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Abstract

Brief reviews are made of the theoretical nodels, the nuclear and
nucl eon data used in the sinulation calculations of the nuclear
spallation process.

The spallation, as seen fromthe spallation neutron spectrum can
be described quite well as the successive three step process:

(1) intra-nuclear cascades,

(2) particle emssions from the pre-equilibrium state,

(3) conpeting decay of the residual nucleus by fissions and particle
evapor ations.

As for the spallation product yields, their dependence on the
mass fornul as has been exam ned. Di scussions are made also on the
spallation products with unknown half life and those certainly due to
the nuclear multifragmentation
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1. | ntroduction

As for the conpiled nuclear data in the nucl ear spallation energy
range (20 MeV - several GeV), the published data file is only one as
yet. This is the ENDF/B-VI Hi gh Energy Library for the Fe-56 target
and the protons and neutrons with the energy up to 1 GeV. (1) "0
nuclear data file exists for the TRans-Uranium elenents and also in the
energy range above 1 GeV.

In the situation without any available nuclear data file, the
Monte Carlo codes have been devel oped to make simulation calculations
of all the reaction processes involved in the nuclear spallation.

On the base of a poineering work by Bertin‘a, two mgjor series of

the Monte Carlo codes have been devel oped, i.e., NMTC(w and HETC(A)
series. The high energy fission process, however, is not taken into
consideration in these codes. Takahashi “’ and NAKAHARA(G)
the high energy fission process in NMIC independently. The sinilar

i ncor por at ed

i nprovenents of the HETC code were nmade by Alsmiller et m(7X

Atchison® and doth et al. (9) Armstrong and Filges investigated
the four fission nodels, i.e., the BNL(S), t he JAERI(6) t he ORNL(7)
and the RAL(8)

In the follow ng #Chapters a brief review is made of the theoretica

nodels. “0Q

nodel s, the nuclear and nucleon data used in the sinulation 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 conponents, as shown by
Tsukada and hbkahara(ll), i.e.,

d?¢g _ 3
1Edn —iZ=1A,. (E/E Jexp(-E/E ). (1)

Figure 1 shows the paranetric fit of Eq.(l) to the KfK da{%gx The

terms of Eq.(l) correspond to the neutron em ssions during the intra-
nucl ear cascades (Step 1), the pre-equilibrium decay of the residua
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nucleus (Step 2) and the conmpound nucl eus decay. The nucl ear. spallation
process can be described as the three step process, as schematically
shown in Fig. 2.

Nakahara and Nishida fornulated the Mnte Carlo algorithns for
sinulating particle emssions from the pre-equilibrium states, (13) usi ng
(14) (15)  The

the exciton nmodel of Gudima, et al. and Kalbach, et al.

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

(16) (4 4o

| shi bashi, et al. incorporated this algorithmin HETC
succeeded in getting the spallation neutron spectra in good agreenent
with the experinental data obtained by Cierjacks, et al. (17) for 585
MeV protons on the lead target. Figure 4 shows the conparisons
between theoretical and experinental spectra. The origins of discrep-
abcies seen in the high energy wing tail, especially in the case of

150°, have not been made clear yet.

3. Nuclear and Nucl eon Data

The socalled nuclear data files have not been used in the spallation
calculations, as is clear fromthe fact that there is no available file
in the energy region above 1 GeV. Both NMIC and HETC sinulate all the
el ementary nuclear reaction processes. The data used in the sinulation
calculations are only the nuclear structure and nucl eon-nucl eon
scattering data.

A set of the nuclear structure data consists of the follow ng
quantities:

Nucl ear radi us,
Fermi energy distributions in the nucleus,
Nucl eon (p,n) density distributions in the nucleus,

The nucl eon-nucl eon scattering data set contains the cross section
data for the followi ng events: for the (np) and (p,p) scattering,

el astic scattering,

paraneters for the differential scattering,
inelastic scattering with L pion production,
inelastic scattering with 2 pion production,

and for (v ,p), («%,p), (+".p) and (s%,n) scattering,
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el astic scattering,

charge exchange between charged particles,
paranmeters 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. Meanwhi | e
Bugg made a survey of the nucl eon-nucleon data and evaluated their
conpl et eness. (21) The data of good qualities have been obtained at
SIN, LAMPF and TRIUMF. Now it is the tine to start the work to

revise the nucleon data files.

4. Spallation Product Data

To nmake the assessnent of the real feasibilities of the transnu-
tation (or incineration) of TRU Wastes, it is necessary to estinmate
what Kind of nuclides are produced as the spallation (including the
hi gh energy fission) products. In the spallation reaction al npst
every kind of nuclidesware produced and they can absorb or enit
neut rons. So it is also necessary to make time dependent anal yses of
the decay and build-up of nuclides under the continuous bonbardnents
by protons and neutrons.

Figure 5 shows the spallation product distributions for a single
nucl eus and a cylindrical rod bonmbarded by protons with the energy of
1 GV. The calculation for a single nucleus was done by using the
NUCLEUS cod(ezz). The differences between the two distributions
reflect the effects of internuclear nucleon cascades. Figure 6 shows
an exanpl e of the spallation and internuclear cascade event history
in the ¥NMTC/JAERI cal cul ations.

The spallation product distribution also depends on the mass
formula used to calculate of the binding energy of a particle to be
evaporated from the nucleus at the excited state. Bot h NMTC and HETC

(23)

Nishida and Nakahara found that the

use the Cameron's nass formula suppl emented with the mass table

(24)

conpile by Wapstra, et al.
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NUCLEUS cal cul ations with the Cameron’s mass formula fail in reproducing

(25)
(26)

Figure 7 shows the conparison between the

the neutron excess sides of the spallation product distributions.
They showed also that the use of the Uno and Yamada's nass formula

(25)

calculation with the Uno and Yamada's mass fornula and the experinental
(27)

gi ves good agreenents.

data obtained by G Friedl ander, et al. for the 1 Gev protons

(25)

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

(28)

3 GeV proton inpinging on a silver nucleus.
Qur cal cul ations show good

incident on a uraniumtarget.

The experinental
val ues are due to Katcoff, et al. (29)
agreenent with the neasurements for A > 80, while they give considerably
| ower 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

di screpancy in the nmass regions can be considered to be due to the
absence of the fragnentation process in our conputational shene. But
the absence of a plausible fragnentation theory, it is difficult to
estimate the effects of the fragnentation at present.

In the nucl ear spallation al nost every kind of nuclides are
produced, especially - neutron deficient nuclides. Figure 9 shows the
(N,R) distribution of the nuclides generated in the spallation of the
Np- 237 nucl eus and the’decay constants of which are not determ ned
yet (30) In this respect we.are devel oping a spallation Product
B- Decay (SPD) code to estimate the half-lives and to performthe decay
heat cal cul ations by generating the GROSS-M and GROSS-P codes made
by T. Yoshida(3l).

Finally we review the present status of the experinental data on
the spallation and fission product yields for the high energy proton
bonbar dnent . Table 1 and Table 2 summarize the results of our survey

on the spallation and fission product yields, respectively.

5. Concl usion
It has been shown that the spallation neutron spectrum can be

expressed quite well with the three step method. Asfor the spallation

product distribution there are large discrepancies between the
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theoretical estimates and neasured data. These discrepancies are
consi dered to be due to the nuclear multifragmenlation, which is not
taken into consideration in the sinulation calculations. My nodels
have been proposed to explain the mechani sm of the nuclear

nul tifragmentation. (32) But the theoretical foundation is not

established yet.
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Table 1

yields for

Status of the experinental

data on spallation product

hi gh energy proton bonbardment

Target materi al
or nuclides

Spallation product
data; avail abl e?

I nci dent energy
(MeV)

TRU nuclides
Nat. U
Depleted U
U 238

u-235
Th-232

Bi
Pb

Ta-181
Ag

Nb-63
Y- 89

G-71
Ga-69
Mn-55
As

co

Fe

Al

No
Yes
No
Yes

No

Yes
Yes

Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes

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, 1.0Gev, 1.6,
2.2, 3.0

340, 6Gev

210, 300, 480, 3cev, 4.9
115

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 experinmental

data on fission product

yields for high energy proton bonbardment
Target materi al Fi ssi on product I nci dent energy Not es
or nuclides data; avail abl e? (MeV)
TRU nuclides No
Nat. U Yes 100, 170, 340, 380° + for o
480, 2.9GeV, 28.0
Depleted U Yes 800 | arge
t ar get
U- 238 Yes 32, 70, 100, 150,
200, 250, 300, 340
50+, 75+, 100+, 125%, + for «
150+, 170+, 190+
U 235 No
Th-232 Yes 38+, 450, 480 + for ¢
Bi Yes 190+, 480 + for d
Pb Yes 600, 2.9GeV, 3.0, 28.0
Pb-206 Yes 41. 9+ + for u
Pb-204 Yes 41. 9+ + for e
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