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Simplified Caluculation Procedure for Neutron Displacement Cross Sections
of Structural Steels for Nuclear Reactors

By
Michiyoshi NOMAKUCHI

Abstract

A simplified procedure is presented for calculating the neutron displacement cross
sections for structural steels of nuclear reactors. The procedure differs from Doran’s in
the following matters :

1) Recoil kinematics of compound nucleus reactions are treated assuming that most of
the recoil energy upon neutron capture is dissipated during the lifetime of compound
nucleus.

2) The nuclear evapolation model is not used to estimate the kinetic energies of outgoing
particles in the compound nucleus reactions of (n, #') at high neutron energies above 7
MeV, (n, p),and (n, ). However, the energies are approximated by the kinematics that
Doran et al. have used for (n, #’) reactions below 7 MeV.

3) For the secondary displacement model, the ionization threshold model is adopted,
being revised so that at low PKA energies the number of displacements in a steel per PKA
of a constituent element is independent of that the PKA belongs to the element.

The displacement cross sections for Type 304 stainless steel are calculated in the
range of neutron energy below 10 MeV by the procedure using ENDF/B-IV library data.
The cross sections are compared with those calculated by Doran et al. for 18Cr-10Ni
stainless steel. It is concluded from the comparison that the procedure gives the reason-
able values of displacement cross sections for structural steels of definite chemical
compositions at neutron energies below 10 MeV.
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Fig. 1. Treatments of compound uncleus reac-

tions for primary displacement models.
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ORI LY ——Q; 2Bt 5, pOAFTRHEFL
ANX—=E2ET5, (n,n) RIGOWRTHEE, £ 72
T, 3% THHORBET b5 PKADO T AL X
—THb, (13a) RicBWTL, 6.(Qn E) 12 Q DF
BNIZBEWT—BTHE LIRESNTV S, 72, E,f
B3FEIZBWTARNLHEIZL - TRDH L, (10c)
RICBWT, Eix® EAS, POoOmE mICESIRZ
rRIck-TE5E2ZLN0%, &b, ES—MQ/(M—
m) DEEF, TORBITIEAERISLVWDT, 2
DFEHIZE N,

(n,n)p, (myn)a, BLU (n,
FrANX—E<L10MeV D& &, BEFIFEERMIC
BOTUL, BEAYEILLWDT, (n,n') RIBIZE
WTHREHENS a i THBLUBTOFSIIERICA
D LEFL,

n)3a R, B

6. Type304 R 7> L ABORHFIIL 2 LEE

FEFFEER#EORETIZ L 2B L MEEGTEER
ELTOERBFENGFEFEN DR LY LT T L0
12, SS304 niz L L WA EIC 2 DT HEER &

|

BRLTAL I EIZT 5,

M RENHE, WHLOFEF 27 PrizBnwT
LT AL ¥ —2" 10MeV & 1) &V EE o E T
TNEr 243 10MeV LT Z iz iz L Tt 554z
W&V, T, I TIEHRET ALY DI
10MeV AT & L T kv, SS304 DR 5 # Table 1
R LTHBAISI 304 27 L ZWnZHUIZ L - T
WA, 22 TIRHOBRITHEBZE P H5 LS
IFERENTWD, L LIETNLNRETHEER
Table 1 12$ 2 THR LD ZFNLIZHEL T2
X b Thdb, ENDF/B-IV 74 75 ) —o g+
RIGHiEiET — 5 2 MAv5, KIELEHLERD v
(T) BT bbb (4a) LU b)) KD glzHT
13, EFE#EE % Doran & 18Cr-10Ni A 7 > L 2§

DI L EH LM E B L, SRR E<10MeV
12725 T SS304 DIF L & WL Wi %4 LA
%2520 E) PRETHEINTHL»H, ZITIE
T LIIH L TIHEENMEEZEATEZ TL v, RIZA
WAL T 2 ool s s AL JAEA 0@ Ic B AT
BLEOIZEEZEATYH 2 5, BEHEDKOBRE DitH
12k tug, @ #kizxt L T 8 = 0.006 Frenkel defects/
eV Thot, 22T, Izl TETZnELXHEMT
b, FLAREEN- Azkti LEHLERDE, 3—
DO=RIFLEHLIZBT2HMILEHLOL 50
fET, Doran? #: S‘E "ﬂ; U & L8 (one-step dis-
placement model) D72HN (2 L XML ZF N ¥ — &
MATVA LIS, -7, EJizizLsHL o
Hes L OHERE 2L TR S Lz %Hdtm
LEWETHY, Doran &0 0K L 5 4 sz
TA2HEMILEM LD ALK~ T, OFRT ;gé,o
COT,DFMREL T3 ASTM @ 8 #& E521-77 12
Cr, Fe, Ni, Cu, ¥ £ 0" Mo (28 L T# 1L #4128, 20,
23, 19, BLUr33eV i #ERIA TR, $7-F, &
L CIFRER— #8120 L T 25eV 25 & iy it
> T, BEEFIZBWTIZSS304 D E, ¥ LT 25V #
HHT %,

(n,p) BLY (n,a) RIET, FNFNT AT —
E,BIVE #L - TRESNIZITI)REEDOB T
S a ki, FRLDITESY V3 a (a 3B TE )
RHBZAHFET, BEFIN D, ZEBRE SS304 ML
BFEENIZE TS —HOBELBE 2 ST BT 2 =
EIZE > TIThb I b, 204 &HER Tld Mo, Mn, Cr,
Cu, Fe, ZL T NIiDREF BT AL 4o, Sis Lo
CORFIIETHMBEL D5, % LT, gtk 2472
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Table 1 Chemical composition of an AISI 304 stainless steel
n;, Ratio of number of constituent atoms
Steel of element i per unit volume to that of whole
Fe C Mn Cr Ni Mo Cu
AISI
304 0.6824 0.0022 0.0121 0.0117 0.1989 0.0902 0.0010 0.0015

DIFLEBLEBEDENTNE BLUVE, IZBT 5%
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EREL TEWY, F72 1 BOBSRT & BEOES
%7)%¥I§?kli|—]5§ HEm s CHAEER
T3, LaL, ZoRCEZ ZMEEHEZ LI 21K
BEEZ L - GRS 2 2 LAk 212, MEOH
FREITROBNEI L O BREF I EInex
ANX—TEATRLED B LEHLESLBRT I Lok
S THEZ LS, BREIZEWTIZ, L DWIEE
V3 a DITROBICEEE N ALY — 12k 5
ThENZZEITREECICET 2130 &2 Lo s s
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> _ B
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a
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Z
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dN,/dE, of AISI 304 stainless steel in
Table 1 where V-l defects stand for
Frenkel defects.

Fig. 2.
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Fig. 3. dN,/dE, of AISI 304 stainless in Table 1
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Table 2 o, (E)’s calculated for the steel in Table 1 and contributions of compound nucleus reactions at high
netron energies E’s.
E o4 (E) Contribution Contribution Contribution
of (n, n") of (n, p) of (n, a)
Steel | (MeV) (Frenkel Total Recoil Total | Emitted | Total | Emitted
defects
-barns) upon proton a
emission particle
AISI 3.16 754 551 182 12.2 0.09 0.02 0.002
304 5.01 986 774 276 32.1 0.24 2.05 0.18
10.0 996 758 336 86.0 0.69 25.4 2.33
s — 1%
3104 Sm s L e e e ma i 1L glo .
€ 3 E T | Type 304 Stainless Steel , i 5 - 3 Od{E) of SS304 Steel
i 5107 T2 18Cr- ONi Stoiniess Stesl T |- t—410 810 Contributions of
Z0 (by D.G. Doran et al.) E —
w o |o2 1 3 18Cr-IONi Stainless Steel | =10 ZU) 2 2 (n,n),
ES E (by D.G. Doren) |23 3 w10 3 (n,n), R
O 10 >t 410 =0 E 4 (n.pl and
<5 E \ 3 Ll | .
“8 ok3 | 1.2 Ow 10" -5 (n,a) Reactions
a0’ F S A/ 410 5 £
o £ 3 << =
°86'k N 410 a20° L e
Z - 3 \ 3 (2] E
8°|o'2' Jid° g, - F
6 ° E \\] 3 S0k I
2 =3t 15! — E
wo o - 510 Z(_) B
=3 J 3 oLlJ |0-2
T |0'4 o ..1 Ll il .m " .uJ ol bl olad ‘,80'2 ’Q_CU) E
6% 16% 162 16" 16 10 10% 10° 10* 10° 16° 107 10 29,53k
NEUTRON ENERGY (eV) z3 £
. @ -4'11. bl obdls bl bl bl 1l
Fig. 4 Comparison of o, (E) calculated in the G0 . l”'" 21 3 4“ : é“ 6 7 .8
present paper for SS304 with E IO IO 10 10 10" 10 10 10 10
pap with ¢, (E) 'NEUTRON ENERGY (eV)
calculated by D. G. Doran et al. for
18Cr-10N] stainless steel??. Fig. 5. Contributions of specific reactions to

INF THENTRAFEZL - TEFE & 172 SS304
Do (E) X Figdnlizmmi¥nTwa, ¥ 7 Fig 4
NH2EB L3121 Doran 512 L % 18Cr-10Ni 2 7 >
LV 28 (LUF 18/10SS) @ 6,(E) #*Fig. 4 ™ 1 & H
FTERHIZIRENTWDS, BB Figdn?2 iDoran
LINZEBLNT, (n,y) IEDOFEE2EZT LW, %
72, Fig. 4 D313 (n,y) eHEHFLH % &4, Doran 52
2L BLDTHEH, TAEA DENEIZHEN0.660%5 3 11
T 3aY, F 722 O pEF RGO SS304 0 m,(E) ~
DHFGEPENFNHREF TR ILX — D & Dfk 7 S
BWT S ? i}ﬂ#ﬂém’f})éb*#DTTé 7z
»iz, Fig. b lcmaEtTwb

7. HEBEHIOZ UMK
IR EMULEBER L L T IAEA O #157 NRT

04 (E) calculated for SS304.

BT PKA i«':f’ H ti L EHLEIZ PKA DfEi=
FIUX—H100keV ICEDL FTEDTANFX—(ZIEL
FLTv52, F1g.5<,t ') B 5 kR IMeV DL
BuvTlE, o‘d(E) DHFHIZIEEAY (n,y) J)cli”
(mym) UBMZE B LNTH B, 8B hE+ X
@(n.n)fzﬁ“ BUsmkhto X —4H KL
~0.007TdH B 72,S8304 2 TldhHE ALy
— A" ~800keV L ) K\ FHELT (2 PKA V)?‘Uﬁﬁl £
X¥—(356keV #M2 5 Z LIZZ LA E w0t~ T,
FYETZ A NLX —H~800keV & O W FEHICB W T
3, NRT @R AHFENA 4 o b L S 4 ik
FTLEM L HIIFELTHY, £72 (ny) BLU (n,
) ROGERD IR S =iz U E B LERMIZ T
Doran & D8R & KO X ILIXHE L TH B, IE

(9)
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Table 3 Comparison of displacement cross sections for $SS304 and 18/10SS.

Neut ron Displacement Cross Sections (Defects.barns)

Energy® pPTZ}S)Zr;t (A) Doran (B) P;G:Ifen; (A/B)

(MeV) g = 0.014 et al.23) B = 0.006

V-1/evP V-1/eV

9.756 2.339 x 10° 2.331 x 10° 9.996 x 10% 2.33
8.828 2.349 x 10° 2.211 x 103 1.004 x 10° 2.20
7.988 2.354 x 10° 2.120 x 10° 1.006 x 103 2.11
6.875 2.340 x 10° 2.005 x 10° 9.998 x 102 2.01
5.918 2.334 x 10° 1.880 x 10° 9.974 x 10° 1.88
5.094 2.281 x 10° 1.764 x 10° 9.747 x 10% 1.81
3.873 2.021 x 10° 1.513 x 10° 8.638 x 102 1.75
2.939 1.533 x 10° 1.292 x 10° 6.551 x 10?% 1.97
1.970 1.060 x 10° 9.852 x 10? 4.529 x 10° 2.18
6.316 x 1073 2.225 x 10! 2.193 x 10! 9.507 x 2.30
4.919 x 107? 1.622 x 10! 1.579 x 10! 6.932 x 2.27
1.000 x 107* 2.222 x 107! 2.152 x 107! 9.497 x 107 2.27
1.000 x 10°° 7.336 x 107! 6.992 x 107! 3.135 x 107! 2.23
1.000 x 107 2.094 2.139 8.947 x 107! 2.39
1.000 x 1077 6.582 6.899 2.813 x 2.45
1.000 x 107° 6.582 x 10! 6.945 x 10! 2.813 x 10! 2.47
1.000 x 107'® 2.082 x 102 2.101 x 102 8.896 x 10’ 2.36

aMiddle: energies of groups for (A) at energies £=4.919x10~* MeV.

bV.1/eV stands for Frenkel defects/eV.

5T, PHEFIZFLF—H~1IMeV & D IEVEBUICE
«» T (3 Doran & 9 18/10SS 7 6, (E) & AR & N
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TR EIIHEDITTERE L > TV 5, i 7z
Table 324 % &, AEENTRIZL EHLEBERIIC
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LI LHEHREE2 5252 LIEHLLTH D
Table 31213 6,(E) & (n, n) RGOXBE— 7 N4
HTOWIAAF ROV THE S L Th 5,
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DU B W TIFABIED 6,(E) 12 Doran 5 D oy
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