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Abstract

Brief reviews are made of the theoretical models, the nuclear and

nucleon data used in the simulation calculations of the nuclear

spallation process.

The spallation, as seen from the spallation neutron spectrum, can

be described quite well as the successive three

(1) intra-nuclear cascades,

(2) particle emissions from the pre-equilibrium

step process:

state,

(3) competing decay of the residual nucleus by fissions and

evaporations.

As for the spallation product yields, their dependence

mass formulas has been examined.

spallation products with unknown

the nuclear multifragmentation.

Discussions are made also

particle

on the

on the

half life and those certainly due to
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1. Introduction

As for the compiled nuclear data in the nuclear spallation energy

range (20 MeV - several GeV), the published data file is only one as

yet. This is the ENDF/B-VI High Energy Library for the Fe-56 target

and the protons and neutrons with the energy up to 1 GeV. (1) *O

nuclear data file exists for the TRans-Uranium elements and also in the— .

energy range above 1 GeV.

In the situation without any available nuclear data file, the

Monte Carlo codes have been developed to make simulation calculations

of all the reaction processes involved in the nuclear spallation.
(2)

On the base of a poineering work by Bertini , two major series of

the Monte Carlo codes have been developed, i.e., NMTC (3) and HETC(4)

series. The high energy fission process, however, is not taken into

consideration in these codes. Takahashi (’) and NwH.MW(6) incorporated

the high energy fission process in NMTC independently. The similar
(7)improvements of the HETC code were made by Alsmiller et al. ,

Atchison (8) and Cloth et al. ( 9 ) Armstrong and Filges investigated

the four fission models, i.e., the BNI,(5) , the JAERI (6) the 01CNL(7)

and the ML(8) models. “0)

In the following #Chapters a brief review is made of the theoretical
.,’

models, the nuclear and nucleon data used in the simulation calculations

of the nuclear spallation process.

2. Spallation Neutron Spectrum

The spallation neutron spectrum can be expressed quite reasonably

by considering that it consists of three components, as shown by

Tsukada and Nakahara
(11)

, i.e.,

d2a
~ = ~ A.(E/E .)exp(-E/E  .).

01i=l 1 01
(1)

(12)
Figure 1 shows the parametric fit of Eq.(1) to the KfK data . The

terms of Eq.(1) correspond to the neutron emissions during the intra-

nuclear cascades (Step 1), the pre-equilibrium decay of the residual
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nucleus (Step 2) and the compound nucleus decay. The nuclear. spallation

process can be described as the three step process, as schematically

shown in Fig. 2.

Nakahara and Nishida formulated the Monte Carlo algorithms for

simulating particle emissions from the pre-equilibrium states,
(13) using

the exciton model of Gudima, et al.
(14)

and Kalbach, et al. (15) ~~e

Monte Carlo scheme of the Step 2 calculations is shown in Fig. 3.

Ishibashi, et al.
(16)

incorporated this algorithm in HETC
(4)

and

succeeded in getting the spallation neutron spectra in good agreement
(17)

with the experimental data obtained by Cierjacks,  et al. for 585

MeV protons on the lead target. Figure 4 shows the comparisons

between theoretical and experimental spectra. The origins of discrep-

ancies seen in the high energy wing tail, especially in the case of

150°, have not been made clear yet.

3 . Nuclear and Nucleon Data

The socalled nuclear data files have not been used in the spallation

calculations, as is clear from the fact that there is no available file

in the energy region above 1 GeV. Both NMTC and HETC simulate all the

elementary nuclear reaction processes. The data used in the simulation

calculations are only the nuclear structure and nucleon-nucleon

scattering data.

A set of the nuclear structure data consists of the following

quantities:

. Nuclear radius,

. Fermi energy distributions in the nucleus,

. Nucleon (p,n) density distributions in the nucleus,

The nucleon-nucleon scattering data sec contains the cross section

data for the following events: for t%i (njp) and (p,p) scattering,

. elastic scattering,

. parameters for the differential scattering,

. inelastic scattering with 1 pion production,

inelastic scattering with 2 pion production,

and for (n–,p), (ir”,p), (T+,p) and (ii”,n) scattering,
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.

.

.

.

elastic scattering,

charge exchange between charged particles,

parameters for the differential scattering,

absorption,

inelastic scattering with 1 pion production.

A caution is necessary here. The nucleon-nucleon data sets

prepared on the basis of the experimental data obtained in 1950s are

used even now in NMTC, HETC and their revised versions. Meanwhile

Bugg made a survey of the nucleon-nucleon data and evaluated their
(21)

completeness. The data of good qualities have been obtained at

SIN, LAMPF and TRIUMF. Now it is the time to start the work to

revise the nucleon data files.

4. Spallation Product Data

To make the assessment of the real feasibilities of the transmu-

tation (or incineration) of TRU Wastes, it is necessary to estimate—

what kind of nuclides are produced as the spallation (including the

high energy fission) products. In the spallation  reaction almost

every kind of nuclidesuare  produced and they can absorb or emit

neutrons. So it is also necessary to make time dependent analyses of

the decay and build-up of nuclides under the continuous bombardments

by protons and neutrons.

Figure 5 shows the spallation product distributions for a single

nucleus and a cylindrical rod bombarded by protons with the energy of

1 GeV. The calculation for a single nucleus was done by using the
(22)

NUCLEUS code . The differences between the two distributions

reflect the effects of internuclear nucleon cascades. Figure 6 shows

an example of the spallation and internuclear cascade event history

in the NMTC/JAERI  calculations.

The spallation product distribution also depends on the mass

formula used to

evaporated from

use the Cameron

compile by Waps

calculate of the binding energy of a particle to be

the nucleus at the excited state. Both NNTC and HETC
(23)

s mass formula supplemented with the mass table

ra , et al. (24) Nishida and Xakahara found that the
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NUCLEUS calculations with the Cameron’s mass formula fail in reproducing

the neutron excess sides of the spallation product distributions.
(25)

They showed also that the use of the Uno and Yamada’s mass formula
(26)

(25)
gives good agreements. Figure 7 shows the comparison between the

calculation with the Uno and Yamada’s mass formula and the experimental

data obtained by G. Friedlander, et al.
(27)

for the 1 GeV protons

incident on a uranium target.
(25)

In Fig. 8 the mass yield cross section is shown for the case of a

3 GeV proton impinging on a silver nucleus.
(28)

The experimental
(29)

values are due to Katcoff, et al. Our calculations show good

agreement with the measurements for A > 80, while they give considerably

lower values for 30 < A < 80 and the increase of the cross section for

A < 30 is not reproduced in our calculations. A main cause of this

discrepancy in the mass regions can be considered to be due to the

absence of the fragmentation process in our computational sheme.

the absence of a plausible fragmentation theory, it is difficult

estimate the effects of the fragmentation at present.

In the nuclear spallation almost every kind of nuclides are

produced, especiallyneutron deficient nuclides. Figure 9 shows

But

to

the

(N,R) distribution of the nuclides  generated in the spallation  of the

Np-237 nucleus and the]decay  constants of which are not determined
yet (30) In this respect we.are developing a Spallation Product

B-Decay (SPD) code to estimate the half-lives and to perform the decay

heat calculations by generating the GROSS-M and GROSS-P codes made

by T. Yoshida(31).

Finally we review the present status of the experimental data on

the spallation and fission product yields for the high energy proton

bombardment. Table 1 and Table 2 summarize the results of our survey

on the spallation  and fission product yields, respectively.

5. Conclusion

It has been shown that the spallation neut ron  spec t rum can  be

e x p r e s s e d  q u i t e  w e l l  w i t h  t h e  t h r e e  s t e p  met’nod. .\s for t h e  spallation

p r o d u c t  d i s t r i b u t i o n  t h e r e  a r e  l a r g e  d i s c r e p a n c i e s  b e t w e e n  the
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theoretical estimates and measured data. These discrepancies are

considered to be due to the nuclear multifragmenlation,  which is not

taken into consideration in the simulation calculations. Many models

have been proposed to explain the mechanism of the nuclear

multifragmentation.
(32)

But the theoretical foundation is not

established yet.

Acknowledgements

Most of the work reported in this brief review has been done in

collaboration with Dr. T. Nishida. The collaboration with a group at

Kyushu University (Prof. K. Ishibashi, et al.) must be acknowledged

also. Acknowledgements are also due to Dr. H. Takahashi (BNL, USA) for

-his years long encouragements and valuable suggestions.

References

(1) S. Pearlstein, Astrophys. J., 346, 1049-1060 (1989).

(2) H.W. Bertini, “Mo-nk-e Carlo Calculations on Intranuclear  Cascade,”

OWL-3383 (1963).

(3) W.A. Coleman and T.W. Armstrong, “The Nucleon-Meson Transport

Code NMTC,” ORiiL-4604 (1970).

(4) T.W. Armstrong and K.C. Chandler, “Operating Instructions for the

High-Energy Nucleon Meson Transport Code, HETC,” ORiiL-4744

(1972).

(5) H. Takahashi, Symp. Neutron Cross Sections from 10 to 50 MeV,

CONF-800551,  p.133, BNL-NCS-51245 (1980).

H. Takahashi, Nucl. Sci. Eng., 87, 432 (1984).—

(6) Y. Nakahara, “Studies on High Energy Spallation  and Fission

Reactions,” KENS Report II (1981).

Y. Nakahara and T. Tsutsui, “NMTC/JAERI  A Simulation Code System

for Hig~ Energy Nuclear Reactions and Nucleon–Meson Transport,”

J.AERI-M 82-198 (1982).

548



(7)

(8)

( 9 )

(lo)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

F.S. Alsmiller,  et al., “A Phenomenological Model for Particle

Production from the Collisions of Nucleons and Pions with Fissile

Elements at Medium Energy,” ORNL/TM-7528 (1981).

F. Atchison, “Spallation and Fission in Heavy Metal Nuclei under

Medium Energy Proton Bombardment,” Meeting on Targets for

Neutron Beam Spallation  Sources, KFA-Julich,  11-12 June, 1979,

Jiil-Conf-34 (1980).

P. Cloth, et al., “The KFA-Version of_&he. klLgh-~ergy Transport

Code FIETC and the generalized Evaluation Code SIMPEL,” Jul-Spez-

196 (1983).

T.W. Armstrong and D. Filges “A Comparison of High-Energy Fission

Models for the HETC Transport Code,” ICANS-V Meeting of the

International Collaboration on Advanced Neutron Sources, June

22-26, 1981, D1-1, Jtil-Conf-45  (1981).

T.W. Armstrong, P. Cloth, D. Filges and R.D. Neef, “An Investiga-

tion of Fission Models for High Energy Radiation Transport

Calculations,” Jiil-1859 (1983).

K. Tsukada and Y. Nakahara, Atomkernenergie. Kerntechnik, 44,—

186-188 (1984).

S. Cierjacks, et al., “Differential Neutron Production Cross

Sections from 590 MeV Protons,” Int. Conf. on Nucl. Sci. and

Technol. (1982, Antwerp).

Y. Nakahara and T. Nishida, “Monte Carlo Algorithms for

Simulating Particle Emissions from Preequilibrium States during

Nuclear Spallation Reactions,” JAERI-M 86-074 (1986).

K.K. Gudima, et al., h’ucl. Phys., ~, 329 (1981).

C. Kalbach, Nucl. Phys., g, 590 (1973).

C. Kalbach and F.M. Mann, Phys. Rev., C23, 112 (1981).

K. Ishibashi,  et al., “Proton Induced Spallation  Reaction

Calculation Considering the Intranucler High-Momentum Nucleons

and the Preequilibrium Effect,” Proc. The 1989 Seminar on

Nuclear Data, 362-373, JAERI-M 90-25 (1990) (also, NEANDC(J)-

149/u, INDC(JPN)-136/L).

S. Cierjacks, et al., Phys. Rev., C33, 260 (1986).

J.J. Griffin, Phys. Lett., B24, 5 (1967).

M. Blann and J. Bisplinghoff,  U C I D  Z0169 (1984).

549



(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

( 3 1 )

( 3 2 )

X. Blann, “Recompound Decay Models for Medium Energy Xuclear

Reactions,” UCRL-101282 (1989).

D.V, Bugg, Ann. Rev, Nucl. Part. Sci., 35, 295 (1985).—

T. Nishida, Y. Nakahara and T. Tsutsui,” Development of a

Nuclear Spallation Code and Calculations of Primary Spallation

Products,” JAERI-M 86-116 (1986).

A.G.W. Cameron, Canad. J. Phys., 35, 1021 (1957).—

A.H. Wapstra and K. Bos, Atomic Data and Nucl. Data Tables, 19,—

175 (1977).

T. Nishida and Y. Nakahara, Kerntechnik, 55, 147-155 (1990).—

M. Uno and M. Yamada, Prog. Theor. Phys., 65, 1332 (1981).’—

M. Uno and M. Yamada, “Atomic Mass Prediction from the Mass

Formula with Empirical Shell Terms,” JNS-NLJMA-40,  Waseda Univ.

(1982) .

G. Friedlander, et al., Phys. Rev., 129, 1809 (1963).

T. Nishida and Y. Nakahara, Kerntechnik, 50, 3 (1987).—

Ref. , R. Silberberg and C. Tsao, Astrohys. J. Suppl. Series,

No.220 (1973), p.396.

T. Nishida, et al., “TRU Transmutation with High Energy Proton

Beam,” pp.343-361, Proc. the 1989 Seminar on Nuclear Data,

JAERI-M 90-025 (~990).

T. Yoshida, “GROSS-M and GROSS-P, Codes for Prediction of Beta-

Decay Properties and the Evaluation of their Applicability to

Decay Heat Calculations,” JAERI-M 6313 (1975).

J.B. Natowitz (Editor), Nuclear Dynamics and Nuclear Disassembly,

Proc. of the Symposium, Dallas, April 1989.

5 5 0



Table 1 Status of the experimental data on spallation product
yields for high energy proton bombardment

Target material
or nuclides

TRU nuclides
Nat. U
Depleted U
U-238

u-235
Th-232

Bi
Pb

Ta-181
Ag

Nb-93
Y-89
Ga-71
Ga-69
Mn-55
As
co
Fe

v
Al
c

Spallation product
data; available?

No
Yes
No
Yes

No

Yes
Yes

Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes

Incident energy
(MeV)

480, 2.9GeV, 5.5, 28.0

100, 125, 140, 150, 160,
175, 190, 200, 220, 250,
270, 300, 340

100, 200, 250, 300, 340,
480
480
390, 600, l.OGeV, 1.6,
2.2, 3.0
340, 6GeV
210, 300, 480, 3GeV, 4.9
11.5
500, 720
240
1.5GeV
1.5GeV
170
170, 378, 2.9GeV
170, 240, 370
130, 340, 500, 730, 800
1.5GeV, 2.9
60, 100, 175, 187, 240
4.9GeV
4.9GeV
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Table 2 Status of the experimental data on fission product
yields for high energy proton bombardment

Target material
or nuclides

TRU nuclides
Nat. U

Depleted U

U-238

U-235
Th-232
Bi
Pb
Pb-206
Pb-204

Fission product
data; available?

No
Y e s

Yes

Yes

No
Yes
Yes
Yes
Yes
Yes

Incident energy
(MeV)

100, 170, 340, 380+

480, 2.9GeV, 28.0
800

32, 70, 100, 150,
200, 250, 300, 340
50+, 75+, 100+, 125+,
150+, 170+, 190+

38+, 450, 480
190+, 480
600, 2.9GeV, 3.0, 28.0
41.9+
41.9+

Notes

+ for c

large
target

+ for a

+ for c
+ for d

+ for u
+ for c
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Fig. 2 Scheme of the three step method
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n

Fig. 5 Comparison of the spallation  product distribution
(a) obtained by NUCLEUS for a nucleus with that
(b) by NMTC/JAERI for a rod target (L = 60 cm,
R=10 cm), in the case of a 1 GeV proton
impinging on a uranium target
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Fig. 8 Spallation product distributions versus
mass number A for a silver nucleus at
3 GeV proton incident energy
x : calculations ,
A: measurements (Katcoff,  et al.)
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