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Inelastic Interactions of High Energy Nucleons 
with Heavy Nuclei 

The intranuclear cascade model including the effect 
of changes in the properties of the target nucleus due to 
development of the shower of cascade particles is applied 
to calculations of the interactions of protons with fis­
sioning nuclei in the energy reg ion T = 0 .l - 3 0 GeV. The 
fission cross sections, yields of different isotopes after 
evaporation stage, and the characteristics of accomp·anying 
particles are calculated. The properties of the excited 
evaporating and fissioning residual nuclei are discussed. 
The calculated results are compared with experiment. 
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1. lliTRODUCTIOH 

A study of the interaction of fast particles with heavy 

fissioning nuclei is not solely_of theoretical interest, but 

is also of great importance in connection with its application 

to development of the electronuclear method of producing atomic 

energy and accumulating rare isotopes 1). Calculations of these 

interactiow;; have been done in our work 2) as ~ell as in a num­

ber of other papers ( see, e~g~ refs.3~) for further biblio­

graphy)-. However none of _these papers can be considered satis-­

factory in the sense that m.an.Y of them have made use of a rather 
1 

approximate model of a nucleus with a sharp boundary. As a rule, 

the development of the intranuclear cascade was not calculated 

accuratel,y enough ( in particul~, none of the studies performed 

so far took into account changes in the properties of the target 

nucleus with growing cascade particle shower); in ID8.IlY studies 

the mes~n production process was ne~ected, and calculation of 

the competition between the processes of eVaporation and fission 

of the excited nuclei resulting from the cascade stage ot the 

interaction was based on some rather. arbitrary assumptioD.s on­

the evaporation to fission width ratio \" I \~ ! - , or very 

crude. theoretical estimates for the T'n. I \\ value we1'A emp-· 

loyed~ This resulted in·a low accuracy of the calculations, and, 

besidesli' it· remained·unc1ear what was responsible for-disagree­

ment with experiment: either the substantial defects of the . 

model proper or the .roughness of the approxim.titions employed 9) ~ 
The ·Monte-carlo methods developed at our Laboratory for 

calculating intranuclear cascades allow one to get good agree­

ment with experiment over the wide energy range :from several-
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tens of MeV up to se-v•Jral. hundred GeV 9-13) •) • On the other 

hand, with the helr> of the semiphenomenological approximation 

for fission barri-a~sr considered in refs~ 1·3~15) it is poRsible 

to obtain the rn. I ~ .values for a wide range of mass and 

charge. numbers A and z, which are in good agreement with expe­

riment~ A combina~ion of these results allows one to hope for 

a considerable expansion of' the area of the applicability of 

the interactions of fast particles with heavy fissi~ning nuclei 

and for an increase in the accuracy of calculations·~- Thi~ pB.l'.'­

ticular problem ia the main subject of .the present paper~ 

In the model of high-energy nuclear fission, two indepen.;,; 

dent aspects can be singled out, namely, 1) the formation of 

a tissioning nucleus as a result of the intranuclo~ cascade 
l . 

.<mil: o1' the subsequent competition with the particle evaporation 

process, and 2) the fission mechanism prop~ which is resnon­

sible for the properties of decay products·; In order to be able 

to make sufficiently definite predictions and ~dicate the 

points where the theory should be improved in the first place, 

it is important t~ know to what ~xtent the model ~der c~nsi.;. 
deration agrees with experiment in each of these aspects~ 

• The joint group at the Brookhaven National Laboratory and 

the Columbia University has developed a rather detailed cas­

cade model for an energy region below the threshold of. meson. 

production, while at thA Oak Ridge National Laborator;r the 

same has been done for energies up to several GeV. _ 

Our results agree with the data of these group~ .rather ,,._ell14) ~ 
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Now we shall restrict ourselves to only the first aspect without 

touching at all upon the fission mechanism, which is a problem 

even in the region of low energies~ 

In our calculations we make use of the model of a nucleus 

with the difi'use Woods-Saxon boundary and take into account 

the law of energy-momentum conservation in e~?-ch of the intra­

nuclear pion- and nncleon-nucleon collisions~ At all energies T 

of primary parti~les we take into account the effect .of dep..: · 

letion of the nuclear density in the course of the cascade 

( the "trail~" effect)~ The detail~ of the cascade calcula­

tions are the same as in refs. 9-11) ~-
For calculation of the width: ratio T"' I Ti we take 

advant~e of the method described in papers_ 1 3t15)~ In order 

to avoid obscuring the essence of the matter b:v introducing 

a large number of parameters, we assume the ·values of the level 

densitv paraileters to be the same in both evaporating and fi~ 

- sioning nuclei, namely Q.~= a.S = o... A Mev-1 , and the value 

of a. to include no corrections due to the shell structure 

of the decaying nucleus and to be independent of its excitAtion - -6 -- "'--::--\ 

of residual nuclei with different characteristics, and_ then 

the effective>averaging of the parameter ~-over the excitation 

energies E- of th!se nuclei,·their mass and charge numbers, A 

and z, taklli place~ Nevertheless,.· we shall see later· that in 

order to get agreement. with experiment one sh~uld assume· th<> 

a value to decrease somehow with increasing A~ 
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: All the orrors in theorotica1 results, to bo indicat~ 
elow~statistica1 .and do not include the errors 

due to inaccuracies in the models themselves~ 

2. THE FISSION CROSS SECTION 

The fission cross section 6~ is defined by the 

ratio of the number Nf of fission events to the tota1 number 

Nt of Monte-Carlo simulations~ However in the case of low­

fissioning nuclei (e.g., gold) Nf<< Nt and, as a consequence, 

a large number of cascades should· be calculated to obtain the 

value of 65 with sufficient statistical accura~y~ 

As a result, the calculation of the fiRsion cross section 

becoses extremely time-consuming. We have carried out Monte­

Carlo sampling by means of the statistical weight functions 
N 

Wn = .TT w . and W, "' 4.-W,n. 1 where W., is the Monte-carlo 
··~ 1\~ l ., 

calculated probability tor the nucleus to "drop" the excitaoo 

tion energy ~ by the chain (cascade) of N successive evapora-

tionA Of particles; Wf is the probability for the nucleus 

to fission at one of the chain stages1 
lA:)I'\\ =1 - UJ~t 

is the probability of particle emission at the i-th stage of 

the evaporation cascad~; u:l~t is the corresponding fie-

tn 

cross section for the nucleus at a given projectile energy T: 
~· ' 

,.( =~ln. i."'Cw)t/lt • ( The cross section 61.. is also calculated ~ ~· l \I\ ' •• 

b..- the Monte-carlo method, i.e:, 6. = 6 · N· I ~L 
~1'\ ~~Ol'r\ \r\, " 

). 
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The variation of the cross sections 61 with 

the target-nucleus mass number and primary proton energy 

T is shown in figs. 1 anct 2. · 

It is seen that the theoretical curves reproduce 

well ~11 the main features of the experimental dependen-

ces. In particular, the slowing down incr·ease in the 

cross sections at high energies in the case of low-fission­

ing nuclei and the decrease in cross sectious with increas­

ing energy T for heavy fipsioning nuclei are explained 

by the fact that, as energy T becomes hi,;her, the resi­

dual nuclei lef~ after.the cascade stage are lighter 

while the fission barriers are higher. As a consequence, 

the probability,for the~ fission. becomes ~maller. 

It should be noted that the correct energy dependence 

6
1

(T·) can be obtained in case one assumes the:'·fissi6n 

barrier 

energy w-: 
Bf. to decrease with increasing excitation 

Bec~use of the absence of any sufficiently 

convincing considerations about the energy dependen~e .. 
of Bt ('E. ) , as an estimate we used the relation 

·Bie,4'):: B;/( H~ which makes it possible to get 
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agreement with experiment in the region of T < 1 Gev-H) 

within the accuracy of the lmown experiment~ data~ 

It is sean from table I to. what extent it_ is important 

to take into account the energy dependence Ef(SH)~ 

At T >> 1 lieV for all nuclei the fission cross 

section becomes a slowly varying fUnction of energy. 

'.Vhe anomalies of the curves 6; (A) in fig~ 1 are asso­

ciated with variations in the ratio In I lf as . 

a result of shell corrections in the vicinity of the 

double magic nucleus with A = 208. 

H) 
The fission barrier can be divided into two parts, 

namely a smooth "liquid-drop" part and that due to shell 

effects and corrections for pairing. General considera­

tions suggest that the contribution from the latter 

part decreases with increasing EH, while the problem of 

the energy dependence of the smooth part is less clear. 

In r~f.45) by means of tne cla~slcal thermodynamics the 

relation Brt~) = Ef (1-~~) was obtained, where 

~=at~ 1 t;-=~ Mev. In tne region of moderate energies 

tne results ootained with tnis relation are slightly 

di.tf'orenu ..:rom -o~s tsee also ref. 461; ho~ever at high 

energies, E*~ ~ , the estimates ~f ref~45) cannot be used. 

As regards the Coulomb barrier, its energy dependence 

was chosen to be of the form ~('F/*-) =~I (1+ YF!i I 2A) 

as well. 

8 

·I 
I 

~ulated cross sections appear~to be rather.close-

to experimental ones provided the value of 

a.f = 0.1\ ~ Al1otAI15 Mev-1 is .chosen for the level density 

parameter, the best agreement is obtained for nucle~ with 

Z '> 90 if ~ a. is chosen to approach the last value~ -

Attention is attracted by the large scatter of the 

measured results ,6;. 1 espec;ially at.T ~- 1 GeV~ T~a data16t1?) 

obt~ined using mica detectors seem to be most accurate ( ·in 

fij;~ 2 they are marked with II and e )~ 

The. ?alculated fissilities of the nuclei 6+ I 6;,1'\ ~ 

( see fig~ 3) are also in good agreement with experimentft) ~-

In accordance with the an~maly in the dependence 6;. (A) 

in the vicinity of A=208 the fissilities of the two neighbouring 

nuclei 207Pb ~d ~09Bi shown in fig~ 3 differ nearl:v bv a factor 

of one and a half~ 

3 • THE YIELD OF INDIVIDUAL ISOTOPES 

The extent of agre~ment betw~en the calculated and expe­

rimental values is seen :r;om figs~ 4-8 1 where the data on the 

isotopic yield f~r uranium and bismuth targets are given as 

t:vpical examples~~ 

Since the calculation of-the yield,of individual isotopes 

requires a large amount of co~uter time, the accuracy of the 

theoretical data given in figs~ 4-8 is not very high~ 

uJ For determination of the experimental values of 6~ I <S,n. 
the statistically arialysed experim~ntal cross sections 6,~ 

from the review 2$) have been used~ 
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In particUl.ar, the irregular behaviour of the cal.culated curves 

in going from one value· of A to the neighbouring ones ' · 
. . ~ ~ 

is practically completely due to statistical fluctuations. 

The calculation errors are close to the average value of these 

fluctuations. Like the calculation for·the fission cross sec­

tions · 6~ , the Monte-carlo calculation of the yield of 

individual isotopes, which requires the selection of rather 

rare events, J:~as been carried out using the weights w~ 

and wf\. 
Within the calculation errors the theoretical and experimen­

tal data shown in figs. 4-8 are ~ather close; the behaviour of 

the experimental cross sections is reprod1:1ced correctly in 

the interval of a few orders of magnitude~ 

In.comparison with the calculations neglect!Dc·the boun­

darv diffusity, the accuracy of predictions f~r-~actions with 

a smaller number of fast cascade particles, e~g~~ for the 

reactions 238u(p 1 pxn) 238-xu, is substantiallv.increased~ 

This result is.entirely clear, since such reactions are 1 in 

the main, asso~iated with the. cascade process on the periphery 

of thA nucleus~ 

If the fission of the e~ited residual nuclei is ne~lec-
!!1,. .!JZ:(~ -3 

.=..rm.z-~ -~~ . v ... l!l. _.,:e;o· "' ,. _. • -"'"" 

ted and their decay is assumed to be due to tlie· evaporation 

process, the calculated results agree with experiment only 

for a group of nearest isotopes (the number of neutrens emitted 

:x: ~ 3-5) andG_PP'ear to be enhanced largel.v ( sometimes ~ 
several orders of magnitude) for·the remaining isotope~. 

The calculated curves shown in figs. 4-8 are related 
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to the level density. p~ameter ~ =: a.~ = A/15 Mev-.1 •) ~ 

A d.110re~se in this parameter (within the limits ~. (A/15-A/20) 

reduces_the ~lative contribution from the_ fission;process 

(see fig~ 3) and the calculation turns out to .be closer to the 

experime~i?al points~ However -we did not. so far carry out a de-_ 

tailed_ fitting of the a-p~eter V!J-lUe~. ( A more ex:tensiye 

study of t~ parameter as a function of A, Z and F!i is our 

next task)~-

Figs~ 4-? show fOr comparison al.so the data calculated 

by Hahn and Bertini 8) under t~e assumption that in the region 

o.f Z ~88, the Sikke~d app~xiination 31) is applicable. to the 

Width ratiO _ . 'f'l'\ / '\"~ _ 1 Wh=!J.e none Of the residual nUClei 

with Z ~ _ 88 ~dergo fission~ ,-'s has_been indicated_ in refs~ 15o32J 

the Sikk:eland approximation is related to _the . -:r"l'\ I l'; 
- ' • ' I • • - • 

value average~ over the evapo~tion cascade, i.e~, over a wide 

rSDge of excitati~n ene~-Ea~ This .is the reaso~ wey the 

l't-~ _ I l'~ rat1.o depen_dillg sharply _on ~xcitation en~rgy 

turns out to be FI- -independent _in_ the Sikkeland.approximation;· 

~ is clearl.y a very crude approximation. but in calcuhting 

the chara~te~isti~s :veraged ove~ F!f one may hope for a-rather 
.. ~ - ~:.. ' - ' . ' -~ ~ ' .. ' . : . . " . . .. : . 

good applicability _of the Sikkeland approxi~D;ation since _thB 

intran~cle~r ~ascades ~~tiated hy ~-energy pa~i~~es give .. ,.. ~- . ~ . -· : . . . ' 

· rise to residual nuclei with a wide range of the E!f valueR; 

This is just ~-explanation of th~ fa~t that-the c~es of 

•) This.valti'e of the l~el d.e:isity parameter-will ·also be used 

in the tWo followillS ~ections:· 
· ... - .·. 

"-'. '· 
_,, ;-· 
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HahD. and Bertini, shown in figs• 4 and 5 1 are in sufficient-

ly good agreement with the eXperimental points ( in some 

cases even better than our results; see, ·e.g. 1 f'ig.5)~ 

In considering some more detailed chBracteristics that are 

fUnctions of ER, the use of' the Sikkeland approximation may 

yield results by several orde~s of' magnitude different ·from 

the experimental ones~ 

4~ ACCOMPANYING !'ARTICLES 

The properties of' the particles emitted by nuclei1 

which subsequently undergo fission, are described well in 

the framework of' the cascade-evaporation model. 

Fig. 9 shows the multiplicity di.stribt~tions N.;'Nln)/~Mln.) 

of' the charged component of' these particles (mainly of' pro-
. .. \ 

tons since at T < 1 GeV the contribution from 1f -mesons and 

other particles is still. small~))~.Figs. 9 and 10.show the 
. . ' . . . . 

corresponding values of' the particle average multiplicity 

< n') = L n N(n)/ L N(n). The th~~retic'al and the experimental. 
1\ " .. 

data do not dif't'er within the limits ·of' statistical errors. 

For comparison the results of' ~ and Be~w8> are also 

presented in fig~10. At T~ 1-2 GeV their data are rather 

close to the results of our calculations, but they have a 
' oJ • ' "• ';•, 

pronounced tendency for a considerably more rapid increase, 

and at !l!~2 GeV their results already substantially exceed 

our data. •.rhis difference is conditioned by the fact that 

in ref.8J no ~ccount is taken of the effect.of a decre~se· iD. 

the density of. the number of intranuclear nucleo~s as.the 

cascade shower develops, and this effect !eads to the f!atten­

ing of the dependence of excitation energy E- and all related 

characteristics on the energy T of primary particles ( see 

section 5 below). 
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T~e V';Llues of the average neutron multiplicit:v are listed 

in fig~ 10~ Since .we do. not here give consideration to the· ~ 

fission process itself' (see section 1 above), the calculated 

multiplicity includes onl:v.the neutrons produced-in the course 

of the. cascade stage and those ne.utrons which were eva~orated 

from the excited residual nucleus prior to its fission~ The 

experimental multiplicity includes, in addition, the neutrans 

emitted from excited fission f'~ments·and1 therefore, co~ide­

rably. exceeds the ~alculated value H) ( especi~v at low ene~ 
gies, T"' 100 MeV)~ 

Similarl.y to the cas~ of protons, the calculated m.ultipli• 

cit.Y of neutrons from ~ef~B) increases too rapidly in the 

region of' T ~ 1-2 GeV~. 

In figs~ 11 and 12. comparison is made with experiment of. 

the a.nSular and ene~ distributions of 'particles accollipaDYing · 

the fission process~ Here the. experimental-data are in good. 

agreement with theory as well; 

5• THE PROPERTIES OF RESIDUAL· NUCLEI 

Figs~ 13-15 show the distributions of residual nuclei' 

over tht;~ir excitation energy p;H, and mass' and charge ~Um.bers~ 
A and z~ Th~ distributions '(~ and WfE~) correspond, regpec­

tivel.y, to tne excited £iRsioning nuclei at the moment imm~ 

diately following the cascade stage of ·the ~t~raction and' 

at the ·moment just prior to their ~ission, i~e~, when these 

n If fi~sion·neutrons are taken into account,<.n')theoFe <n>exp~' 

as it has been shown in the model neglecting target-nucleus 

difi'usicy2~9) •. The value of. <,n)is slightly af!ect~d -by 

taking into account the diff'Usit:v of the nuclear boundary. 

13 



I 

[· 
I 

I" 

! 

I 
I. 
I 

I 
I 

nuclei have already lost a considerable amount of their exci.:. 

tation energy~ For comparison the distributions W P (~ ) for 

residual nuclei that _did not undergo fission and de-excited 

only by particle emission are also giv~ The excitation 

energy distribution for all events after the_ completion of the 

cascade stage is defined by the, sum W(~ = ( 6t I 6 in)Wc: (~ )+ 

+ (1-67 /6 in) Wp(Ff!i )~ ~-

The figures show that before fissioning the nucleus, ·as 

a rule, decreases its energy ~particle evaporation•)~ 

The average energy <. Ef'J') increases rapidly with increas­

ing energy of the primary particle~ At T ~ 1-3 GeV, owing to 

the "trailing effect", the quantity <E-> becomes practically 

constant~ ·For instance, for the interaction p +23Bu at T::10 

and 20 GeV. the average energy < ~> .of nuclei after the intra­

nuclear cascade is equal-to 365 t 25 MeV and 376 t 25 Mev, 

respectively~ 

Although for nuclei heavier than gold the quantity <. Ifi) 
is practically independent of the target nucleus, the values 

oi <Efc> for _these nuclei change rather noticeably, .e.g., 

at T::660 Mev· for bismuth <.~t> = 203±18 MeV, whil_e for uranium. ,.-~. · 

<.~c> = 111±3'/ MeV~ i.e., the excitation energy <. ~t) of the 

fissioning nucleus decreases as one moves towards the 

heavier targets~ 

•> It is notewort.lly that a similar behaviour is characteristic 

of not only nuclei with A~23B, ·but 'also of very heavy excited 

nuclei produced in tne collisions of ions with nuc~ei 43). 

!4 
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Table 2 shows that the experimental values o~ 

<~) are close to the theoretical ones while the latter are 

relatively slightly dependent . on ~he level density parameter. 

( The distributions show~ in figs. 13-15 are calculated for 
-1· 

Q. n = Q.f = A/15 MeV ). 

As to distributions of residual nuclei over their charge 

and mass numbers, they have a considerab~y larger dispersion 

for heavy target nuclei0 which increases with increasing energy 

T until the moment when in the region of· energies exceeding 

several GeV this growth is slowed down by the "trailing" effect~ 

In view of the fact that an excited nucleus, prior to fission, 

emits usually one or several particles, the distributions of 

pre.:.fission nuclei appear.to be considerably wider. than those 

immediately after the cascade stage of the process~ In other 

words1 befo~ fissioning the nucleus becomes usually "colder" 

and lighter~ 

Fig~ 16 shows the calculated distribution of the residual 

nuclei over their mass numbers to agree well with experiment 

both in shape ~d in the absolute value of the yield cross 

section 6 (A)~ Unless the competition-with the fission process 

is include~, one does not succeed 1n obtaining agreement with 

experiment~ 

6 •• CONCLUSION 

A comparison of the experiment and theory shows that the 

mechanism of intranuclear cascades including the competing 

processes of fission and particle evaporation of excited resi­

dual nuclei gives good fit to the available experimental data 

on interactions of high-energy particles with fissioning 

15 



nuclei~ As a rule, the accuracy of calculations of averaged 

quantities -and average _·distributions turns out to be not lower 

than that of experimental measurements~ The calculated values 

are rather slightJ..v.dependent on uncertainties in the choice 

of model parameters~ In the region of energies of T ~ 1 GeV 

it is very important to take into account the "trailing" effect~ 

Noticeable differences between the experiment and theory 

are observed only in the cross sections for the yield of indi:.. 

vidual isotopes, where the theory nee~ further improvement : 

and eJi:periment should be more accurate: 

The model considered can, in principle~ be used succeas­

ful~v in applied calculations associated with the penetration 

of high~energy radiation through fissionable media 44)~ 

The authors are thankful to S,A~Karamyan for helpful. dis­

cussions and critical comments~ 
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Fig~1~ The fission cross section'for a nucleus with mass 
number A, bombardeil bv protons with energy T. The solid 
and dashed curves corres-pond to calculations at diffe­
rent values of the level density par8llleter 

O.n = Q.t = tt. A Mev-1 • The statistical errors 
of the calculated data are about 7%. The experimental 
points are from refs.16-22)~ 
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The energy depend~;~nce of fission cross sections for 
the nuclei of gold, bismuth and uranium, bombaril~d by 

protons with energy T: ·The solid anrl dashed curves are 
calculations for a. =1/10 and a.. =1/15, respectively, 

The statistical errors of the calculated results 

are about 7%: The marks a. , e ., . I:. , o ,· + , v , <) , 

and 0 designate the experimental points from 

refs~1G-20, 23-25), respectively~ 
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Fig~5~ The yield of protactinium isotopes in the reaction 
238u(p,2pxn)238-xpa at different energies T of primar,y 
protons. Designations are the same as in fig~4. 
The experimentnl points are from refs.27-29). 
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Fig~9. The distribution of the fissioning nuclei from 23Bu 
over the ni.unber of charged particles produce~ T is the 
energy of primary protons~ The histograms are calculated 
results, the experimental points are from re:r.33). 
The corresponding experimental and theoretical valueR 
of the average multiplicity (n )tit are also given. 
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Fig~11~ The angular distribution of charged particles. with 

an energy higher tJum: 20 lleVt acco~ the fission 
··of·the 2J8u nuclei, .induced·byprotons·with energy T~ 
. The histogr8.m:S represent· calcUlated resultstthe. points 

· are· expermental ones from ref~39) ~ · · "' · 
-(.-

··;-.•_ 

' 

.. 30 

N(YJZ 11· --.--~ -r--r---r--.--.-~ 4 ' ~ I I I 'I I p cL 

2 

0 I i I I 1 ~ IJI ~~-,..1 1 1~ 
4 - I p 

2 

0 
10 20 30 10 20 30 T, MeV 

~ 

Fig.12. The energy distribution-of protonR and alpha-particles 
accompanjing the fission of uranium and bismuth nuclei, 
induced by 660-MeV protons~ The solid histograms are 

-our calculated resultsb the dashed ones are experi­
mental data from re~.4 ). 
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Fig~13. The excitation~nergy distribution for residual nuclei 
immeiliately after the intranuclear cascade (two upper 
plots) and prior to fission (two lower plots)~ 
The histograms are results for fission events, 
the curves (in the upper plots) correspond to events 
without fiRsion. The solid histograms and curves are 
the ilata for the reaction p+238u, whereas the dashed 
curve is the data for the reaction p+197Au. The energy 
of primarv protons is equal to 0.2 and 1 GeV~ 
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Fig~14~ The' distribution over the mass numbers of the residual 
nuclei generated in the reactions p+197Au and p+238u, 
irionediately after- the intranuclear cascade (two upper 
plots) and prior to fission (two lower plots)~ 
The solid curves and _histograms: are calculaten r~sulta· 
for the nuclei that underwent fission, the dashed curves 
_and dotted histograms (iri. the uPPer plot) correspond 
to even~s without fission~ The histogramsshowthe data 
for ~1 GeV~.the curves represent the corresnonding 
data for T=0~2 GeV~ 

33 



t .. 

N(l)~ f~?A~ ' 'r1 e~su ' ' ' 'I 

Fig~15. 

50 

25 

D I ... 4' ...... , I I I, I ' .. ·; :.....j/L, I ·j 

m /J.u 23•u 
50 

25 

ow. I,/, I ==r=',./, ;--] 
70 74 78 -- -

The charge distribution of the resinual nuclei produced 
in the reactions p+197Au and p~23Bu at energies 
T=0~2 and 1 Gev: The upper plots correspond to the 
nuclei at the moment immediately after the cascade 
stage of the process, while the lower plots concern 
pre~fission nuclei. DesignBtions are those used in 
fig:14~ 
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Fig~ 16. The yield. of residual. nuclei in bombardment of the . 

·- .; 238u nuclei with p~tons with energy T=1~8 GeV, as 
a f'unction. of their 111.8.SS Dlllll.bers: The . solid and. dashed 
curves correspond to c~culations.with and without 

·the fission process. respective~: The dotted curve 
' represents the calculated results of ref~ B): The stati­
stical. errors of calculations are about 1~ 
The histogram represents the experimental data from 

, ref.29)~ . . 
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TABIE I. The cross sections 6f(mb) for the fission. of uranium and 

Nucleus 

19?,~9 

2
38u92· 

gold isotopes, induced by protons with energyT · 
with and without the energy dependence of fission 
barriers ~1{(). 

T,GeV 0.2 1 10 Barrier 

.. + .--- + . . + .. 
'S~(~ 30.5-1.8 65.4-=-3.9- 105.6~.3 

. + . + .· . + . 
B7 (~=0) 0.69.:.0.04 3.04.:.o.18 4.~.26 

1'5?s!95 13?9f.a3 835:!:50. 'B~(~ 
121~?3 8oo:!:4a 482~9 -s, (~=0) 

TABLE II. The average excitation energy ( ~c:;) MeV of the 
nuclei left after the intranuclear cascade in the 
re~ction.p+23Bu. Qnly the nucl~i that underwent 
fission have been selected~ 

T, MeV Experiment Theory 

. 80:!:2033) 
a.= 1/10 0..= 1/15 

140 ?G:!:? ?6~? 
350 14Q:!:4Q 3 3) 103:!:10 9<A 
460 13042) '11o:!:11 1oa:!:1o 

135±1542) 
1654533) 

660 1?~1if1 ) .. . . '1J8:!:14 136:!:13 
15<>42) : •. 
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