,
) b
- . 8 50 = S 7337 B—85Q ., 10— 8F T8y 18-85
a0k | 72 | 1=3[1 411e, 2430 Mg, 2532 A | 26-34Gj 2736 p 28-38G Zr || 82 | T-°I, e, 3-52As,15-55G¢, 70-853; 77 -5 Kr," RD,
30_3901 33_40Ar 35_39K SO—SQSr’SZ—90\1,54—SQZr
b )
. o8 1=31] 4][e 75—82 A o 76—-85Q, 77873, 78—881(p 7989
K || 70 | 17311,111e,25-30Mg,26-32 A ) 27-34G; 28-36p, 29385 91Zr || 83 Osg, Ile, " ;\45,;0 Se, Br, Kr, Rb,
~ _ 401 80— 82— s4—
30-40(y) 33-41 4 35-40 0 Sr, Y, Zr .
TG [ 61 | T30 Flie 7037 A] BT I0=FIg TP o2z, || 83 | 1-311 211,76~ 52 A5, 77~ 55 Ge, 78~ 88By, T9-89 [ S0~ 90y,
3 . 81-91Q, 82-92vs 84-91
28-37G 30-38(] 33-39 4 p 35-40) 37-39C, Sr, _ }, Z}- .
201, || 69 | 1-311 4116, 26,:29-32 o | 27-34g; 28-36p 29-38g 30-40(7] 947r || 77 | 1=3H,4He, "8~ 32 As 79-85Ge 80-33py B1-91(y 82-02R),
e P ’ ’ ' ' $3-93¢,. 84— 94y 86-93
33-414 . 35—42; 37-41 Sr Y Zr
Ar, K, Ca ) ’
—_ -_51 51 — —-RB5 83— Id -_
3Cq || 68 | 1-3H 4 He,27.29-32 o] 28-34g; 20-36p 30-38g 31-40y] 967r || 69 | 1=3H,%He, 3082 As B1-85Ge 82-85p 8391, 84-94R},
85-95Q . 86—96v 88—95
33-427  35-43 37-42(, Sr, Y, Zr
= = O T £ Sy s T T e
40, || 67 | 1-3H 2116, 28-32 ) 29-34g; 30-36 p 31-38g 32-40(] Mo || 73 | T-°I1,%1le, " ~3*Br,” "~ %" Kr, >~ >R b, 3059, Y,
4 - ’ ! ’ ’ 84-9177. 86-92 83-91
33-43Ap 3544 37-43(, Zr, Nb, Mo . ) .
460, || 59 | 1-311 411¢ 30-32 7] 31~34g; 32-36p 33-38G 34—d0(7] 9Mo || 82 | 1-3H,*He, 7336 Br,79-89Ky 80~ 90R ] 81-91Gy 8292y
’ . . ag. ’ ! ’ ’ 84-9377 ., 86—9477), 88—93
35-48 4 p 36-461; 38-45C, Zr, Nb, Mo
- ~87 - r 31— D — -
4503, || 48 | 1-311 4He 32 A 33.34g; 34-36 35-38g 36-40(7] 3746 5 %Mo || 85 [ 1-3H,%He, 7957 By 80- 90Ky 81-91R), 82-92Gy 33-93y
a ) €, ’ 1, ' i ’ I, 86— A5 _
38-48 7 40-47(, B4-947 S6-95N], 8894\,
b o 2
ST 76 | T30 A1le F-0CL BT oy =B 37275 35—, 9% Mo || 87 | 1—31,4He, B0~ 33Br 31 -91 B82-92R), 83-93Gy 34-94y
41—491ri 43’—50\, 45’-4901. ’ ' ’ ’ 85-957 86-96 N 38-95\[o
b b
97 1-31] 4o 81883, 82—91]¢, 83—93131, 8494, 85— 95
52Cr || 80 | 1-3H 1le,36-40C],37-46 Ay 3848 39-49(, 40-50G Mo {| 85 . g!s’ZHse? 9'N}])3£;) 96MI\r, Rb, Sr, Y,
41-517 43-52y/ 45-51 A/ Al - o
i \Y Cr ) ’
53 =377 4710 37—40() 3846 4 .. 39— 487 40—50(~, 41~51 B\ 83 | 1-3H *Ile 32853 B3-91 Ky 84-94Rg}, 85-95G, 8696y
Cr [ 79 11,*1le, Cl, Ar, K, Ca, Se, o s T, ) ) ,
42-52T 4353y 45-52(y 87-977, 88-98 N} 90-97\]o
- _ S1r 41— 100 1-31] 47]. B4—83 Ry, B85—91¢, 86—961, 87—97Q,. 58—98
4Cr || 75 | 1~3H *lle,38-40() 3946 Ay 40~48 91-50(3, 42~52G Mo ) 79 ' H le, Br, Kr, Rb, Sr, Y,
43—53Ti 44_54V 46_5301‘ 59-—99Zr’90—100beg2—99M0
ki y
SSMn || 83 | 1311, He, 3946 A 40- 48 11-50(3, 42-52G, 43-53 Ty HMINd || 87 | 1310,% e, 126134 127-137x ¢ 123-138(3 129-13913,
’ 1 'y 3 b
44-54y; 157550y 47154y, 130~ “OLa 131- 14106 132— 14"'})1. 134—141Nd
)
TFe || 78 | T-PH He BB F-1C, 10-505, A1-3T7; B-57y 143Nq || 87 | 1311, He,127~135] 128-138 X 129-139(g 130140,
) ) ) ) ) ) - _ - _
45253y 47-54p,) 49-53 ] 181~141]  132-142 (¢ 133-143p; 185-142N g
b b
36 || 84 | 131 411e 05 41-50C, 42-52g, 43-59; 44—5ay 144Ng |f 87 [ 1-311 4He,128-136] 129-139 X, 130-140(5 131-141R,
452550y 47-56 ) 49-55 e 132-142] 5 133-143 5 134-144py 136- 143N g
b )
S7Fe || 83 | 1-3H 11e, 4148 42-50(, 43-52G, 44-54Ty 45-55y 15Nd || 87 | 17311, He, 29137 130-140x o 131-141 (g 132-142B,
bl K 1 ) — —_— -_— T —
46-36(5p 47-57)p 49-50F, ) 1331435 134-144(¢ 185-145p 137-144N g
S8Fe || 79 | 1-3H,4He, 248K 13-50( 44-52G 45547 46-56y H46NQ || 86 | 1-311,4He,130-138] 131-140x o 132-142 (3 133-143B,
4T-5T(p 48-58pp,) S0~ 5Tg 134~ 1441 5 135145 136-146p 138- 145N g
b y _ o - _ - _
7] 83 | T-3T He B—0(ip 3= 575, B5=54T] B6-567 47=57 13N || 79 | }~3H,%He,132-138] 133-140 ¢ 134~142(jg 135-144p,
© » e, 2, ¢ Ti, v, Cr, 136-1467 , 137—147(7, 138148, 140—147
48-58)],) 49-59F,, 51-58(1, La, Ce, Pr, Nd
i ! 150 1-377 4 134-1387 135-140 136-142 v 137—~144
SBN: || 81 | 1-311 AHie 22505, =537, 4351y B850, AT-567] Nd |} 68 I, He, L Xe, Cs, "~ *Ba,
o st DG 1, ) r, n, 138-146] 5 139-148 (5, 140-150p 142-149N
3 Fe,*17%%Co,%07%"Nj
T T=37] 7] 128= 136, 1239=130R_, 1301307 ;. T37=14T
60N; {| 85 | 1-3H 41e, 44~52G 45—547 46-56y 47-57(3p 48-58 )\ Sm || 85 H,"He, GCs, Ba, La, Ce,
w950 51 ’ +h ) ) u, 132~ 142})1. 133—143Nd 135— 144Pm 137-143g,,
~39Fe,?1~%0Co0, 2~ 5Nj 147 1-87] 4] 131-139 132-142R, 133-1437 . 134—144
SINi || 83 | 1-3H A1Ie 45~ 52Gc 46-547] 4756y 48-58(1y 4959\ Sm (| 87 11,*He, GCs, “Ba, La, Ce,
, He, ) ) ) T, n, 135~ 145p 136-146{ 137-147p, ) 139146
50— 60 _ _ . T, Pin Sm
Fe 51-61(3 53-60; ) )
’ ) 148 1-3] 4[o 132—140 (3 133—143 R, 134—1447 ,, 135~145
62Ni || 79 | 1-3H 411e 46-52G 47-547T 48-56y; 49-58(3, 50-60 Sm || 87 H, He, Cs, Ba, La, Ce,
, e, ) ) ) ) n, 136-146p . 137-147 138-148 140-147
51— _ P r, , Pm Sm
1-61 g 52-62(1, 54-61Y; ’
) ) 149 1-37] 41, 133-141(~ 134—144p3,, 135-1457 . 136—146
64Ni || 68 | 1-3H AHe 18-52g 49-54T 5056/ 51-58(3; 52-60) Sm || 87 I1,*He, GCs, Ba, La, Ce,
. He, ) ) ) ) 3, 137-147p, 138- 148N 139-149p ) 141-148g
5362, 54-64()q 5663} L, ) m, m
’ ) 150g 86 | 1-3[ 4He 139-112(g 135-144 g, 136-146[ , 137-147(
— e L T — - m e s a a e
%Cu |[ 83 | T-3H,THe, ™31, %8 vV, 5"Cr,5-(r SOMp 5161 5 138- 148 13914977 4 140150 - 142~ 149G . '
52-625, 53-63 55-62(y Pr, Nd, Pm, Sm
) ) ’ 152g 79 | 1-311 41 186-142( 137-1443, 138-146] , 130-148
5 1 v 50— Ces B _ m || 79 e S a La Ce
Cu || 74 311,41 e, #9547, 50-56y 51-35 3y, 5260\ S3-62F, 140-150p . 141-151 4 142-152p,, 144-151g, ’
54-64(30 S5~65Nj 57-64Cy Pr, Nd, P, Sm
- = — S 1545 || 68 | 1-3H 4 He,138-142(Cg 139144, 140-146] 5 141-148C5¢,
Zn || 86 H,THe, B=35V T=58C 50-80}f; F1-51F¢ 52-02Co, 142-150py 143-152N 144-154 py, 146-153g
53— 631\154 610y, 56— -637,, ) . !
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Fig. 4 GNASH results for ®2Cu production from neutrons on ®3Cu
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Fig. 5 GNASH results for **Mo production from neutrons on %Mo
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Fig. 6 GNASH results for #*Na production from neutrons on ZAl
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