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As a comparative;studonf calculations.by various,autnoure
. reveals, the intranuclear cascade model which involves evapora-
tion (or more fast decay) of the residual nucleus agrees well
- with experiment, for energies higher than several dozens of MeV.
In the high-energy region (TZ 0.5~1 GeV. for light nuclei, and
7235 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 large number of target constituents by the cascade
particles. Interactions of the produced resonances PLw , N*
and so on with the nuclear nucleons contribute rather little to
the cascade development. At the present time the least known and
the most difficult for calculations remain Just 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 mear experimental values, then one
can obtain a rather good agreement w1th known" experimental data
on the cross sections of fission, on multiplicity, ‘on angular
and energy distribution of accompanying particles. Calculations
for intranuclear cascades initiated by the light incident nuclei
d ’ ‘t ,3He ,él. agree with experiment, as well. However the
experimental information available here for comparison is still
poor. Tha latter concerns very much interactions 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 ftact that the model prov1dee
a somewhat overestimated number of intranuclear collisions. For
the further evolution of this model one needs first of all the
more accurate experimental data,



1‘7A lot . of calculatione performed by means of the Mon-~
te-Carlo cascade-evaporation model for 1nelastic pion- and
nucleon-nuclear 1nteractions demonstrate that this model des-
" erives well average characteristics of 1nteractions at all
A energiesuhigher than'ee#eral dozens ofiMeVV(see refs. /1'4/
where’ further bibliography is given). To what extent the cal-
culations agree w1th experiment, are- determined m31nly by the
choeen variant of the model, i.e. by 1ts "grain structure"
Our calculations teke account of difoSlVlty of'the nuclear
"matter den51ty and of intranuclear potential and exploit the ’
_statistical 51mulation ‘of characteristlcs of each act of ine-
lastic and elastic intractions of particles 1nsxde a nucleus,
with accurate fulfilment of the energy—momentum conservatlon
" law (see ref./u/ for details). Figs. 13 illustrate the agreement '

with experiment .on the example of such "delicate" quantity as
double differential cross-sectien dzé/ d.Q d‘f 'J

It should be recegnized that the agreement

*Here and in the following =~ T - 'is the kinetic energy
of_incident particles or nucleus (per nucleon) in lab.system,

"= is the kinetic energy of secondaries in the same -
system. -



is quite satisfactorj not only in'the form of'dietribution

but in the absolute value as well, Deviations from experiment

become even less notlceable if :Lnstead of . Ol 6 / ds cllfr

the integral angular and energy distrlbutions dZVGUQ d(é/HQY»»

or average multiplicity YL ] are considered. 7
In the energy region where it 15 still possible to

neglect the meson productlon a. detailed comparative study

for different. varlants of the cascade model has been carrled

out, following the suggestion of GJhﬁedlander. Thie has been

unade for those . variante which are used in Dubna,Brookhaven,

{\Columbla University and Oek Ridge/s/. ThlB analy81s shows

that aside from some disagreements in detaile of’ dlstrlbutions;

eepecially noticeable for energles of the excited nuclei '

which remain after a cascade, the final dlstrlbutione of

the reaction products turn out: to be surpruningly similar for

all three confronted varlants of the. model (see figs.4—6)

Among many investigated up—to-nowxcharacterietics, we
can now indicate two points only where, -as we thiﬂ!really :
essential dlsagreemente w1th preeent caecade-evaporation mo-
del take place. Firstly, this is the yield of the low-energy
' particles. neutrons with L} 2 MeV and protons w1th an
,energy near the Coulomb barrier(eee Fig. 7). No reasonab1e
variation of parameters can cancel the above disagreement
which obviously occurs due ‘to neglecting a contribution of
nonequilibrium proceeees. Second important discrepancy bet—
ween experiment and theory -is connectéd with the’double‘

charge-exchange reactions of the pions. Seven to ten-fold



divergence between calculated and measured cross-sections for
this reaction is so high, that one cannot hope to:remove it
by any Smele fitting of parameters. 0bv1ously thls eVLdences
that the double charge-exchange phenomenon proceeds v1a some
other mechanism and not by mere sequence of the elastic intra-

nuclear collisions with charge exchange.

Thus more accurate experlmental lnvestlgatlon of low—ener—
gy component of partlcles emltted by a nucleus and of the various
'propertles of the charge—exchange (double and slngie)processes

seens to us to be very important.

T2, ALl conSLdered variants of the conventlonal cascade-
.evaporatlon model assume usually that lntranuclear cascade . can
be looked upon as successlve lndependent blnary colllslons. At
: high energies this approx1mat10n w111 undoubtedly not be valid
because the number of partlcles in the cascade shower becomes
80 large that there occurs the effectlve "tralllng" of nucleus
due to the knocklng out of target. nucleons by the cascade partlc—
,'les/3 16, 7/ £h other words, every nu¢lear nucleon hav1ng suf- .
fered ‘a colllslon with the cascade particle, should be also trea-
ted further as a cascade partitle. This results in local changes
of density of the target-nucleus.vIn partlcular, the ‘observed "sa-
turatlon" of mean number of grey and black prongs in" the photoemul-
‘sion stars at _ﬂ)Z 3-5 GeV (Fig. 8) are explained Just by the
‘above phenonena. This is'theldirect,result of "saturation" of
the intranuclear~cascade with respect to the recoil nucleons

and excitation energy of the residual nucleus. An account of



this effect allows one to predictdalso'that’the paremeters . - -
which characterize the mass distributionsAof residual nuclei
at energlies of the order‘of eéverﬁl GeV should tend to the
saturation. This really is confirmed by the radiochemical
measurements of yield for dlfferent isotopes in the middle

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

- important phenomena caused by the "traillng" effect/7/. The
most essential is an account of this effecty;n the case of

calculations for nucleus-nucleus interactions (see below).'

The cascade model involving thea"trailing“‘effect treats
‘a nucleus as composed~bj separate nucleons instead of using the
continuous distribution of the nuclear matter in convantional
cascade model. Center positions of these nucleons are sampled
by the Monte-Carlo method from the approprlate distrlbution

j)ﬁﬁ taken from experlment on the electron scattering.

Here it is required. that the distances between the. nucleon
centers would not ' be smaller than At where Y, =0.4.10"3cn
is the kern radius of a nucleon/3 6 7/ Coordinates of all

) nucleons of the target-nucleus are stored by a computer._

As calculatlons reveal, a»densitx-decrease_occurswalready'
at energies T20.5-1 GeV in itsht'nuclei, and the heavy nuclei '
at T23-5 GeV.- \ o

3. Aside from the local change of nuclear density,'at' '

‘high energies one more effect can be indicated which usually”
is not included invthe cascade calculations but, generally'A

speaking, can contribute,significantly.’This'effect is that



at energies ’highér than several GeV the. S)—" w-, N’ﬁ,
‘etc-,resonon production occurs in the N-N and N-N interactions.
'Then these resonances if having the- llfe-time large enough

can ‘be involved in the intranuclear cascade..

In fact, for the resonons with widths, I =~ (100-200) MeV .
the. life-time ‘in the proper coordinate systen ‘T'=(O.3-O 7)10"2390.‘
' If now one takes into -consideration the relativistic dilation ‘

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

essential for low-energy baryonic resonons), then a resonon
can have time to interact with the nuclear nucleon before its .
decay. From the kinematical point of view this is the same =
- a8 with the nuclear nucleon several "stuck together" <partic- .
‘les interact simultanecusly. z.As-a»result tne're should decrea-

se the number of - intranuclear collisions. This, in- turn, will

. cause a decrease of- the number of slow secondaries (mainh',

v the recoll nucleons) and the excitatlon energy of a nucleus
as well. g o L
Since theﬂinfcrmation on the resonon production cross:
. sections and especially'on thejresonon-nucleon'interactions
is:jery‘pOOr, only an ostimate of the'resonon contribution to:
~ the intranuclear‘cascade'can be found at the present timef
"We have confined ourselves to such assumptions on interactions
involv1ng resonons under which the" resonon contribution would B
be maximal/a/ ‘We have supposed that in. each inelaatic TN
" and NN collision inside the nucleus Just one resonon is
produced what' is justified rather well by the present experi—

mental data on probabilities of the resonon_ production. ‘l‘he




kinematical characteristics were”éiﬁnlated'by means 6f‘combin-
ing two particles: produced in the 1nelastic ‘F4hf. or N-N'

collision into one resonon-particle° . S
MWS hE('?S Pm Pres P‘- B— s Ef@S=E1+ EZ ',

where Fl and E are momanta hnd enefgigé,othhe par-
ticles. Despite a certain arbitrariness of‘suéh_g ptocedure,
after the resonon decay in every élementa:yvaqtfthe,cbrrect _
multiplicity and correctyahgular andAenérgy‘dist?ibgfions of .

. particles are préserved.

By comblning various pairs of particles ‘one can obtain
not only the mesonic but the baryonic resonons, as well. As
an estimate of characteristics of LnteractionsLof these re-
sonons with nucleons one can take them toibeéqua}~to the cor=
responding characteristics of'n‘N"and ‘N=N interactions
(for the same energy in the c.m.s.). The calcu;&tions per-
formed indicate, however, that .the account ofireSOnons does
not provide a saturation of the multiplicify‘ ?i, handvéxci-:;
tation energy E”f; . and a variation of these quqntiﬁiég
turns out to be comparatiﬁely small (seeyFig.,9);‘One‘cannot
achieve the saturation even in the case»whén“>#W° -Tesonons .
are assumed to-be produced simultaneouslyuin 6ve:7¢in°1é8ti°5Wﬂqf=
and NN collision. The reason. is thnt»ih the rpsénon pro-rg
duction only the.particles of first and secondrgenergtipnq
take part effectiveiy, and,their}fraétion;with,respectrto

the total number of particles in cascade showér is comparati-



fff’vely small. of- course, this does not eliminate the- fact

Ivthat for some partial channels it is possible to. point out

'such characterlstics which will depend essentially on the

: resonon production.f

-4. By the present time a great deal of experimental
data are stored for the fission of nuclei by the high-energy

o particles. However these data are very diveree and quite of—u

'~‘ten agree bad w1th each other. In this situation it seens ra-~
‘ther important to carry out fairly accurate and systematic -
'calculations whlch then can be used as a basis for systematiza-
'htion of ‘the experimental data. Divergences between theory and
‘experiment which cannot be removed by a reasonable choice of
parameters, oould serve as starting point for a further im—yf
Aprovement of the model. To this end we have periormed a great
jamount of the Monte-Carlo calculations for high-enersy nuc- ‘
‘lear fission. This cycie of calculations is based on the

. use. of phenomenological approximation of the known experimen-
Htal data on fiseion barriers from which "irregular part" due’
to: shell effect ,'is 51ngled out. '

k In order to pick out ‘this part, the fi531on barrier was
-5considered as’ a difference of the maae of nuclei in the saddle
‘ point and in the ground state' - P?SP(A 2) P7(A 2)
‘(here and in the following A is the maes number, ‘2

is the charge of the. fiesioning nucleus) 'In the first appro—
'ximation for P1SP one can neglect "shell correction "'h

since the nucleue is very deformed in the saddle poiht, the



,shell effect there should be considerably smaller than in
-the ground state. The shell correction A(A 2) to +the massg.’

: M (A ‘2) is taken from work by Cameron /9/ where it was. determi— ARV

ned as & difference between experimental value of the mass
end “that calculated eccording to 1iquid drop model. Be-
sides, in order to obtain a better agreement between the ra-

tio of- fission-—to-eve.poration widths, which is defined as,
: e E- gn B

v’\" - 4. j & 6w (E a) Q(E E> a)oIE
'Vr';“ "ﬂ'*\z SRR eI E’ﬁ' ’ (1) B

j)(s) Coné"‘. up 2\/ aAE S)gp(E (‘on/;l: UPZ\J 0.$AE

( O. and a} are the paremeters of 1eve1 density of a

’ nucleus for eve.poration and fission) and the corresponding ex— o

perimental data, some correction ; S(A 9—") depending on an
even-odd fissioning nucleus, proves ‘o be necessarily intro-

duced into the fission barrier

‘ +:I llev, if A Z even
g(A ?_) 0.5 He¥, its 2 o

70, otherwiso
(in fact this correction provides an- account of a differenco

-(2)

between pairing energies in the saddle point and in the grou.nd
. state of a nucleus/ 106

From Fig. 10 it ie seen that the regular pert of fis-.
“sion barrier Bj- _-,‘55. -A(A,Q)fg(A:l)turns"out to be a rather



smooth -function of the - ratio ‘ZZ/A - yand- it can be approxi-
mated by the expression :

. 43 (335- 22/A)3/" MV, if PA £ 335
By =254 {-2.?(33,5- YA mev, i 2S5 (5
How well‘the ratio [n / l"_;, calculated by the formulae
(1)=(3) agrees with experiment is éhqwn in Fig. 11. The next fi-
gure demonstrates an excitation energy deﬁehden’ce of this ra-
tio. Comparison of our values of Bj_ and l'.'. / r;_ with re~
sults and approximations by other authors is given in Table"l.

A qalqulation 'o>f ﬁssion-evaﬁéiétion competition for the
excited residual‘nuciei which is based on the diacllxsysed above
apprdxixﬁa.tiqn'of the lbarriers B.;- ivithin the framewoz;k
‘of the cascade theory involving tﬁe "trailing" effect, makes A
it possible to obtain a rafherl good agreement with expériment
for fission cross seci:ioz;s 6 4 a8 well as for characteris-
tics of accompanying particles throughout the whole enérgy
regi‘on under invesfiéation T =~ .0.05-30 GeV -(see
| Figs. 13,14)%. ‘ - o

Quite good agreement with experiment is aéhiequ even k
for an yield o‘f soxﬁe isﬁtopes, including the isotopes of o

which mass numbers are rather close to the mass number of

initial nucleus (Fig.15).

Table IT co'mpé'res the excitation energies of fissioning

* It is of interest to note that at T >1 GeV the fisasion -
cross section -&s. decreases with increasing energy (see
" Fig. 13) 1f the decrease of nuclear density through the casca-
de development is not taken-into account,




" nuclei. From Fig. 16 it is seen that the distribution W(E;,) .
has a long "tail" up to energies E!,. >> E5. ., though the
average excltation energy of flsslonable nuclei E:&' ie rela-
‘tively small.

The calculated cross sect:.ons .for fission of the nuclei
Au, Bi, U by pions with energies T = 2,36 GeV e '
ég. =122+173189+ 22;780+72 mb are close to the experimental

'values taken from ref /23/,

Py |3+ 1074205 191 340} '1090+160 mb accordingly.

Using the above appronmation for flssion barr:.ers we
have computed the excitation funct:.ons for heavy-ion reactions.
lrhe calculatione rest on the Monte-Carlo variant of statls- )
tical description for a behav:.our of hlghlJ excited nucleus
with large angular momentum. This var:.ant has ‘been. developed.
in- work/ 1/ . For heavy-ion react:.ons the calculat:.on results
(see Fig. 17) turn out to be more sensitive to the fission
parameters. In partlcular, to obta1n agreement w1th experi- ‘
ment, apparently it ie neceesary to aseume, that the ‘
value of the 1evel density parameter for the nucleJ. wh:.ch
'deexcite by the evaporation,differs from that .for ﬁ.esioning

nuclei ( A FQy),

5. In connection with the obtainingof the relativistic‘
nuclei beam in Dubna and Brookhaven, a development of models
which describe inelastic collisions of high-energy nuclei 4
_viith nuolei‘, is of particular interest at the present time.
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It is clear from the very beginning that a calculation
of sﬁch collisions. is rather com_plicated problem not only in
. 'pi'inciple (because experimentali informatiqn is negligible and
many properties.of the phenomenon rémain étill unclear), buf
.also from the "calculation point" of view. Therefore it is
reasonable to start with calculations of the most light nuc-

lei: 4, %, JHe, ‘'He.

‘Since a deuteron is 'very loosely bounded system, one can
hope that the treatment of’ inelastic deuteron-nucleus collision
as a Buperposn.tion of two intranuclear cascades initiated by
the deuteronic nuqleons, will be a rather good approximatioﬁ12f1.ly
"In such a considerafion deutefon can be treated as a "dumb-
.bell" formed by a proton and a neutron, with fixed mean dis-
tance between then and with relatlve momentum given by the
squarred Fourier transfqrm of the deuteron wave function. In
other respects our ‘calculat'ions‘vfollow exactly the casca-
‘de-evaporation modél'for nucleon-nuclear interactions; Tt is
noteworthy that 'sudh,a modél takes into account naturally thie )
stnpping process. | n

Fig. 18 illustrates how well the theory agrees with ex-
periment, As it is seen, thia agreement is quite satisfactory.
" Just as in the pion- and nucleon-nucleus collisions, in the
energy region T = 3-5 GeV/nucl. the mean multlplicity of

k- and Mg-prongs suffers "saturation""

*It should be emphasized that due to the trailing effect,
_the deuteron-nuclear interaction is not pure superposition of
two independent nucleon—nuclear cascades,



F'iguref1‘9 shows the. ca.loulati‘on result’sv of  intranuclear
_cascades for the interactions -t + nucleus',5 performed under
the same assumptions as for the caee of d.+ nucleus. It
is impossible to pass over a tendency to a decrease of energy
at which the "saturation" of multiplicity of \'\- and 9,—

prongs becomes noticeable.

6. As to-the interactions with heavier incident nuclei,
a possibilityffor direct use to them of the discussed eimnle
model considering the reaction mechanism as a superpoeition'
Vof the 'caecadee initiated by separate nucl.eone' of the projec;
file is not 8o apparent. Therefore for the interactions :

J@nucleus the more detailed theory has been worked out’15/

yy motion of the iaet o(-particle (ae well as seconda-
ry nuclei . 't and 3He )inside a nucleus wae regerded as a
"motion of the eingle eysten which can interact with any nuc-
leon of the target-nucleus falling into a cylinder with‘ radius
9 + ‘. where k is the de Broglie‘waye-length of
the charticle (or + He ) and P is of the order

of the ol -particle radius., It was aesumed that the inelas="

tic interaction of ol -particle proceeds through'the elastic
or inelastic (wit'h”pion'production)collision of intranucleer
,I nucleon with one of the eL-particle nucleons. Such N-N—col—
lisions were computed just in the same fashion as in ordinary
nucleon~nucleus cascade, but at the same tme there were '
taken into account the Fermi motdon of a target nucleon and
the relative momentum of the nucleon inside oC-particle.

As to other three nucleons of the oC-particle, these can

. 14



‘be‘emitted'after the OLJV-interaction unbounded with- each
~‘;other or 1n the form of combinations N+d f 3”&
: Energies and emission angles for these particles are defined

. by the energy-momentum conservetion law for the system com-

posed by c(‘-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
those proposed in refs /8, 7/, and ‘is ‘applicable at considerab-

A ly higher energles T, However, in order to be able to com-

pare various approeches, ‘we have computed the ci'-particle-
nucleus collisions within the fremework of a "simplified" model
in which the c(rparticle is regerded as four individual nuc-

_leons each of them can initiate the intranuclear cescede.

, As the comparlson reveels, the present, not numerous and
rather unaccurate expetimental data cen be egreedwith both 4

considered calculation variants. These date turn out to be

" not very sensitive to the details of the calculation(certatﬂy

apart from an yield of . fragments ,falie ;,seevFigs.20-22).

7. An attempt to consider .the interactions with the heavy

1ons using even the snnplified variant of the cescade-evapora-

tion model meets with eerious difficulties unfortunately.
highly different approach was needed for calculetions of such
interactions. The basic lines of this approech are as follows.‘

a) Both nuclei are treated as they consist\of separate

"nucleons the locations.of centers~ Vi . of which are aampled



according to the experimental densities U] and 9. (¥)

under condition \f -V-l =z A, Taking into consideration

the diffusiv1ty of the nuclear density and the potential

it turns out to be very convenient to give up the lelSlon

of nucleus into zones with the constant values of density
Q(V) . 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 degenembed Fermi. —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
mandatoxry that the condition

ZA_TL"A‘W‘n:M‘ Am,-£A . that is % ‘EA
[ S B S
(where m,, is the nucleon mass, & is the mean binding energy
of the particle inside the’ nucleus) is fulfilled, if the kine-
tic energy .F of each of these nucleons is sampled in the
c.m.s. of the incident nucleus. Sure this has no sense, the
ondition becomes quite reasonable' LxL = £:A however,
if the fact of the binding of the particle inside nucleus -
is taken into account by means of the change > M) hﬁn €,
T, -,'Y —r &, ‘ ‘ . . : :
Thus, “we must sample out the value T ‘ ~of the Fermih,

distribution and, like handling the conventional nucleon-nuc-

leus cascade/18/, succeed in fulfilling the energy-momentum

16



: ‘conservation law for  the nucleone of the primary 1n ‘its own’

reference frame regarding theee nucleons as having the maes
m If one now passes over to the lab,reference frame sreverting
to the mass m“and conserv:.ng total energy of the particle,

then it -is_.easy to convince ourselves that the: - energy:
conservation law w:.ll be fulfilled although the conservation-
law for the momenta of nucleone will be out of balance slightly,
7 The. exact fulfilment of the energy conservation law

. perm:Lte to calculate correctly theexcitation _energy .of the .
target nucleue. The excitation energy of the mcident nucleue

. hae been found from the energy of the "holee" left by the )
lmocked out nucleone.

‘ c) Every cascade nucleon can interact with each of the
nucleone of the target nucleus the centre of which is: ‘
»located inside the cylmder with the radius r,; int =T+ X

( % = 1.3° 10'13cm/6/) and the axis directed along the ’,
velocity vector _of thie nucleon. It ie con‘{enimt here to trace
" the develop_ment'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 collieion
turns out to be minimal ( .t.= A LD R _Afterythle 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 J.nteraction '
-_.entered ,other cylz_n_ders as well_}and_, consequently, could be

" the potential par_tn_er ‘for the collision with other cascade



particles, then the partners of interaction at the moment
t +At 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‘pernits to

take~account of the local decrease of the nuclear«natter

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. . ' ‘ e

£) 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 res1dusl nuc-
1eus A< 4 +then the excitation is distributed equally among

the nucleons of this nucleus.

The remsining 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-?oGa—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 M group basical;1

9,21/

ly) in the energy remge of  T=0.1-0.3, 0.3-0.5 and 2-15GeV/nucl.

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

- tal and theoretical values of the mean mu1t1p1101ty of the‘

secondary particles and their distributions are pretty close



each other, thls is especlally so if one recalls that in.
experlment there is distrlbution with respect both to the .
energy and comp051tion of the initial nuclei and to the com-
position of the target nuclei. Besides several quantities
( nﬂ- for example) in the vvrorks/'19 21/ were not measured
directly but have been obtalned by means of recalculation on
the basis éf some assuﬁﬁtions.
However it should be noted-some excess exceeding the
experlmental uncertalntles of the calculated multipliclty of
© b- and g-part;cles over the experlmental one, especially for“
'the case of’ T = . 7 GeV/nucleon. Thls witnesses some overesti-.
mating of ‘the number of the. 1ntranuclear‘collisions.
| The fact that the nucleons of the incident nucleus must
pass through the target nucleus with smaller number of inter--
actions manlfests itself in the angular dlstributlons of par-.
~ticles, as.well. It can be seen from flg. 24 that the noti-
ceable dlvergence in the angular dlstrlbutlons of the g~par-
ticles at the angles © < 40° and B < 300 at 0.2
and 0.4 GeV/nucleon takes place. These are just values of
B s whlch correspond to the klnematical limit for partic—
les emltted from the 1nc1dent nucleus. The model gives too ‘
small number of such nucleons. When going to the energy
=7 GeV/nucl. one observes that the "passing through" nucleons
and particles ‘evaporated from the primary will contribute to

the s-particles already and that the agreement between the ex-
perlmental and theoretlcal angular distributions for the g—

particles becomes very good.

9 o



In Fig. .25 the emergy distributions of protons are
shown. .One .can note here the.quite satisfactory agreement

between experiment and theory..-

Hence, during the‘ last years - the significant
pfogress‘can.be noted in thp‘development of the Monte-Carlo
cascade~-evaporation theory of the nuclear-reactions.Nowadayé
fhis theory, when taking account of the processes of fission,

‘ permits to calculate rather effectively ' very broad scope of
-phenomena concerning the inelastic interactions of particles
and nuclei with nuclei. At the same time the theory is far
from having exhausted 1ts possiblllties and it can 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'bheory highly depends on the
storage of sufficlently accurate and, mainly, of sufficiently

complete experimental data.
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. v S Table 1,
Fission barriers and ratio of widths r;/l:‘_ for various uranium isotopes

Y4

. Mass number of . B3, Mov ‘ r;/r.'\ :

fissioning i -

nucleus Theory Experiment | . Theory . e
I R o e Rl

230 - 5,68 4,655 : - 0,27 0,25 e

231 4,05 , 4,724 - ; 0,46 _ 0,34 -

232 - 6,00 4,798 - 0,46 0,47 -

233 4,65 - 4,873 5,49 0,76 0,64 I,0.

234 : 6,54 4,950 5,25 I,I0 0,89 0,85; 1,6

235 ' 5,14 ’ 5,027 5,78 1,66 I,2 I,2; 1,6

236 . 6,97 5,I05 5,44 2,42 1,7 I,6; 2,I

237 ’ 5,59 Lo .. 5,184 6,40 . 3,24 2,3 3,0

238 . 7,25 S 5,262. 5,7 ; 5,23 3,2 4,0

239 5,80 5,540 - 6,20 ' © 5,75 5,1 4,5

240 7,47 5,4_I8_ ’ L= _ ' 8,60 6,1 -

b) Experimeéntal data are te&ken from R.W, gge. Ann.Phys.68, 377 (1971).

¢/ T.Sikkeland; Phys.Rev. 169, 1800 (1968). :

d) R.Vandenbosh, J -R.Huizenga; Paper P/1688 Proceedings of the Second United Nations Conference
on the Peaceful Uses of Atomic Energy, 15, Geneva, 1958. - - :

a% W.D.Myers, W.J.Swiatecki: Nucl.Phys.81,1(1966); Berkeley Report HCRL-1~1980,1965‘.
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Table 2

Average excitation energies (after the cascade stage) for the fissinable nuclei
produced in interactions of protons of energy T with uranium '

T ttev 140 30 460 660
Experiment” | 80420 140440 165445 185460
Caleulation | gg,q 9048 158314 159416

" a) V.P.Shamov; Dokl. AN SSSR, 103, 593 (1953).
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m.trogen ions with photoemulsion nuclei

Table 5

Average multlpllcrty of partlcles produced in 1nelast1c coll:.s:.ons of the

T = O,ZGev/nucle’on R 'l‘ = 0','1+' Gerv'/mieleon =7 'Gev/ﬁucleon Do
‘Theory Experiment/ 21,22/ 'l‘heoi'y ' Eiﬁerimeht~ Theofy . Experiment
- s o o 721,22/ /19,21/
Mg 1,940,2%) I,4840,228) 1,950,28) | 2,2050,30 | 13,1sI,2 by| 14:842,3
: | - (8,940,8) | (12,I31,1)P)
ﬁ-g 4,040,3 4,1440,37 6,740,6 6,7810,53 | 8,240,7 , 6,040,7
i 3,440,3 3,1440,32 440, 4 5,0440,46 | 7,140,6 5,3£0,6

a) The number of sparse-bleck prongs is J.ndlcated (30 < T < 100 Mev)
. b) In parenthes:.s the average number of plons is presented
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Fig. 1. 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 experimentél data are
taken from work of Monaka et al. (J.Phys.Soc.AJapan 47,1817
(1962)).
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Fig. 2 Ehergy spectra of the protons and neutrons (the left .
'upper Fig. ) emitted from the nuclei of carbon and
‘vismuth bombarded by the primavy protons of emergy

T=450 MeV (in mb/MeV. steradian). The solid histograms
present our results and the dashed ones are Bertini re-
sults (Phys.Rev. '188,'1711(1969)) Experimental data are
taken from work of Wachter et al. (ORNI-TM-2253,1968),
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Fig. 3. Energy spectra of the protdns emnitted ‘by dlffefeﬁt
.nuclei bombarded by the pr:.mary protons of aergy
. T=3 GeV (in mb/MeV.steradian), The histograms are

) calculat:.ons, the experimental points are taken from”

work of Edge et al., (Phys.Rev. 183, 849 (1969)).
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Fig. 4. Energy spectra of emitted protons at & = 25° - 350.
' Theslid, dashed and dotted histograms are the results
obtained from the JINR, Brookhaven and Oak-Ridge models,
- respectively. ' -7 a '
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Fig. 5. Excitation energy distfibqtions for cascade product
nuclei produced in (p,N) reactions.
Notations are the same as in Fig. 4.
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Flg. 7. Energy spectra of evaporation neutrons emltted at the
angle 6=180° from nuclei 27Al irradiated by 150 MeV
protons. Solid and dashed histograms are the calcula-
tions for the level density parameter a=A/10 and

a-A/2O MeV 1, respectively. For the blbllography on
the experimental data see Ref.
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Fig. 8, Enersy dependence of the average multlpliclty of s-,
- g= and- h- partlcles produced in photoemulsion by the
" protons of energy - T. These results have been obtained
" taking" into- account the "trailing" effect. The dashed
line is the calculations under the condition flh> 1.
The marks 0, A’ and 0O are .the experimental values
oz Y, -, ng andm’rLs ~, respectively, obtained by
_ scanning "along track", the shaded marks relate to the

values obtained by scannlng "over the .area'.
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: Fig. 9. Energy dependence of the average multlpllclty of 8-,
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tons with emuls;on nuclei, The- solid, dashed and dot-
ted curves denote,: respectively, the calculations by

- means of the conventlonal cascade—evaporatlon model
(w1thout the "traillng effect”") and of the variants -
w1th -production in everw'lnelastlc ‘collision of 6ne or
two resonons. For comparison the experlmental data

are presented as well,
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Fig; 10. -Comparison. with calculated of the experimentai values
..- for the fission barrier. The curve is the calculation
by . the f_ormula.(B). '
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Fig. 1. Dependence of the ratio 'ra /w; on the mass number
and charge of fissioning nuoleus.The solid and dashed
lines denote calculation results for the excitation
energy #*=10 and 20 Mev, respectively..The upper figure
relates to even Z,the lower figure to odd Z.ixperimental
data are taken. from work-of Vandenbosh andaHuizenga.'
(Paper P/1688 Proceedings of the Second United Nations
Conference on the Peaceful Uses of Atomic Energy, 15,

Geneva, 1958), . :
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Fig. 12. The: ratio of neutron-evaporation -to-fission widths N /P}
) depending on value of ‘the nucleus excitation energy
E*. The exper:.mental po:.nts are taken from the
previous figure.
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Fig. 13. The fission cross sections by protons. of energy T.
The solid and dashed curves are the calculation results
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effect, respectively. 8
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Fig. 14. Distributions of charged part:.cles over the multiplicity
- _and emission angles for p+ "u collisions followed
by flssion. .The hlstograma are the- ca.lculation results.
Experimental data are taken. from work of . Ivanova and
pt ;janov (Z{EePH 31,416 (1956)). The primary proton
energy T . is indicated.
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Pig. 15".; Yield of various isotopes at irradiating of nuclei
by the protons of energy T=0.34 and 1.8 GeV. Experi-

“ mental  data-.are taken from work of Lindner and Osborn
(Phys.Rev. 103,378 (1956)) and of Pate and Poskanzer
(Phys.Rev. 123, 647 (1961))..
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Fig. 16, Excitation enia_rgy distribution for nuclei produced in
P+‘"L\‘ interactions at T = 340 MeV. A is the '
 distribution for events without fission, B is the
energy distribution for fissioning nuclei after the
cascade developmént and C is the energy distribution
of the fissioning nuclei just before their fission.
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Fig. 17. The fission cross gections of nuclei by "0 ions
with energy T. The curves are the calculation results
for various values of the critical angular momentu.m
Bc', and for different choice ‘for value of the level
density parameters (L and Q* + Experimental points
"are from work of Sikkeland = .- (Phys.Rev. 135,669B
(1964)) SRR |
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~Fig. 18. Energy spectra of protons produced in inelastic
d+ "58“ collisions at T=95 MeV/nucl. The solid
histogram is the calculation resultsfor the diffusive
nucleus, the dashed histogram is the calculation re-
sults obtained :Ln the approximation by sharp boundary
of a nucleus without diffractive and .Coulomb splittings.
The shaded areas denote the experimental data’. errors
of Mil’burn et al. (Phys.Rev. 92,1268 (1954)).
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Flg. 19. The average mult:.pl:.c:.ty of g,- and h prong" in
. emulsion stars produced by protons a.nd llght ‘nuclei,.
d and .t . The dashed curves relate to the stars
~ with an auxil:.ary selection eriterion N>,



T 825 MV/nuel.

30

Fig.. 20.  Distributions of prohgs in emulsion stars produced
by ol -particles of energy. T . Experimental points are
taken from work o‘f‘Qua'reniiand; Zorm " (Nuovo Cim. 1, ’ ‘
1282 (1955)) and Willonghby (Phys.Rev. 101, 324 (1956)).
The histogranms are the calculation results, the dashed. -
line presents the results obtained from the "simpli-
fied" model. ‘ '
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Fig. 21, Angular distributionl of grey. and black tracks pro-
duced in photoemnlsion by c(.-particles of energy
= 95 MeV/nucl. Experimental data are taken from work

~of Willoughby (Phys.Rev. 101, 324 (1956)). A1l notations
'are the same as in Fxg. 20,
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Fig. 22. Euergy spectra of the protons emitted at the angle
6 from the nuclei 27Al irradiated by of -particles
of energy T=51 MeV/nucleon (in mb/MeV:steradian).
The experimental points are taken from ﬁmrk of Baily
(UCRL-3334, 1956) Notations are the same as in
Fig. 20. )
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Fig. 23. Correlations n,b=’§(n—g) in photoemulsion stars
produced by /1% ions of energy T=7 GeV/nucl.
The experimental points are taken from work/2%/, -
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Fig. 24..Angular distributions of the grey prongs in emulsion
stars produced by the nitrogen ions of energy T. The
shaded areas denote the contribution of particles
emitted from an incident nucleus. The experimental
points are taken from Refs./1912%/
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Fig. 25. Energy distributions of partlcles produced in in-
- teractions of the nitrogen ions of energ T with
.the emulsion nuclei. The experimental data are from
Refs,/ 19122/,
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