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Summary 

As a comparative study of calculations by various autl;J.ours . . . 

reveals, the intranuclear cascade model which involves evapora-
tion (or more fast decay) of the residual nucleus agr·ees we~l 
with experiment, for energies higher than several dozens of MeV. 
In the high....; energy region (T ~ o. 5-1 GeV . for light nuclei, and 
T~·~-5 GeV for heavy nuclei) it is necessary to take account of 
decreasing .of matter density of the target-nucleus due to knock
ing out of a l~rge nWilber of target constituents by the cascade _ 
particles. Interactions of the produced resonances J' ' w ' JJ. 
and so on.with the nuclear.nucleons contribute ;r:ather little to 
the cascade development. At the present time the least known and 
the most difficult for calculations remain ~u.st the high-energy 
fission of heavy nuclei and the·phenomena occuring at the rela
tivistic nuclei collisions. If the fission of the.excited resi
dual nuclei is calculated by means of statistical methods and 
the fission barriers are defined from the phenomenological 
approach which describes the mean experimental.values, then one 
can obtain a rather:good agreement withknoWri.e;q,erimental data 
on the eros~ sections of fission, on multiplicity, on angular 
and energy distribution of accompanying ~articles. Calculations 
for intranuclear cascades initiated by the light ~cident nuclei 

d. , i , ~ ~ e , (.L agree with experiment, as ~ell. However the 
experimental information available here for comparison is still 
poor. T~q latter concerns very much interaction~ with neavier 
bombarding nuclei c, N, o, etc. The cascade-evaporation model 
which we have developed, makes sucn calculations possibie and 
gives a rather good·agreement with experiment. Some observed 
disagreements are explained by the fact that the model prov~des 
a somewha~ overestimated number of intranuclear collisions. For 
the further evolution of this model one needs first of all the 
more accurate experimental data. 
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1. A lot.of calculations performed by means of the Mon

te-Carlo cascade-evaporation model for inelastic pion- ·and 

nucleon-nuclear interactions demonstrate that this model des

cribes well average characteristics of interactions at all 

energies higher than-several dozens of MeV (~ee refs./1-4/, 

where further bibliography is given). To what extent the cal

culations agree ~ith ~xperiment,· are-determined mainly by the 

chosen variant of the_model, i.e. by its "grain structure". 

Our calculations take account of diffusivity of.the nuclear 

·matter density and of intranuclear p~tential and exploit the 

statistical simulation 'of characteristics of each act of ine

-lastic and elastic intractions of particles inside·a nucleus, 

with accurate fulfilment of the energy-:mo111entum conservation 

law (se~ ret/4/ for details). Figs. 1-3 i~lustrate the agreement 
. . 

. with e.iperiment on the example- of such ''delicate" quantity as 

double differential cross-section d 26/ d Q .d'J • 
It should be recognized that the . agreement 

•Here· and in .the following· 
of incident particles or nucleus 

CS - is the _kinetic energy of 
system. · 
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is quite satisfactory not only in the form of distribution 

but in the absolute value as well. Deviations from experiment 

become even less noticeable if instead .of d
2 tJ f. d.Q. ol ~ 

the integral angular and energy distributions dl,/d52, d6 /d~ 
or average multiplicity fl .are considered. 

In 'j;he energy region where it is. still possible .to 

neglect the meson production , a detailed com.parati ve study 
' . ' . . 

for different variants of the cascade model has been carried 

out, following the suggestion of G.Fr,iedlander. This has b_een 

made for tho"se. variants which are used in Dubna, Brookhaven, 

Colum~ia Univer~ity and Oak-Ridge/51. This a~alysis shows 

that aside from some disagreements.in detailsof'distributions, 

especially noticeable for energies of the excited nuclei 

which remain after a cascade, the final distributions of 

the reaction products turn out to be surprisingly similar for 

all thr_ee confronted variants of the model (see figs.4-6). 

Among many investigated up-to-now characteristics, we 

can now indicate tw~ points only where, as we thi.Dtreally 

essential disagreements with present cascade-evaporation mo

del take place. Firstly, this is the yield of the low-energy 

particles: neutrons with ~ ~ 2 MeV and protons with an 

energy near the Coulomb bar.rier(see Fig. 7)• No reasonable 

v~iation of parameters can cancel the above disagreement 

which obviously occurs due to neglecting a contribution of 

nonequilibrium processes. Second important discrepancy bet

ween experiment and theory -is connected with the· double 

charge-exchange reactions of the pions. Seven to ten-fold 
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divergence between calculated and measured cross-sections for 

this reaction is so high, that one cannot hope to: remove it 

by any simple fitting of parameters. Obviously this evidences 

that the double charge-exchange phenomenon proceeds via some 

other mechanism and not by mere sequence of the elastic intra

nuclear collisions with· charge exchange. 

Thus more accurate experimental investigation of low-ener

gy component of particles emitted by a nucleus and of the various 

propertie~ o~ the charge-exchange (double and single)processes 

seems to us to be very important~ 

. 2. All.considered variants of the conventional cascade

evaporation model assume usually that intranuclear cascade can 

be looked upon as successive independent binary collisions .• At 

high en~rgies this approximation will Undoubtedly not be valid 

because the number of particles in the cascade shower becomes 

so .large that there occm;s the effective "trailing" of nucleus 
. . 

due to the knocking out of target.nucleons by the cascade partic-

ie/3,G,7/. In other words, every nuclear nucleon.having suf

fered a collision with the cas~ade particle, should be also trea

ted further as a cascade parti~ie. This results in local cha~ges 

of density of the target•nucleus. In particular, the observed "sa

turation" of meari number of grey and black prongs in the photoemul

sion stars at . T~ 3-5 GeV (Fig. 8) are explained just by the 

above phenomena. This is the direct.result of "saturation" of 

the intranuclear cascade with respect to the recoil nucleons 

and excitation energy of the residual nucleus. An account of 

5 



this e~fect allows one to predict also that the parameters 

which characterize the mass distributions of residual nuclei 

at energies of the order of several GeV should tend t() the 

saturation. This really is confirmed by the radiochemical 

measurements of yield for different isotopes in the middle 

of Mendeleev Table. One can point out.at a number of other. 

important phenomena ~aused by the "trailing" ~;ffect/7 I. The 
' . ' . . . . ·. . . 

most essential is an account of this effect in the case of 

calculations for nucleus-nucleus interacti_ons (see below). 

The cascade model involving the "trailing" effect treats 
. . 

a nucleus as composed by separate nucle~ns instead of using the 

continuous distribution of the nuclear matter in conventional 
' . 

cascade .model. Center positions of thesenU.Cleons are sampled 

by the Monte-Carlo. method from the appropriate distribution· . . . . -· . 

j)(r) . taken ·f~om experiment on the electron scattering. 

Here it is requiredthat the distances between.the nucleon 

centers wo~ld not· __ be smaller than. 2tc where rc: :o.4.1o-1;cm 

is the kern radius of a nucleon;;,G,7/. Coordinates of all 

nucleons of the target7nucleus .are stored by a computer. 
. . 

As calculations reveal, a density: de~rease _occ~s alre_ady 

at energies TZ0.5-1 GeV in ltght nuclei, and the heavy nuclei 

at T~;-5 GeV. · 

;. Aside from the local change of nuclear density, at 

high energies one more effect can be indicated which usually · 

is not included in the cascade ca~culations but, generally 

speaking, can contribute_significantly. This effect is that 
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at energies higher thB.n several GeV the. ~- ·, W- N>!. 
' 

· etc.,resonon production occurs in the . C3r-N and N-N interactions. 

Then these resonances if having the ·life-time large enough 

can ·be involved in the intranuclear cascade. 

In fact, for the resonons with widths r ~(100-200) MeV. 

the life-time in the proper coordinate syste~ ~~(0.3-0.7)1o-2aec. 
If now one takes into consideration the relativistic diiation 

of time and the Pauli principle (the latter is especially 
. . 

essential for low-energy bar.1onic resonons); then a resonon 

can h8ve time to tnteract with the nuclear nucleon before its 

decay. From the kinematical point of view this is the same 

as with the nuclear nucleon several "stuc.IC together" partie- . 

·~es interact simultaneously •. As a result there ~ould decrea-. 

se the number of in.tranuciear collisions. This, in· tum, will 

cause a decrease of th~ .n~be~ of slow .secondaries '(mainly, 

the recoil nucleons) and the.excitation energy of a nucleus 

as well. 

Since the info~tion on the resonon production cross 

sections and especially.on the.resbnon-nucleon interactfons 

is. very poor, only an estimat~ of the resonon contribution to. 

the intranuclear cascade ·can be found at the present time. . . 

We have confined ourselves to such assumptions on interactions 

involving res'onons under which' the ·resonon contribution would 

be. ~imal/B/ • We have supposed that in each inelastic <»- N 
.. - .- . 

and.N-N collision inside the nucleus just one resonon is 

produced what is justified rather well by the pre.sent experi-
. . . 

mental.data·on probabilities of the resonon.production. The 



kinematical characteristics were simulated by means of combin

ing two particles produced in the inelastic 1f-J\l or. N-N 

collision into one resonon-particle: 

M res = Vfi::~ fr~s
7 

, 

_, .... .. 
Pre~" P1 + R , Eres = f,.+ E2. 

-· where · Pi and E t are momenta and energies of the par-

ticles. Despite a certain arbitrariness of such a procedure, 

after the resonon decay in every element~ act_ the correct 

multiplicity and correct angular and energy distributions of 

, parti~les are preserved. 

By combining .various pairs of particles ·one _can obtain 

not only the masonic blit the .ba:cyonic resonons, · as well. As 

an estimate of characteristics of interactions of these re

sonons with nucleons one can take them to beequal to the cor

responding characteristics of 1f-N and N-N interactions 

(for the same energy in the c.m.s.). The calculations per

formed indicate, however, that .the account of resonons does 

not provide a saturation of the multiplicity Yl and exci-
*. 

tation energy E \ and a variation_ of _these quantities 

turns out to be comparatively small (see Fig. 9). One cannot 

achieve the saturation even in. the case. when two resonons 
·" 

are assumed to· be produced simultaneously in every_ ineiastic .m-N 
and N-N collision. The reason is that in the resonon pro

duction only the particles of first and second generatlons 

take part effectively, and their fractionwith respect.to 

the total number of particles in cascade shower is comparati-
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. vely small. Of· course, this does not eliminate the· fact 

tha:t'for' some pa:ct;ial channels.it is possible to point out 

such characteristics whic.h will depend essentially on the 

resonon product~on. · 

4. B.1 the present time a great deal of experiment~! 

d~ta are stored for the fission of nuclei by the high-energy 

'particles. However .these ·data. are very diverse. and quite of~ 

t~ agree bad with each other. In this .situati'on it seems ra:". 

ther important to carry out fairly accurate arid systematic 

. calculations which then can be used as a basis for systematiza

tion of the expe~imental data. Divergences between theory and 

experim:ent ·which cannot be remoyed by a reasonable choice of 

parameters, could serve as starting poiilt for a· further im-

·-.•· 

·' 
provement of th~ mod.el• . To this end we have p~ri'~rmed a great. 

·amount of the Monte-carlo calculations'for high-energy nuc

lear· fission. This cycJ.e of calculations is based on the 

use. of phenomenological approximation of the known. expe~imen

tal data on fission barriers from which "irregular part" due' 

to ·shell effect. , ·. is· singled .out. · 

In order to pick out this part, the fission·barrier was 

~o~.'sidered as a difference of the ~as of nuclei in t_he saddle 

point and iii tlie ground state: 

(here and in the following A 
"Bj ·=MsP(I(~)- M{A.~) 

is the-mass number, ~· . . 

is the chB.rge ·of the fissioning nucleus)~ •Iri the first ·appro-

ximation for Ms'P one can neglect '"shell; correction- II. 

since the nucleus is very deformed in the saddle poiht, the 
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, shell effect there should be considerably smaller _than in · 

the. ground state._ The she~.~ correction Ll (A, 't:). to the . mass· ·. 

M{A,'t:) is t~en ~rom work by Cameron/9/wh~re it was determi~ 
ned as a difference between experimental value of the mass 

and . that calculated according to liquid drop model. Be

sides, in order to obtain abetter agreement between the.ra-

tio of fission-to-evaporation widths, which.is deftiled as. 

J
E-8, . 

. l.. 6.,\1 (E ~E.) · 
0 . · 4m., 

r.yrr = Jr-}..2. 

·, 

~(E-Bn-E) ~t: 

tl'>r ~01,(£ c~>"E) d£ ' (1) 

J' (el = llm>i- ""P 2 J a. A E', _1\P (f) = c...,t- -'-"P 2~ a! A E' 

( Q. and 0.~ are the parameters of level density of a . 

nucleUs fbrevaporation and fission) and the corresponding ex

perimental data, some correction 3{~,'~) depending on an 

even-odd fissioning nucleus, proves to be necessarily intro

duced into the fission barrier 

{ 

. +1 lleV, if A- ~ 
~(A.~): -o_ .• 5 lleT, if 2 

. · . o, otherwise 

even 
(2) 

. olld 

(in fact this correction provides an account of a difference . ~ . . .... 

between pairing energies in the saddle point .and in the ground 

state of a nucleus/10?. 
From Fig •. 10 it is seen that the. regular part of fis-

o ~p. . (" 
sion barrier "&.t ='Bf -~(A.~)+o(A~turns out to .be a rather 
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smooth .function of the ratio · :cyA ,and it can be approxi

mated by: the expression 

M'lV, tf 1~ ~ 33.5 

MeV, i.f 2YA >33.5". C3) 

How well-the ratio ~;'r~ calculated by the formulae 

(1)-(3) agrees With experiment is shown in Fig.·11. The next fi

gure demonstrates an excitation energy dependence of this ra

tio. Comparison of our values of "B.t and .1: /f£. with re

sults and approximations by other authors is given in Table 1. 

A calculation of fission-evaporation competition for the 

excited residual nuclei which is based on the discussed above 

approximation of the ·barriers 'BT" within the framework 

of the cascade theory involving the "trailing" effect, makes 

it possible to obtain a rather. good agreement with experiment 

for fission cross sections 6:T as well as for characteris

tics of accompanying particles throughout the whole energy 

region under investigation 

Figs. 13,14)•. 

T ~ 0.05-30 GeV (see 

Quite good agreement with experiment is achieved even 

for an yield of some isotopes, including the isotopes of 

which mass numbers are rather close to the mass number of 

initial nucleus (Fig.15)• 

Table II compares the excitation energies of fissioning 

• It is of interest to' note th!i.t at T > 1 GeV the fission 
cross section -cl,t decreases with increasing energy (see 

· Fig.· 13) if the· decrease ·of ·nuclear density thn:lugh the casca
de development is not taken -into account. 
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nuclei. From Fig. 16 .it is seen that the distrlbut.:i.~n W (li;). 
has a long "tail" up to energies E~ >> E~ , though the 

average excitation energy of fissionable nuoleiE~ is rela

tively small. 

The calculated cross sections for fission of the nuclei 

Au, Bi, U by pions with energies T = 2.~6 GeV: 

6~ =122±17;189± 22;780±72 mb are close to the experimental 

values taken from ref./2;1: 

~ ~ =+ 107±20; :191 ;t40; 1090±160 mb accordipgly. 

Using the above approximation for fission barriers we 

have computed the excitation functions f~r heavy~ion reactions. 

The calculations rest on the Monte-Carlo variant of statis

tical description for a behaviour of hi~! excited ~ucleus 
with large angular momentum. This variant has ·been developed. 

in workl111. For hea:vy..:iori reactions the calculation results 

(see Fig. 17) turn out to be more sensitive to the fission 

parameters. In particular, to obtaiD. agreenie~t with experi

ment, apparently it is necessary to assume, that the 

value of the ~evel density parameter for the nuclei which 

deexcite by the evaporation,differs from that for fissioning 

nuclei ( a. :1: Q.! ) • 

5. In connection with the obtain:hlgof the relativistic 

nuclei beam in Dubna and Brookhaven, a development of models 

which describe inelastic collisions of high-energy nuclei 

with nuclei, is of particular interest at the present time. 
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It·. is clear from the very beginning that a calculation 

of such collisions. is rather complicated problem not only in 

. ·principle (because experimental information is negligible and 

mimi properties-of the phenomenon remain still unclear), but 

.~lso from the "calculation point" of view. Therefore it is 

reasonable to start with calculations of the most light nuc

lei: d, t, 3He, 4He. 

Since a deuteron is very loosely bounded system, one can 

hope that the treatment of.inelastic deuteron-nucleus collision 
. . 

as a superposition of two intranuclear cascades initiated by 

the deuteronic nucleons, will be a rather good ap~roximatiob12-1' 
In such a consideration deuteron can be treated as a "dumb-

bell" formed by n proton and a neutron, with f.ixed mean dis

tance between them and with relative momentum given by the 

squarred Fourier transform of the deuteron wave function. In 

other respects our calculations follow exactly the casca

'de-evaporation model for nucleon-nuclear interactions. ·rt' is 

noteworthy that such.a model takes into account naturally the 

stripping process. 

Fig. 18 illustrates how well the theory agrees with ex

periment. As it is seen, this agreement is quite satisfactory. 

Just as in the pion- and nucleon-nucleus collisions, in the 

energy region T ~ 3-5 GeV/nucl. the mean multiplicity of 

h.- and. .ft-:-prongs suffers "saturation"•. 

•It should be emphasized that due to the trailing effect, 
the deuteron-nuclear interaction is not pure superposition of 
two independent nucleo_n":"nuclear cascades. · 

13 
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Figure 19 shows the calculation resu~~s of intranucl.ear 

. cascades for the interactions t + nucleus,· performed under 

~ .. ' 

the same assumptions B:S for the case of d.+ nucleus. It 

is impossible to pass over a tendency to a decrease of energy 

at which the "saturation" of multiplicit;r of h- and ~
prongs becomes noticeable. 

G. As to ·the interactions with heavier incident nuclei, 
•' ' '. . ' . 

a possibilit;r ·for direct use to them of the .discussed simple 

model considering the reaction mechanism as a superposition 

of the cascades initiated by separate nucleons of the projec

tile is not so apparent. Therefore for the interactions 

ck+nucleus the more detailed the6ry has· been worked outf15l. 

A motion of the t·ast c£-particle (as well as secanda-

ry m1c~ei t and ; He )inside ·a nucl~us _was regarded as a 

motion of the single syst~m which can interact ~th any nuc

leon of the target-nucleus falling into a cylinder with radius 

f"'t = J + 7i where ~ · is the de Broglie wave-length of 

the cL particle (or -\:. , 3 He ) and .P is of the order 

of the oi -particle radius. It was assumed that the inelas-· 

tic interaction of cL -particle proceeds through the elastic 

or inelastic (with pi~nproduction)collision of intranuclear 

nucleon with one of the· al.. -particle nucleons. Such N-N-col- . 

lisions were computed just in the same fashion as in ordinary 

nucleon-nucleus cascade, but at the. same time there were 

taken into account the Fer!lti ootlon of a target nucleon and 

the relative momentum of the nucleon inside of:. -particle. 

As to other three nucleons o:f' the d.. -particle, these can 
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time there were 
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de oC -particle. 

ticle~ these can 
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be emitted after the • cL-N -interaction unbounded with each 

_other .or in the form of combinations Ntd., i , 3 ~e..' 

Energies and_ emission angles for these particles are 'defined 

by the_ energy-momentum conservation law for the s,ystem com

posed by oL -particle and a nucleon of the target-nucleus. 

For probabilities of separate channels of the reaction the 

available experimental-data were employed. 

It should be noted that our_ model is more precise than 

thos~ proposed in refs.IG,?/, and is applicabl~ at considerab

ly higher energ~es T • However, in order to be able to com

pare various.approaches, .we have computed the cl-particle

nucleus collisions within the framework,.of a "simplified" model 

in which the ~-particle is regarded as four individual nuc

leons,each of them can initiate the_ intranuclear cascade. 

As the comparison reveals, the present, not numerous and 

rather unaccurate experimental data can be agreedwith both 

considered calculation variants. These data tum out to be 

not very sensitive to the details of the calculation ( certaJDJ,;r, 

apart from an yield of. fragments t _, 3 He ; see Fig~r. 20-22). 

?. An attempt to consider the interactions with the heavy 

i~ns using even the s~plified variant of the cascade-evapora

tion model meets with serious difficulties unfortunately. A 

highly __ different approach was needed for calculations of such 

interactions. The basic lines of this approach are as follows: 

a) Both nuclei are treated as th~7 consist of seJPQrate 

nucleons the locations of centers f;. of which are sampled 



.· 

according to the experimental densities H_(v-) .and ~2 (\") 

under condition \ ~t - '(i j ~ /). •. Taking into consideration 

the diffusivity of the nuclear density and the potential 

it tu~s out to be very convenient. t_o give up the division 

of nucleus into zones with the constant values of densitY 

9-(r) • This is achieved by passing to the limit of the 

very large number of zones, what corresponds to the introduc

tion of the radial dependence of the Fermi boundary-energy - . 

which is determined by the local nucleon density in accordan-. 

ce with the formulas for the degenemted Ferml-gas. (Legality 

of such procedure had been tested by means of the comparative 

calculations for the case of the nucleon.;..nucleus interactions). 

b) The way of "decomposition" of the incident nucleus 

into A of its constituent nucleons is very important. It is 

mandatory that the condition 

A 
LT._+ A·m,= M." Am .. -tA that is 

A 
2:: T: =-tA . . ~ 
~·1 

i.:1. 

(where. m" is the nucleon mass, t.. is the mean binding energy 

of the particle inside the' nucleus)·· is fulfilled, if the kine

tic ener~ Tt of each of these' nucleons is sampled in the 

c.m.s. of the incident nucleus. Sure this has no sense, the 
·: . , . A I • 

conditio~ becomes_ quite reasonable: f:t T:. "C. A. however, 

if the fact of the binding of the particle inside nucleus 

is taken into account by means of the change 
. I . 

T. -'7 T. "'1> c. . . \. ~ 
' , I 

Thus,-we must sample out the value Tt 

m ... -- m~-::. ~n- c . . 7 

. of the Fermi 

distribution and, like handling the conventional nucleon-nuc-

leus cascad/181, succeed in fU:ltilling the energy-momentum 
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side nucleus . -
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''·""~ '·1 ,., .... '''n c, 1 

of the Fermi . 

,na.i nucleon•nuc-

:nergy-momentum 

conservation law for the nucleons of the primary in ita own 

reference frame· regarding these nucleons as· having the mass 
., . . . . 

· n1n.If,one now passes over to the lab.reference frame,reverting 

to the mass ffiand conserVing total energy of the particle, " . 

then it is,easy to convince ourselves that the_energy 

conservation law will be fulfilled although the conservation 
.. 

law for the momenta of nucleons will be out of balance slightly. 

The exact fulfilment of the energy conservation law 

permits to calculate correctly theex~itation energy of the 
' ., . ··. 

target nucleus. The eXcitation energy of the incident nucleus 

.. has been found from the energy of the "holes" left by the 

knocked out nucleons. 

c) Every, cascade nucleon can interact with each of the 

nucleons of the target nucleus the centre· of which is 

located inside the cylinder with the radius rt.,t =r
0
+ X 

ro ~ 1.3"1o-13cm161) and the axis directe~ along the 

velocity vector of this nucleon. It is convenient· here to trace 

the development of'the cascade as·.depending on time. For this· 

purpose at a moment t the partners of the interaction 

are simulated for each cascade particles and the preference 

is given to that nucleon the time of which till the collision 

turns out to be minimal ( .t ·.=A tmin.). After this the sta

te of the.system (that is the location of all fast cascade 

particles)· is ·recalculated to. the moment. t +At. If the nuc

leon of the target nucleus which underwent the interaction . . ' ~ . . . ' . . : ' . ; 

entered other cylinders as well and, conseque~tly, could be 

the potential partner ·for the collision with other cascade 

17 
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particles, then the partners of interaction at the moment 

t + ~t for these cascade particles should. be chosen anew, 

otherwise the partners remain the same. 

d) The target nucleon which suffered the interaction 

further is considered as a cascade particle. This permits to 

take account of the local decrease of the nuclear·matter 

density. 

e) Each collision undergoes the test of -the fulfilment 

of the Pauli principle with respect both to the target and 

to the incident nucleus. 

f) The evaporation stage is calculated for each excited 

nucleus which is formed after passing the intranuclear casca

de process. Moreover if the mass number of the residual nuc

leus A~ 4 then the excitation is distributed equally among 

the nucleons of this nucleus. 

The remaining details of the calculations are the same 

as for the cases of pion- and nucleon-nucleus _collisions. 

The method considered has been tested in the case of 

the nitrogen-ions-7°Ga-nuclei interactions for T = 0.2;0.4 

and 7 GeV/nucleon. The obtained results (preliminary for the 

present) can be compared with the photoemulsion data for the 

interactions of the cosmic nuclei (of the ~ group basical-
. /19,21/ 

ly) in the energy range of T:0.1-o.,;, o.,;-o.5 and 2-15GeV/nucl. 

As can be seen from Table III and Fig. 23 the experimen

tal and theoretical values of the mean multiplicity of the 

secondary particles and their distributions are pretty close 
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each other, this is especially so if one recalls that in 

experiment there is distribution with respect both to the 

energy and composition of the initial nuclei and to the com

position of·the target nucl~i. Besides several quantities 

( n~ for example) in the work~/1 9• 211 were not measured 

directly but have been obtained by means of recalculation on 

the basis of some assumptions. 

However it should be noted some excess exceeding the 

experimental.uncertainties of the calculated multiplicity of 

b- and g-particles over the experimental one, especially for 

the .case of T : 7 GeV/nucleon. This witnesses some overesti

mating of .the number of the intranuclear collisions. 

The fact that the nucleons of the incident nucleus must 

pass thro~gh the target n~cleus with smaller number of inter

actions manifests itself in .. the angular distributions of par-

.. ticles, .as well. It can be seen from fig.· 24 that the noti...; 

ceable diverg~nce in, the angular distributions of the g-par-

ticles at the angles 8 ~ 40° and 8 ~ 30° at T=0.2 

and 0.4 GeV(nucleon takes place. These are just values of 

8 ·,which" correspond to the kinematical limit for partie-

les e~tted from the incident nucleus. The model gives too 

small number of such nucleons. When going to the energy 

T=7 GeV/nucl. one observes that the "passing through" nucleons 

and particles.·evaporated from the primary will contribute to 

the a-particles alrea,dy and that the agreement between. the ex
perimental. and theoretical angular distributions for the g-

particles becomes ver,y good. 
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In Fig. 25.the-energy distributions of protons are 

shown •. One.can note here the quite·satisfactor,r.agreement 

between experiment and theor,r •. · 

* * * 

Hence, during the l~st years the significant 

progress can.be noted in the development of the Monte-Carlo 

cascade-evaporation theory of the nuclear reac-t;ions.Nowadays 

this theory, when taking account of the processes of fission, 

permi~s to calculate rather effectively very broad scope of 

lilenomena concerning the inelastic interactions of particles 

and nuclei with nuclei. At the same time the theory_ is far 

from having exhausted its possibilities and it cim be improved 

significantly first of all· for the applications to the calcu

lation of the interactions of the relativistic nuclei and for the 

taking account of .the nonstationary decay processes (for the 

interactions with the light nuclei especially·): 

Further progress of the theory highly depends on the 

storage of sufficiently accurate and, mainly, of sufficiently 

complete experimental data. 
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Table 1. 
Fission barriers and ratio of widths [f/fn. for various uranium isotopes 

B:f, Mev G/~ 
-ass number of 

·' i.ssioning 
Theory :1cleus Experiment Theot'Y the present ~era, ) b) the pr~ent . SikkelandCJ ExperimentdJ work Swiateckia 

work ( =10Mev) 

n1 

230 5,68 4,655 - 0,2? 0,25 -23I 4,05 4, ?24 - 0,46 0,34 -232 ·. 6,00 4,?98 - 0,46 0,4? -233 4,65 4,8?3 5,49 0,?6 0,64 I,O 
234 6,54 4,950 5,25 I,IO 0,89 0,85; !,6 
235 5,!4 5,02? 5,?8 !,66 !,2 !,2; !,6 
236 6,97 5,!05 5,44 2,42 !,7 !,6; 2,! 
237 5,59 .. 5 ,!84 6,40 3,24 2,3 3,0 
238 7,25 5,262 . 5,7 5,23 3,2 4,0 
239 5,80 S,j40 · 6,20 5,75 5,I . 4,5 
240 ?,47 5,418 - 8,60 . 6,!. -

a~ W.D.Kyers, W.J.Swiateckii Nucl.P~s.w81fa1C1966); Berkeley Report UORL-11980,1965. 
b Experimental data are taJten :from R •• sse.Ann.Phys.§§, 3?? (19?1). 
c. T~Sikk:eland; Phys.Rev. 169, 1800 (1968). 
d R. V.andenbosh, J.R.Huizenga; Paper P/1688 Proceedings of the Second United Nations Conference 

an the Peaceful Uses of Atomic Energy, .15,. Geneva, 1958. · 
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Table 2 

Average excitation energies (a~ter the cascade stage) ~or the fissinable nuclei 
produced in interactions o~·protons o~ energy·T with uranium 

T Mev I40 340 460 660 I 
I 

Experiment c!) 80±20 I41J±40 I65±4S I85;t60 

Calculation . 68;t7 90;t8 I38;ti4 I59;ti6 results 

a) V.P.Shamov; Dokl. AN SSSR, 103, 593 (1953). 

,. I 

Table 3. 
Average multiplicity o~ particles produced in inelastic collisions o~ the 

nitrogen ions with photoemulsion nuclei 

.T = 0,2· Gev/nucleon ' I T = o,~ GeV/nucleon: 
I 

T '= 7. ·Gev/nucleon _: 

Theol"V ~YnA~imAn+./21,22/ m1-.L'It.,......:.... 'tj\.;._ __ .t_.:...:... ..... 
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Table 3. 
Average,multiplicity of particles produced in inelastic collisions of the 

nitrogen ions with photoemulsion nuclei 

T = 0,2-Gev/nucleon T = 0,4.Gev/nucleon T = 7 Gev/nueleon 

Theory Experiment/21 , 221 Theo·ry EXperiment· Theocy Experiment 
/21,~2/ /19,21/ 

I,9±0,28 ) I,48j;0,228 ) I,9±0,28 ) 2,20±0,30. I~,I±I,2 b) I4,8j;2,3 . 
(8,9±0,8) (I2 ,Iti,.I)b) 

4,0±0,3 4,I4j;0,37 6,7±0,6 6,78±0,53 8,2±0,? 6,Q±O,? 
. 3,4±0,3 3,!4±0,32 4,4±0,4 5,04±0,46 7,I±0,6 5,3±0,6 

a) The numbe7 of sparse-black prongs ~s ·indicated (30~~ ~- 100 Mev) 
b) In parenthesis the. average number of pions is presented. 
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Energy spectra of the protons emitted at the angle g 
from various nuclei irradiated by the proton beam of 
energy , T=57 MeV (in mb/MeV ·steradian). The . histograms 
are the calculation results, the experimental .data are 
taken from work ofMonaka et al. (J.Phys.Soc.Japan ~,1817 
(1962)). 
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Fig. 23. Correlations fib: -s (~) in photo emulsion stars 
produced by 14JV ions of energy T=7 GeV/nucl. 
The experimental points are taken from work/201. 
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