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Developmenl of a Nuclear Spallation Simulation Code and

Calculations of Primary Spallation Products
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Tokal Research Establishment

Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken
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In order to make evaluations of computational! models for the
nuclear spallation reaction from a nuélear physics point of view, a
simulation code NUCLEUS has been developed by modifying and combining
the Monte Carlo codes NMIC/JAERI and NMTA/JAERI for calculating only
the nuclear spallation reaction (intranuclear cascade + evaporation
and/or fast fission) between a nucleus and a projectile without taking
into consideration of internuclear transport. New several plotting
routines have been provided for the rapid process of much more event
data, obtained by using the ARGUS plotting system, The results
obtained by our code can be directly compared with the experimental
results using by thin foil experiments in which internuclear multiple
collisions have little effects, and will serve to upgrade the
calculational methods and the values of nuclear parameters currently
used in the calculations.

Some discussions are done about the preliminary computational
results obtained by using NUCLEUS. The mass distribution and charge
dispersion of reaction products are examined in some detail for the
nuclear spallation reaction between incident protens and target
nuclei, such as U, Pb and Az, in the encrgy range from 0.5 GeV to 3.0
GeV. These results shov that the distribulion of reaction products
ceases to change its form as the proton energy increases over about 2
GeV. The same tendency is seen in the energy dependece of the number
of primary particles emitted from a nucleus. After spallation
reactions, a variety of nucleil, especially many neutron-deficient

niclides with nuclear charges nearly equal to ones of a target
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nucleus, are produced. PDue to their short lifetime most of them will
change to stahle nuclides in due time.
Finally, scme important issues are discussed tQ improve the

present simulation method.

Keywords ' Spallation, Evaporation, Fission, Proton, Pion, Neutron,
Nucleon, Intranuclear Cascade, Spallation Products,
Residual Mucleus, Compound MNucleus,
Neutron-deficient Nuclide, Neutron-excess Nuclide,
Fermi Gas, Pauli Exclusion, Relativistic Dynamics,
Acceleralor Breeding., Transmutation,

High Energy Nuclear Reaction, Monte Carlo Method
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HABELTRLAATOE, METE3 X KB i, B, AT ATV AHEIEL —
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@ BRERYOLERE @R
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THD, 7= 774 0%F@BLT, NUCLEUS LIl HAEZIIY, 5l ¥ 2 7T 21ERK L
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W, 77402 %) —LOFIRIBTVYS, HEHOLRBLPAHEELSHE CTHET 5B
RERBOMBESUET, PRDIVE2—4 Y27 LOBRHEIRI X - THEhE, 227,
NMTC—NMTA/JAERI 2~ FRTHRE L OOLERUBR Y- b4 7Y a YA LT,
Fig. 6 ird &2z, NUCLEUS 7 YORKELHAIMOM L, ROBA 4 — +HBEORIEILE
ELTAAL, ERHBEEREL T T dick - THRETRATIREIC LT,
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FRECHE 7 —0 v i1, OMeVELETIZIZEALBETEX 50T (n,
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o BAREET — s BAROLBHI SN TV BRb D IC, Y57 —4 (2 b
V-7 AVEEITR 2 — FNMTADOAFI 7 #48Y) 2MATEL LBHE L, 20l HA
T8 7 ANVEBLTRIPMBEIT SBE S, TNEAANF -y B0ETH B,

CL ) RIRESRE 7 — ¥
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1 (20A4) IA 54 bk —F1
2 (20A4) IA FA b —F2
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HRAEOSERIEHEATIT S,
4 (E10.8 ) ccce AEOKRR7 7 vy, #EETEDESTRO 5
v DHIEEANT B,
5 (3E104, 4110)
a. EMAX CARRTFOIALF - (MeV), BF &P T 35CeV, T
25 GeVEIF TR fIEE S,
b. ELOP L BTOWRT Ay — (MeV ),
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d. MXMAT : —q
e. MAXCAS ¢ {ovy #3fBichid s AN (B HTOH,
f. MAXBCH @ 384175y 7 06K
g. NICOL : =g
6 (6110) fEE7 s A VBRSO EL 7 DA T v a ¥
a. NQUIT D=1
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b. NEUTP . =23
¢. NBERTP : =21
d. NPOWR2 : =11, vV IROTFZFALF D log: 1
e. NPIDK = OHR A TV a v,
=0 Dk, =" ORIGEZEEL,
>0 O, AEE LTHERS,
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a. ANDIT T EBTERCEEL7A YN -OfBENHRICONTOF Ty 2
v
=0, 50 %4, 50 %HiH
=1, 100%FH
=2, 100 BHIA
b. CTOFF =0
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<0 EFIFEAELBO
>0 ERHAORKEEI A VF - OB 2 v F —%E£7(<
=0 REEzALVF-HEEFLEO
d. NSPRED =0
e . NSEUDO =0
)y -5 +EERF ¥
8 (F 10.4, 110)
a. DENH C MEAROKEEE (10* atomscm’),
b. NEL1 L A—FOTF—s A5 MEO (=£10)
9 (3E104) L=1~NEL 1
a. ZZ (L) ARG =
b. A(L) B OB (6=A=250)
¢. DEN(L) : {E#®®E (10* atoms, cm")
() #EtpEH T -4
10 (110
NHSTP =22
11 (15, 5X, 2F10.2)
a. IGOM =2
b. XX C OBBLRT, WmE Lo
c. BCHS D RBRT ANy FH
12 (215) a, bid, EELSHEEL, €nlAiEtE LGV,
a. IDO (1) . ER¥SIGTE '
b. IDO (2) : difEFR~2 b, PHFRENG
*  fEgEh
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#—F13@IDO(1)=10DEKOAHELE

13 (215) %
a. NREGI1 D=1
b. KASE D=1 ERHRT -FBROAOHEEE EFRERY)
=2 S2BEEOLEREE R4 mY), MTRERANE, B9
AT
14 (315)
a. ICONTI : =1, J A% - rETEEZTI,
=0, A& —FLAEW,
b. ISTART : =1, MEHEORIOD T O,

=10, »  O_EHLED S D,
¢. IFILMX : #g7 vomkHE
(V) A T#F7 s

15 (15)
=1
16 (8F10.3) ABthiF7—7%
a. RC =1
b. Z0 =1
c. Z1 =1
d. E0 D ABR T O TR vFE- (MeV)
e. TIPO o ABTRLT OREER
=0 & T
= T
=2 =THhRlF
= O dhfg
=4 = hfflF
f. TL =
g. DIREC =
OVLY 11
MAIN

OVLY 12 |- (Fig.2)

Fig.1 Structure of a main routine
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ANALYZ

ANALY3| {(Dota analysis) - {Fig.4)

SORS

RANOUT

WRNTPZ

DKLOS

GETRIG

CASCAD

DATALO

OVLY {2

DATAHI

UPDATE

GTISO

FISBAR

FISPR

SUBFSM

ACNFSM|

FISCHG

FRGEN

- {Incident proton source)

{ Uniform rondom number)

{Buffer)

(Pion and muon decay losses)
({cos ¢, siny¢} calculotion)
{Intranuclear coscade } - (Fig.3)
(Intermediote data processing)
(Intermediate data processing)
(Update particle data)

(Direction cosines)

(Fission barrier)

(Fission probability)

{Fission fragment moss of subactinide)
{Fission fragment mass of actinide)

(Charge of fission fragments)

(Excitotion and recoil energies of )
fission fragments

ERUP

DRES { Evaporation)

Fig.2

Structure of OVLY12
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DKLOS | (Meson decoy loss)

SGM (Hydrogen cross sections)

Proton cotlision
OVLY 21— PCOL (subroutine pockoge)

Intranuclear cascode
OVLY 22 BERT (subrourine package )

ENERGY | (Excitation energy esfimate of residuol nuclei)

RECOIL ( Recoil estimate of residual nuclei)

ROU f{f

CASCAD ROU 2

ROU 14| > (n, p,m collisions)

ROU 15

ROU 16

ROU 20| ((n,p), (p,p) differenticl cross sections)

POL 1 {Rondom directions)

P1 CL 1| (Relativistic velocity)

Fig.3 Structure of CASCAD

ANALY 3 TAMAIN REDNMT

PROCES STAT

ANALY Z

WINDWM

{ Production of residual nuclei)

WRNUTP | (Buffer)
Fig.4 Structure of ANALYZ
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{Start Calculation)

Q

———> NO = NAMAX = NAME (1) = NCOL = NMAX = |

NCOL = -1
¥

PEVTS(I) = 0.
¥

ANALYZ (NCOL)
y
LOWAZ = NCAS = NEGEX = NEUTNO = NOBCH =

NOCAS = NSAV=NWTC=0
NPIPT = NPIZT = NPINT = NFISS=0

WTCUT = EE= TT= 0
‘ @

~ NOCAS =NOCAS+1 < |

\

Y
SORS (NCOL) (Incident Particle)

i
OLDWT=WT{I)

Write error No Yes
e o /——<E(USEMAX >_T
\ Yes

~___No - _
| NCOL=-4 )
MAT = NMED = 65

Y

ANALYZ (1)

Fig.5 Computational flow in OVLY1Z
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_
[TYP=TIP(NQ)+ |
<0 r—————i————ﬂ >0

< —TENoI- | l
=0 TIP(NO)-3/iO
80

MAT = NMED (NO) 0

N0 NPIDK> 0 18— &
\ =z -
EC(N0)=E(NO) E(NO) = - |

NO= NO+ |
Nf—(NOCASi MAXCAYTEE—»(5)
NOBCH = NOBCH+ |
NCAS = NCAS + NOCAS
RANOUT
lNi<NBERT; <o 1 =

Neutron , pion and fission statistics.
Colculate average ond varignce

—(ISDCAL 0 )——

I< SDCAC = 0 )Yes
/'Write neutron and pion yields /

Nj)-(NBOGUiS <o M

/Write number‘ of fission/
[ ANALYZ (-3) |

Fig.5 {Continued 1)
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$

NEUTNO= NOCAS = NPIPT = NPIRT = NPINT = NFIS3=0

\__Yes @

N[O—(NOBCH < MAXBCH )
¥

NQUIT = NQUIT - ¥
T DATA(1)=0.

)
SORS&('“ WRNT 2 (DATA)

v
STOP

ANALYZ {-4) r(NOU[1"L<O >§5>
No Yes

Fig.b (Continued 2)
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GETRIG
:
> CASCAD

¥
Count  pions

Y
NABOV = NBELO= 0

!
—Ye ("NoPART < 0 Mo

\ 4
| Yes E(NO) = § No NT_< NSAV < O >Xes
Nf(NSEUDo <o) [NSAV =0
, E(NO) = ES
APR = EREC = EX = 1 *
HEVSUM=UU = 2PR = 0. |
NBELO = 0. >f{ NOPART )30
NPART (1)=0 KSTOR = 1
' !
ANALYZ (5) DATALO
I | T
Yes f
-— NSAV > 0 )TO DATAHI
1
= No ! Yes
NSAV = NBOGUS < 0

£5= E (NO) |
] (;}7
Yes 1 N
@*—(wrmm - 0. WO
| ERUP

> E(NO}=ECINO)

®

Fig.b {Continued 3)
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[=0

No

FISBAR
!

Y Yes
[< APR < 50. )

IF

A<255 , EXXX=ETB
A=255 , =Max (EFBA,EFBB)

!
N[f" EXSEXXX 28

NFISS= NFISS + 1

¥

}
T%zpazgo >jles FISCHG
Y
SUBFSM ACNFSM FRGEN
! ! \

L ]

Set EREC , APR, ZPR, EX

[=1+1

@9
&

Yes

Yy
No " aFRG (1) < 6

(0>

Fig.5 {(Continued 4)
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Yes / No
(NPART(1) £0 »———

-

WTN=WTINOT, KSTOR= 1
DATA (8) = WTN , KK= |
DATA(9) = 1.

NEUTNO = NEUTNO + 1

¥
DATA(1)=EPART(KK, 1)
y |PATA(2)=DATA(3)=

DATA(4)= Ol

GTISO

DATA(6)= BDC
!

WRNTP2 (DATA)

YTE(EPART(KK,US EMIN(2) Y,

¥
DATAHI

|
¥
Yfi(KK= EPART (1) YL KK= KK+ |

i
I13(NPART(2) <o e

LL=1, KSTOR=3
-

DATAHI
|

Nf(EPART(LL,z) ZEMIN()

{ |

\ Yes

No
LL=LL+1 < LL= NPART (2) )

Fig.b

5

{Continued H)
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¢

—— " Nagov = 0

NAMAX = NAMAX + NABOV

-

L 4 i
N NeoLFs 21 ) Yes " NCOLFS 2 4 )ﬂr
¥ r v '
ANALYZ (2) ANALYZ (0) ANALYZ (6)
Y
UPDAT
DATE Nl—_<° NABOV =0 )Y
UPDATE
Yes - No
HERL
—
NCOLFS = 0
40 No /™ NABOV = 0 Yes (55

Fig.o

{Continued B)
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START

Initial random
number

[ Yet

Y

"NUCLEUS” run

i

Final random
number output

[

Judge the convergency

QUTPUT

r
( STOP )

Accumuldting
data file

Fig.6 Process for accumlating more Monte Carlo event data in NUCLEUS

using the restart option
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Nuclear structure data

o U & B

(fem) X 10 /em 3y  (MeV)

TAPCRS(6343) :
PO(I),P1(I3,P2(1) :

(I=1 10)

GAR1 (154)

GARZ2(100) :

GAR3(100)

RMASS(300) ;
ALPH(300) :

BET (300)

Nucleon-nucleon, pion-nucleon cross sections

Table of Iy. I, I» function used in the
evaporation probabilities

Shell and pairing energy correction data for neutron
used in the mass formula

Shell and pairing energy correction data for proton

used in the mass formula

: Volume, surface, Coulomb and exchange energy

correction data used in the mass formula

A Y3 _ values

« - values used in the calculation of the inverse
cross sections

B - values used in the calculation of the inverse

cross sections

Fig.7 Contents of nuclear cross section data file for the

NUCLEUS calculation
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4. FBFBARV — g VERGRERBDOHE

NMTC JAERI 2= FRED S -7 v rstETH, AFBFHEOEBRBRITLAHEEY
B FORFHEES 24— F (@) SEESA TV A0, EEIEDES T & -4 A
HEFLAAMF—EHy bAT7TR0FEF— (15MeV) FTHHELTED, Boh s EBER
i, CNoORIEFIRTEALEGARINT 60 THSL, TR, ¥ -7 v PATES
B B AT DV THBIC, © CTBIRLE " NUCLEUS® ®& 5 B 1 40
CHEGHD 3 - FEBOTHE LSRR SH0, 4, BT EBIIERTCEHEOER
KOWTITOhhLBENEL, FEHRFO2RHAEVERATSE, BRTRO IRERBREAL
EEZS5NAHDT, NUCLEUS ORRERRT — & FEBEHLKT 5 EHHREET 5, T D
YEHERE LTS A —EHEBH GeV~E+MeV ThHEH, TOHMMHTOERT —s 0
Wi T, FHEERLERELALEL, AR FAVOEEAE LSS50 hLE LRI
lK%éoLbL,ﬁ&HleEmYG#—N4ﬁ§%ﬁP,ﬂiﬁﬁbfhéiﬁ?—ﬁbﬁ
gt s iz, COHBRBESERARAECHGAEFR TS EFHHFLTD S,

HERT L LTEHROZHDOYWERIC 2N TIT- 1,

(1) RIS K 5 Rt oRE

(2) SERIGIK & % kRO i
g—4y FEEE LTI, KRRV I Y, BELUREECS, ARBFO s vF—, 500MeV
1GeV, 2GeVHBLU3GeVIR2LTHEET -/

4.1 EFAILASRONEHE

NUCLEUS @ % 5 A/ o  E OIS % HIE B T E 3 2O RBEHMERERES £ &I
DNTHRE L 720

4,11 HHRFHONRE

KR 5 DRAFHIC 1GeV OB FHARLAZBELE,ORESNZBT, THF BB
F,orU Ry, AYDLA—3, TATFRFRONTS00ER Y= 520000 £R P —F
TOF = v 7 FEEFTY, Table 1 CFE Wi, #v INOBRFRIEEREEZEDT, BHP ST
ZkHic, 20000 R FE TEHETIR, He® AR 2% LAk 7 —icsaELH, 5000 kR
MY - TOHBEEORERBON TS, HiEHT AR (27 — Fihidsd
+ERDHTE) COVWTHB I3 BORESE SN TV LY, FTHEEMOES L HEOKT
WO ER, 5000 AR FIR2VTIT- o,

4.1.2 BEEEgEAKBEDOIERME
KR 5 12 500 MeV OB F A AR U B4R E 15 %S, ¥ 8T ¥Cs k20T,
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100,000 AN ) £ TIREHOF » » 75 EAITY, Fig, 8iRLI. WK THOBEEE
S TlA CEBOERA <Y AR DA, 50000 X Y TIT~21%,
10,000 E X + DT 12~14% &, HEMNMOFBBOEI ERERR LLEV, T CTRFHD
I — A SHEO Y, EAOBEOEEES TGRS S CEPENTRIEL, AREERN
OEMALFERE THERALOTH B ERE L CASR FEIE 50000 & LTEEET-
oo fHL, SBOBAIE, 3GeV LIS I3 5000 ABKITOHETH B,

¢ 2 BRECESHENTR

Table 2 {&, K&v 7 vEFHICHETAEESEIES, FHOBHEN TR © & v+ -2k
ZEEDRLDTHE, I AHBFLUY BT, T, BET, tUbY, N YLA-36X
Fa i FOTEREErFAFAFESN:, THFHE05GeV DL 3GeVAEAS T RV
F oIt AR ST, BLF 13, 16, 17, 16 &80, Thb HRE 1 ToF B ERRE
LB TFRE R »T 5, OB TFOEBAK DV TOEALLETHHA, Kb TR
2GeVANTTHINL, 3GeV I LEDLEDT . LFRFHEED OMHMBTEIE, #%T
MicET 3 L RPOERAOXITHE 5, Thid LARBTS) OBBOT, ThEHERE
BT B EFIEM 0 OK (HAD) , S SIEEARREOHATE S L MRUADRILT
5 BB MBoh %, CORM S | EFHCPHEFREDDICHEHICHEEAAE
LI ANE—BERICHADII2GeV AIFEEVI T END D #->T, PHEFHNELENSE
Zi-Hici, AHBFEL AVF—%22CGeV BLEC EFTHHREFEL, ©LAZKRNTICLSY
iy P NTOETFERA A — Fit k5 2ROEEEDRTREERC LAEN T LITE L,
BEDFHICRBICERNS — 4 v b EFA (EE 60 cm, FE10cm @ MFR, TRL A LF
— 15 MeV) FHEic b B P P EORINECE TR A3, 500 MeV THRIL3HE, 1GeV THI23 &
B0 2RI EEAARENC EHN 5, BL, BEBIKY 5 v P OBEE I 15 MeV EIFD
T & B ET 2o E —SAROMNSIC X B b FRIMAHES 5, SEIDFHREICI COFSH
BEETNTHHY, COFSREALIE, KR 7V —7 v b TRHBEEFRES ST 10
%ﬁ%<@é&d@ﬁﬁ&%%m$6%5%§$@wﬁ§®zﬁv“VaV&mmﬁﬁ&ﬁﬁ
FHAFDTOT, ThES =7y LS ARKTOEEROMN 550 2D H3(d) TRED A
EL—a VEIGK L AERBEROFEN T EREAESA 5, Table 3 35 —4 v MR ELH
DIBBIL SV TRREOIES LR TH 5, COBARTERSROFEHDE (<5%)
DT RBEOAEL— Vs YRIERSHE - 30 EBbR S, HHMETHREY 7 Y OEAITL
NT05GeV ~3GeV T11, 13, 14, 12 &3 3EF oLV EEICE S, AGET 15
D ORI THD 2GeV 5 3 GeV ~DRELHm 0 LRBEHERLEL LI KR 505, 8D
AbDOATHE DB OBOLTNEOR, ¥ 7 YEBLDETHOY [ WS L EBHL
T EEPNE, BENS — 7y FATOIEFFREROHEET 5 & 500MeV TREZA
SIELE 1GeV CHEBE2ED6EE LY, Ty I v 500MeV Oy — 7y PAKED
L6 TS > T B, Table 4 ROBEHOBELHCALROBELHRELLLDOT, B
T B TR 57500 O i SRt T A HCE T 18 - T B O HSERERY . St
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Table 1 History convergency of the number of particles emitted

from an uranium nucleus up to 20,000 histories of 1 GeV

protons

Number of histories 500 1000 2000 3000 4000
Emitted Proton 3.078 3.0%6 3.073 3.115 3.127
(4.99 % 3.4 %y 2.35%) 2.04% (1.81 %)
Emitted Neutron 15.52 15.91 15.976 16,232 16,343
(3.77 % 2.77 % (.71 % (1.5t % (1.36%)
Evaporated Deuteron 0.724 0.711 0.693 0.707 0.723
(7.38 %) HB.B68%y (3.3 %) (£2.78 %y (2.5 %)
Triton Q.272 0.262 0.267 0.269 0.274
(14.34 %) (9.40 2) (5.58 %) (5.04 % (4.35 %)
Helium 3 0.018 0.021 0.019 0.020 0.023
(38.67 %) (P9.70 %) (18.20 %) (14.40 %) (11.22 %)
Alpha 0.274 0.291 0.287 0.298 0.293
{(8.00 %2y (B.09%) (5.1l %y (3.98 %) (3.46 %)
Number of histories 5000 10000 15000 20000
Emitted Proton 3.126 3.069 3.061 3.052
(1.84%y (1.268%) 0.88%y (0.8 %)
Emitted Neutron 16.360 16.254 16.215 16.1¢4
(1.286 %y (0.%4 %)y (0.72 %) (0.62 %)
Evaporated Deuteron 0.722 0.718 0.715 0.713
2.28% (1.92%) (1.985% (1.38%)
Triton 0.274 0.267 0.264 0.265
(3.3 %)y .68 % E.14%y (1.8 %
Helium 3 0.0242 0.0241 0.0241 0.0240
(9.49 %) (.79 %) (b.B2 %) 4.8t %)
Alpha 0.293 0.297 0.283 0.291
(3.089%) 2.26% (1.,78% (1.52%)




JAERI-M 86— 118

Table 2 Particles emitted from an uranium nucleus and a

comparison with bulk target calculations

Energy of protons {(MeV) 500 1000 2000 3000
Proton 1.612  3.126 3.780 3.228
Neutron 13.350 16.380 17.279 15.209
Deuteron 0.2678 0.7220 0.8740 0.7366
Triton 0.1076 0.2740 0.3226 0.2858
Helium 3 0.004 0.0242 0.0374 0.02c8
Alpha 0.1578  0.2832  0.3014  0.2522
(Evaporated Neutron) 12.448 15.088 16.003 14.246

Emitted Neutrons into
the target (1=60 cm, d 16.08 38.36
=10 cm) with cut off
energy (15 MeV)

Emitted Nucleons

(a} per Proton 16.463 22.908 25.083 21.800
(b) per Collision 23.57 32.70 34.77 33.83
{(¢c) per Spallaticn 43.05 49.18 50.94 52.64
{ fission events
excluded )
d) @38 +1 ) - (c) 196 190 188 185
(*) Collision Rate 0.6984 0.7032 0.7208 0.6464

(¥+) Spallation Rate / 0.5475 0.6680 0.6826 0.8426
Collision




Table 3

JAERI-M 86— 116

comparison with bulk target calculations

Particles emitted from a lead nucleus and a

Energy of protons (MeV) 500 1000 2000 3000
Proton 2.050 3.208 3.3810 3.311
Neutron 10.636 13.081 14.308 12.201
Deuteron 0.3030 0.6420 0.7934 0.6468
Triton 0.0774 0.1844 0.2388 0.1972
Helium 3 0.0052 0.0242 0.0384 0.02%4
Alpha 0.1038 0.2258 0.2452 0.1974
(Evaporated Neutron) Q,.687 11.723 12.955 11.211
Emitted Neutrons into
the target (1= 80 cm, 10.73 .97
d = 10 em) with cut
of f energy (1D MeV)
Emitted nucleons
{a) per Proton 13.955 19.126 21.620 18.275
(b} per Collision 20.54 27.25 23.87 28.14
{c) per Spallaticn 21.22 £8.10 30.67 28.81
( fission events
excluded )
d) 207 +1 ) - () 187 180 177 179
(*) Collision Rate 0.6794  0.7020  0.7238  0.6494
(x*) Spallation Rate / 0.9679 0.9895 0.9740 0.9769
Collision

27 —
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Table 4 Particles emitted from a silver nucleus

Energy of protons (MeV) 500 1000 2000 3000
Proton 2.419 3.111 3.491 2.773
Neutron 5.180 6.147 6.585 5.33C
Deuteron 0.2840 0.4510 0.5064 0.3736
Triton 0.0708 0.1042 0.1188 0.0842
Helium 3 0.0246 0.0506  0.0512 0.0442
Alpha 0.1920 0.2480 0.2584 0.2020

Emitted nuclecns

(a) per Proton 9.269 11.818 12.632 10.073
(b) per Sballation 15.38 18.63 19.36 17.77

(109 + 1 ) - (@) 5 ot a1 o2
(*) Collision Rate 0.8028 0.86236 0.6524 0.5668
(+*) Spallation Rate / 1.0000 1.0000 0.9997 1.0000

Collision
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Fig. 14 RPEMKOR (BRI BLZHOED) OERKERBHAMEHRELILEDT,
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5, COBBHEOBR TREARCLEEABEREEZZL LN, FHLIETLEZCNAZ LE KR
£ 14 THHTEL R DXL THLHY, IhERLEMNTEHTRIE, GRFPE-rER% L
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L OEEAEL T A (N, Z) H DR FHITO0THENS, Fig, 173 1CeVET%
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L#MTh %, KOEREHERCE > COABHFOEBOFEAT HEME RL, —/RBHRI
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COEMM G- Lo X DEbR TS, Fig. 18 22 L0 ERMEA ZNHBEMARICH Y
7oy b LELEAOT, AHRKER DHEe@E x587 RmE DR HEs
WEETFHEES L CONSHEMKEBEREDT. REKY 7 VDOV TE, NX30TH BB
MR N2> 120 THaBiEgEs zhen e, THUATREERT 4 vAhREED THE
TR & ot TEB A R HERICER TV S, HPEMY — 7y FEHDBEE, BohE
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OH b, BEEOEBREMSVELN O SDOAHT oy F LEZOHFig. 19T, KEaO EREED
HEMDR] Th-12CsH505, CORE 2RSIBHERT S 5EVEHABIRHE LR 5l
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Fig.9 Spallation product distributions ( number of nuclei per an
incident proton ) versus the mass number A for an uranium nucleus

a) 0.5, by1l, ¢)2and d) 3 GeV protons




JAERI-M 86-118

N. U. PROTOGN - 500 MeV

L L

NU_CLEUS . only for the primary reaction

Hun/ P
, 0.20

414
1 h

011

-3

q__m_‘ v L) 1 ¥ Ll ) 1 F ) l]I 1 3 L) L 1] Ll 1 T

%-“ .00 40.00 0. 0.0 19G.00 128.00 140.00 se.00 jee.00 100.00 e.00 0.0
A

. TARCET CAL.. : including secondary effects

(1=60cm, d=10 cm )

[ N
T g
H '_l'
-
)|
£ 1o om0 G R R S T e
ot 2o.ew . te.08 | Co.od ' AS.ws | 109.88  ITE.0F  149.30  IAS.eE  Is4.eW  Iw6.B0 22008 J48.08

Fig.10 Comparison of the spallation product distribution (a) obtained
by NUCLEUS for a nucleus with that (b) by NMIC/JAFRI's for a rod

target (L = 80 em, R = 10 cm), in the case of a 500 MeV proton

impinging on an uranium target



JAERI—M 86116

N. U. PROTON 1 GeV
5. NUCLEUS only for the primary reaction
CE-UD t 21.'“ ' IB:OII ' W:Gﬂ ' n:on ! lﬂ,-ﬂﬂl l!ll-ﬂl H;-GUI |l;-ll 194.00 100.00 m7e.00 ill-n
"
- TARGET CAL. including secondary effects
.,° (1=60cm d=10cm )
g:: (X2)
‘:’.'{L. . etz LT Ut feenen s vt
0.00 0.00 i0.00 0.8 s0.08 1ot.e8 I1s.s0 149.09 9.0 las.00 TNk 00 178.00 Jem.0Q
A ..
Fig.11 Comparison of the spallation product distribution ¢a) obtained

by NUCLEUS for a nucleus with that (b} by NMIC/JAERI's for a rod

target (L = 80 cm, R = 10 ¢cm), in the case of a 1 GeV preton

impinging on an uranium target
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f1#x 2 NUCLEUS2 2 +O-L7-F

/7JCLG JOB
//  EXEC JCLG
//SYSIN DD DATA,DLM=T++!
// JUSER
T.2 €.3 W.0 1.3
OPTP MSGCLASS=X,NOTIFY=JO0S1,PASSWORD=T1234

//FORT2 EXEC FORT77,S0="JOOS1.NUCLIMPL',Q='.DATA",

17 A='NOPRINT',DISP=MOD
// EXEC LKED77

/1 EXEC GO
/IFTOSFOO1L
/7 EXPAND

!/ EXPAND

// EXPAND

// EXPAND

// EXPAND

/7 EXPAND

// EXPAND

++

1/

DD DSN=JO051.Z.DATA,DISP=5HR
DISK,DDON=FT11F001
DISK,DDN=FT12FQ01,5PC="80,20"
DISK,DDN=FT13F001
DISKTC,DDN=FT21F001,DSN=J0051.NMTCLB25S
DISK,DDN=FT25F001
DISK,DDON=FT10F001
DISK,DDN=FTOBFQO1

pat—n

o’
I\

Tex 5 NUCLEUS 2 A7 4]

U235 - U238

50
0

15.
23
0.

2
235..35148E-03
238.47.855E-03

15,
21
1

1
c.
0.

0 o 0
30
239.

1000,

5 CM

100
22




