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6apaweHKOB B.C., WMaKOB c.~. E2 - 12902 
AeneH~e flAeP noA AeAcTB~eM B~coK03HepreT~4ecK~x 
npOTOHOB 

Ha OCHOBe MOAen~ BHYTP~flAePH~X KaCKaAOB pacCMOTPeHO 
AeneH~e CB~Hlla ~ 6onee Tfl>KenbiX flAeP B o6nacT~ 3Hepr~A 
0,1 -;- 2 r3B. Y4TeHa KOHKypeHI..I~fl AeneH~~ fl ~ ~cnapeH~fl B036yJK
AeHHbiX flAeP. Anfl pac4eTa AeneH~fl ~cnonb3oBaHa MOAenb <!>oHra, 
y4~T~Ba~~afl 3aTyxaH~e o6ono4e4HoA nonpaBK~ Anfl HarpeT~x 

flAep. 06cy>KAa~TCfl MHOJKeCTBeHHOCTb BTOP~4HbiX 4aCT~l.l pa3n~4-

H~X T~noB, 3HepreT~4eCK~e cneKTP~ HeATpOHOB, pacnpeAeneH~fl 

ocTaT04H~x flAep. HMeeTcfl xopowee cornac~e c 3Kcnep~MeHTOM 
~ pac4eTHbiM~ AaHH~MI1, nony4eHH~M~ APYr~M~ asTopaM~. 

Pa6oTa B~nonHeHa B Jla6opaTop~~ Bbl4~cn~TenbHoA TexH~K~ 

~ aBToMaT~3al.l~~ OH~H. 

Coo51UeHHe 05bellHHeHHOrO HHCTHTYTS SlllepHbiX HCCnellOBSHHA, £1y5Ha 1979 

Barashenkov V.S., Shmakov S.Ju. E2 - 12902 
Nuclear Fission Induced by High-Energy Protons 

The fission of lead and heavier nuclei in the 
energy region T =Q.172 GeV is considered on the basis 
of intranuclear cascade model. The competition between 
fission and evaporation of excited nuclei remaining after 
the cascade phase of the interaction is taken into account. 
Fang's model is used to calculate the fission process. 
The multiplicity of produced particles of various types, 

the energy spectra of neutrons, the distributions of re
sidual nuclei are discussed. The calculated results 
are compared with the experiment and with the known theo
retical data. 

The investigation has been performed at the 
Laboratory of Computing Techniques and Automation, JINR. 
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The inelastic interactions of high-energy particle with 
heavy nucleus proceed, as a rule, via the development of 
the broad ramified intranuclear cascade and the subsequent 
decay of a highly excited residual nucleus by the competing 
evaporation and fission processes. In outline this picture 
is known for a long time, nevertheless, a few articles were 
devoted up to now to the detailed quantitative analysis of 
it in a sufficiently broad energy interval. 

It should be noted, first of all, the latest papers of 
H.Bertini and R.Hahn /1.2/, where as a basis the intranuc
lear cascade model is used* developed by Bertini and appli
cable in the energy region T ::: 0. 1 7 3 GeV. However, in pa
per111 it was assumed that the decay of residual nuclei 
proceeds via the evaporation completely; the fission pro
cess was not taken into account at all. In the .subsequent 
paper~/ the competition between the evaporation and fis
sion is described using the rough phenomenological expres
sion for the evaporation-to-fission width ratio 1n / 1r 
averaged over a broad interval of the excitation energies. 
In addition the nuclear depletion during the cascade (the 
so-called trailing effect) was not taken into considera-
tion, too. This has led to significant overestimation of 
the multiplicity of produced particles at T :::_ 5 GeV. 

The trailing effect and the evaporation-fission compe
tition were taken into account in papers ~ .6 / , this allowed 
one to carry out the more detailed consideration of diffe
rent aspects of the phenomenon and resulted in the better 
agreement with the experiment in these papers, however, 
the final stage of the fission of the excited residual nuc
leus and the fission products properties remained unconsi-

* Here and in what follows T is the kinetic energy of the 
primary particle in the lab. system. 

The bibliography of the early calculations of the high
energy fission by means of more rough cascade models can be 
found in refs. /3, 4/. 
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Fig. I. The average 
number of particles 
created in inelastic 
interactions P+207Pb. 
The dashed and solid 
lines are the calcu
lated values <nn > 
and <n t > respective
ly. The marks * in
dicate values of <nn> 
calculated by Ber
tini111· The marks 0 , 
6. , o indicate the 
experimental values 
<nn > from refs / 10 ' 121. 
The marks ' show 
the experimental 
multiplicities <n t > 
from ref. 1131• 
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dered. Our work devoted to the systematic consideration of 
inelastic hadron-nucleus interactions fills up this gap. 

It should be emphasized that the development of the 
theory of heavy nucleus spallation and decay at high ener
gies has got now particular significance in view of projects 
of the plants using these phenomena for the electro-nuclear 
fissile fuel breeding n ,81. As estimation show, the energy 
region T ~ 2 GeV is the most convenient for this purpose. 
Our calculations concern these energies. 

Since the trailing effect appears in heavy nuclei at 
energies T ~ 2 GeV still weakly (see ref. /9 / ) we have dis
regardered this effect and used for calculations simpler 
version of cascade inodel described minutely in the book 141. 

The fission of excited nuclei was calculated by means of 
Fang's model (see details in ref. ~/). Taking into account 
shell and odd-even effects, the calculations of fission 
barriers and width ratios were carried out by the same 
method as in refs. /5,6 / , The values of the level density pa
rameters in evaporating and fissioning nuclei are an= a r = 
= A/10 MeV - 1 (A is the nucleus mass number). 

The calculated values of the neutron yield <n > and the n 
summary multiplicity of secondary particles <nt >are shown 
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Fig. 2. The average number 
of particles created in in
elastic interactionsp+232Th. 
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in figs. 1-3 for lead, thorium and uranium nuclei. Table 1 
shows the corresponding data for isotopes 235u and 239pu, 
which are of particular interest for the electronuclear 
breeding. The statistical uncertainty of these data is 
about 3-5%, the accuracy of the theoretical curves in 
figs. 1-3 is some more *. 

From the listed data it is seen that the yield of par
ticles depends upon the target mass number, roughly speaking, 
linearly. But the summary multiplicity of charged particles 
remains nearly constant in the region of mass numbers 
A ::: 2oo: <n± > "'3 at T=O.S GeVand <n±> -"'12 at T=2 GeV. 

In figs. 1-3 experimental data known for us are shown. 
The calculated neutron yield is in the best agreement with 

the data measured by Vasil'kov et al.1101.which are consi
dered to all appearance to be the most accurate at present. 

*300-400 inelastic proton-nucleus interactions were calcu
lated at both the energies T =0,3 and 2 GeV,about a thousand 
of inelastic events were calculated at each of several in
termediate values of T . The theoretical data shown in table 1 
and in figs. 1-3 were obtained by means of the joint least
square smoothing of the calculated points for all conside
ring nuclei. When using such method one can improve the sta
tistical accuracy of calculated values significantly . The 
accuracy of other listed below values of the multiplicity 
is the same . 
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The results of Crandall et al~121 are obtained in the experi
ment with thick targets by means of extrapolation to zero 
thickness. This is just an explanation of the fact, that 
the points measured by Crandall et al.are overestimated in 
comparison with the theoretical curve and the data of Va
sil'kov et al. The measurements of Bercovitch et al. are 

Table 

The neutron multiplicity and the total particle multiplicity 
in inelastic collision p + 235 U and p + 239pu 

Target T = I GeV T = 2 GeV 

<nn > <nt > <n > n <n t > 

235U 20.1 26.2 26. 38.2 

239Pu 20.5 26.5 27. 39.2 
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fulfilled with cosmic rays and so their accuracy is compa
ratively low. 

The calculated multiplicity of charged particles is in 
good agreement with measurements of Ivanova and P'janov/13/~ 
For comparison in figs. 1,3 the _multiplicities calculated 
by Hahn and Bertini are also shown. In case of the inter
actions p+238 u these data agree quite well with our data 
and with the experiment at T < 0.9 GeV while at higher 
energies Hahn and Bertini's results are overestimated. Hahn 
and Bertini's data for interactions with lead nucleus sig
nificantly exceed the experimental and our data. The reason 
for the discrepancy is still unclear for us. 

It is seen from table 2, that the main share of neutrons 
in the case of inelastic reactions p+Pb is produced in 
the course of the evaporation process not accompanied by 
the fission of residual nuclei. In the considered region 
T ~ 2 GeV the relative contribution of the fission channel 
is only about 10%, approximately a one-third of these neut
rons is evaporated from the excited residual nuclei prior 
to their fission. In the interactions p + U at 1'< 1 GeV 
the fission channel becomes predominant; at T = 2 G~V the 

Table 2 

The relative contribution of charged particles and different 
channels of neutron production to the total multiplicity 
of secondary particles <nt > inelastic proton-nucleus 
collisions at energy T = I GeV. 

<n>/ <n t>% 
Chann e l 

201 • ., 20981 232Th 235u 238 u 239Pu 

Intranucl ea r c a scad e 16 15 I~ 1~ ·n n 

De ca y wit h fissi on 11 12 36 46 47 54 

The t otal y i e l d of 74 72 7? 77 78 78 

neutrons 

The tota l yie l d o f 

cha r - ~d part i c l es 26 28 23 23 2 2 2 2 

*The multiplicity <n t > indi cated by the marks 'is the 
sum o f the measured value < n :t> and calculated by us neutron 
multiplicity <n n > · 
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contributions of the evaporation and fission channels are 
compared. About a quarter of neutrons in the fission channel 
of the reaction p + U is produced due to the evaporation 
process prior to the fission. 

A relative contribution of cascade particles <ncasc >/<n 1> 
increases, naturally, with increasing the energy T. In the 
interactions p + U it consists about 15% at T= 0. 3 GeV 
and approximately 25 % at T = 2 GeV. Nucleons are the cascade 
particles mainly. 

Figure 4 shows the energy dependence of the average num
ber of a -particles creating in the collisions p + U. This 
dependence is of analogous form in case of interactions 
with other heavy nuclei. The multiplicity of a -particles 

Fig. 4. The multipli
city of a -particles 
in inelastic interac
tions p +238 U. 
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The share of a-particles among all secondary particles 
created in inelastic proton-nucleus collisions 
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Target 

207pb 

232Th 

2s5u 

238U 

239pu 

<na >/< nt >% 

T = 0.35 GeV 

1.4 

1.5 

0.9 

T = I GeV 

4.4 

4.4 

4.3 

3.6 

3.5 

• 'I v 
• 

'I 
~ • 

depends weakly on the mass of target nucleus. The energy 
dependence of <na > appears to be more strong than that 
one for the secondary particle multiplicity <n 1> (see table 3). 

The estimation of a-particle yield is of particular 
interest for electronuclear breading because though their 
contribution is of the order of some per cent, the micro-

Fig. 5. The energy 
spectrum of produced 
neutrons. The solid and 
dashed lines are calcu
lations for the primary 
proton energy T .= I and 
0.35 GeV, respectively. 
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Table 4 

The relative multiplicity of heavy particles of different 
t ypes <n>/< nh >% · <n h > is the summary multiplicity 

of secondary particles 

Particle p + 207pb P + 2ssu 

T= 0.35 GeV T =I GeV 

<nh > =0.27 <n h> = 2.1 

d 29 29 

t IS 21 

3J-Ie 3 

a 55 47 

9 



amounts of helium may change essentially macroproperties of 
target causing, in particular, additional radiative swelling 
of the irradiated material. 

The contribution of a-particles is predominant among the 
heavy secondary particles (see table 4) and slowly decrea
ses with the increasing of the primary energy T (approximately 
40% in an interval 0.17 2 GeV). 

Figure 5 demonstrates how the summary integrated over 
all angle energy spectrum depends on the primary proton 
energy and the target nucleus mass number. The neutron yield 
has a maximum at the energy of the order of some MeV's 
broadening with p assing to heavier nuclei and higher ener
gies a nd has an e x tend e d high-energy tail gene rating subse
quent intranuclear cascades when particles spread inside 
target matter. 

Figure 6 shows clearly the variation o f the fragment dis
tribution in fission reactions and the residual nuclei dis
t r ibution in spallation reactions with the target nucleus 
mass number and primary p roton energy T. Figure 7 illustra
te s the a ccuracy of the c a scade calculations of the frag-
ment yield *· T =0 .3 GeV T = l GeV 

Fig. 6. The distri
butions of charge z 
and the mass num
ber A o f the resi
dual nuclei in fis
sion and spalla
tion reactions of 
lead, thorium and 
uranium nuclei at 
primary proton 
energies T = 0. 3 
and I GeV . 

~-----

The comparison of the experimental and theoretica l data 
over y ield of different isotopes in accompanying spallation 
reactions is given in ref. 161• 
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Fig. 7. The yield 200 r-"""-.--~~--.--. 
,........ 
..a of fission frag

ments of nucleus .!,100 
238U in proton
induced reactions 
ve1'sus the mass num
ber of fission frag
ment. The solid and 
dotted histograms 
are the results o f 
the calculation 
with and without 
taking into account 
shell corrections. 
The dashed lines 
are drawn through 
the experimental 
points from 
refs. / 14-17 / 
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The calculated histograms in fig. 7 describe roughly the 

general features of the experimental distributions a(A), 
but their form occurred to be more narrow near the centers. 
One can increase the distributions width taking into account 
the shell corrections ~M 8 to the masses of fission frag
ments and fissioning nuclei. The contribution of ~M 8 seems 
to be very small because the excitation energy of residual 
nuclei is rather high however there is a significant share 
of low excited nuclei for which the corrections ~M 8 are es
sential. 

Sensitivity of our calculations with respect to the 
shell corrections is seen from figure 7 where the data 
calculated in the rough approximation ~M 8 (t) =~M 8(0)·(1-t 2/t ~ 
for the temperatures t < t 

0 
= 2. 5 MeV and ~M8(t)=O for t ~ t 0 

are listed*· Taking into account the shell corrections 
essentially improves the agreement with the experiment for 
the main part of fission fragments. But in our rough appro
ximation the isotope yield at the distribution wings is 
still lower than experimental one. 

The listed data and results of the ref. 161 show that the 
intranuclear cascade model including the competing proces-

*The- corrections ~Ms have been calculated according to 
Cameron's formulas (see refs. 14 ,l9 / ) • 



ses of fission and particle evaporation of excited residual 
nuclei allows to reproduce the main characteristics of in
elastic interactions of particles with heavy nuclei. 

At higher energies a special consideration is necessa
ry because a theoretical cascade inside a heavy nucleus 
becomes too intensive with increasing of the particle ener
gy T (even if we take into account the decreasing of the 
number of intranuclear nucleons due to their knocking out 
by cascade particles). 

In case of heavy nuclei of photoemulsion (A~lOO)a marked 
discrepancy between the experiment and theory appears al
ready at T = 10 GeV. In the region A ::: 2007240 one can 
expect the disagreement at lower energies. 
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