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Балдин A.M. £1 - 12031 
Мультнбарионные взаимодействия при релятивистских энергиях 

На основе материалов, предстлпленных на Междуплродную кошЬирен-
дкю по физике высоких энергий (Токио, 1978), подподптсп итоги иссле
дований взаимодействий частиц и ядер высоких энергий с ядрами. 
Особое внимание уделяется кумулятивному эффекту - образовании частиц 
в области предельной фрагментации ядер вне границ, разрешенных 
кинематикой однонуклонных столкновений. 

Работа выполнена в Лаборатории высоких энергий ОН ЯН. 

Препринт Объединенного института ядерных исследований. Дубна 1978 

Baldin A.M. El . 12031 
Multibaryon Interactions at Relativistic Energies 

"The studies of the interactions of high energy particles 
and nuclei with nuclei are summed up on the basis of the papers 
submitted to the International Conference on High Energy Physics 
(Tokyo, 1978). Special attention is paid to the cumulative effect, 
i.e,, production of particles in the region of limiting fragmentation 
of nuclei outside the limits allowed by the one-nucleon collision 
kinematics.: 

The Investigation has been performed at the Laboratory 
of High Energies, JINR. 
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Great success of the quark models in describing both 
the static properties of hadrons and the reactions in
volving them makes it possible to apply to the study of 
more complicated and perhaps more critical for the 
test of the theory phenomena. In this connection, the 
study of the reactions involving multibaryon configura
tions has recently become still more popular in high 
energy physics. At the XVIII International Conference on 
High Energy Physics in Tbilisi several t a l k s ' 1 - 5 ' ' were 
devoted to effects for which small internucleon spacings 
in the interaction of high energy particles with nuclei 
are essential. It is obvious that, if these spacings are 
of the order of the confinement radius or less, then the 
quark degrees of freedom must play a definite role. 
There exist estimates of the order of magnitude of the 
density of nuclear matter at which it transforms to 
a state of "quark plasma" and even possibly to a crystal
line state. 

The collisions of high energy particles and relativistic 
nuclei with nuclei are presently interpreted on the basis 
of the idea of asymptotic freedom and quark-par ton mo
dels. The problem of confinement and quark interaction 
at large distances is also of great importance for their 
interpretation. Information on multibaryon resonances 
appears, in turn, to contribute greatly to clarifying the 
problem of confinement. The (Лр) and possibly (ЛЛ ) 
and (ЛЛр) resonances discovered by Shakhbasian / 7 / have 
recently been interpreted / 8 ' 9 / as multi-quark forma
tions in a single "bag". The confirmation of the existence* 

See also H.Ikeda et al., contribution No. 625, Sec. A5. 
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of such large "quark plasmons" would be very important, 
in particular, it would mean that we have already dis
covered a metastable state of superdense nuclear matter, 
i.e., multibaryon states possessing elementary particle 
density. 

Among a very large number of papers on interactions 
of high energy particles with nuclei and on the physics 
of relativistic nuclei submitted to the present Conference 
we have chosen only the results which deal in some way 
or other with the problems mentioned above and which 
are most adequate to the programme of the present 
Conference. Our attention is focussed on the one-particle 
distributions of particles produced in particle-nucleus 
and nucleus-nucleus collisions. Of most interest is the 
particle production in the region of limiting fragmenta
tion of nuclei which is kinematically forbidden for one-
nucleon collisions. 

The particle production in this region is given the 
name of cumulative effect and the first data on cumulative 
production of mesons by relativistic deuterons on nuclei 
was reported as early as in 1972 it the XVI International 
Conference on High Energy Physics in Batavia'10;'Since 
that time a great deal of information on this effect re
lative to the class of hard collisions was accumulated. 
The kinematic limits are defined by the cumulative 
number N.that is, by the effective number of the nuc'jons 
of a fragmenting nucleus involved in the reaction. For 
one-particle distributions the minimal value of N is 
determined by the kinematic limits imposed on the mass 
of the object taking part in the collision 

I + II -• 1 + ... (1) 

When exp|jij-y n | |»i № the region of the limiting frag-
• mentation of nucleus I the relativistically invariant 

quantity N m i n assumes the following values 

—l̂ —U< in the rest system 
Nmin = m p of nucleus I (2) 

P /p° in the rest system of 
x u a particle or nucleus II 
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where p° is the momentum per nucleon; mp, the proton 
maiis; y, ,p the rapidities; p 1 L , the longitudmal momen
tum. The cumulative effect corresponds to the region 
defined as N m i n > 1. The scaling with the variable N r a i n 

is valid much better than with x F . 
The cumulative effect was predicted /12<m the basis of 

the following assumptions. In the spirit of the parton 

models the one-particle distribution p r

n = -—E. £2— in 
1 "in ' dp\ 

the region of the limiting fragmentation of nucleus I 
is taken in the form of a superposition of the one-particle 
distributions which are due to the limiting fragmentation 
of the objects of mass Nmp inside nucleus I 

Without further assumptions on the probability P„ for 
finding a constituent with mass Nm _ inside the nucleus 
and on an explicit form of P N the following properties 
of the cumulative effect can be indicated: 

1. The dependence of P on the properties of the 
target (particle II) niiust practically be absent due to 
limiting fragmentation. Thus, it is clear that to study 
the spectra of secondary particle beams which are due 
to the collisions of relativistic heavy ions the latter 
need not be accelerated. It is enough to study particle 
production on these nuclei at angles close to 180° under 
the action oi,e.g., protons. It was just in such experiments 
that the basic data on the cumulative effect had been 
obtained / l 1 / . ' 

2. The most important characteristic of the cumula
tive effect is the dependence of pfl on the atomic weight 
of the fragmenting nucleus AT since it enables us to 
make definite conclusions on P N . The p N values are 
expected to be identical for various nuclei. 

3. The kinematic boundary enters pN and defines 
in eq. (3) the lower limit of summation or integration 
over N if it is supposed in the spirit of parton models 
that N assumes continuous values. This means that 
the A, dependence of p must be variable with changing 
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kinematic boundary. The selection of the events containing 
cumulative particles (or group of particles) is the selec
tion of the configurations in the wave function of a nuc
leus which contains N nucleons at so small distances 
at which their parton quark constituents are collecti
vized. The quark collectivization must strongly be affec
ted by the increase of the quark interaction potential 
providing quark confinement. The order of magnitude 
of the cross section of the cumulative effect and the 
AI dependence of p were predicted on the basis of the 
following assumptions: 

a) The constituents move in the nucleus in an uncorre
cted manner, that is, P N is described by a binomial 
distribution 

AI q N ( l - q )

A - N . ( 4 ) 

N!(A-N)! 
where q is the probability for a constituent to fs.ll into 
the region occupied by a multinucleon cluster. The dis
tance at which the nucleons lose their individuality was 
assumed to be r - 0.6-0.7 fin. This estimate is well con
firmed by experiment. 

b) The multinucleon cluster, or the large parton, 
possesses the properties of a usual hadron and to get 
estimates рц can be taken from the data on particle 
production in p-p collisions. 

The above assumptions enabled us to predict the fol
lowing properties of the cumulative effect: If we insert 

in (4) q - ( -I—_)2-_J_ then a fast increase of the A de-

pendence with increasing cumulative number is obtained 
(approximately an additional factor A I / 3 with increasing 
N by unity). The P N probability must decrease rapidly 
with increasing N independently of our specific as
sumptions. Therefore it is natural to consider only the 
first term in (3), corresponding to N =N m i n . It follows 
from this consideration that in the region of cumulative 
particle production by relativistic nuclei <jjr P must 
depend on the atomic weight in an exponential manner 
Am , where m increases monotonously with secondary 
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particle momentum m = ~ н -- ~ . At p > p° the power 
о о p 1 ] 

I 
exponent must exceed unity. The dependence of the cross 
sections on the atomic weight of target-nucleus II in the 
fragmentation region of nucleus I must vanish due to 
the property I. As a result, the dependence of the cross 
section on the atomic weight A 1 with changing у t from 
the values near y, to the values in the vicinity of У п 

changes' very strongly: the exponent m changes by more 
than a factor of 10! 

The predicted properties of the cumulative effect 
have well been confirmed experimentally. The discovered 
dependences on the cumulative particle energy are des
cribed by simple exponentials. It is interesting to note 
that the simplest dependence 

a.np = const A," A" e x p [ - a N m i n ] , (5) 

where a is constant and n = l /3 . describes satisfactorily 
all the main regularities of the cumulative particle pro
duction including the angular distributions. 

The main properties of the cumulative meson pro
duction were discovered in 1971 and studied by Stavinsky 
and his co-workers at D u b n a / 1 , l 0 / . The limiting frag
mentation of nuclei from deuterium to uranium in the 
range of the cumulative numbers up to 4 had been inves
tigated by this team. Pions, protons and nuclear frag
ments played the role of the cumulative particles. 

Figure J s h o w s / 1 3 / new data on the one-particle 
distributions in the reaction P + A • n (180°) m the 
region of fragmentation of nuclei at a proton momentum 
8.9 GeV/c. The cumulative number N m i n = l corresponds 
to T„ = 270 MeV and N m i n =2 to T„ = 629 MeV. The 
cross sections are normalized to the atomic weight. 
Similar data are obtained for other proton energies. 
A large amount of experimental data for the cumulative 
numbers from 1 to 2 i s described by the simple formula 

E„ ~ - С-A- e x p l - Т я / Т ° |, (6) 
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where Tn is the pion kinetic energy, с and T,J? are 
constants. Figure 2 givcj the dependence of T° on the 
momentum per nucleon P, of the nucleus in the anti-lab. 
system for different nuclei. As is seen from the figure, 
T° weakly increases with A t the limiting fragmentation 
of nuclei into pions (independence of the cross section 
of p° ) begins in the region p° = 4 GeV/c which is in 
accordance with the condition | y r -y, , \~> L, where L ^ a 
is the correlation length in the rapidity space*. Figure 3 

It follows from this consideration that for the case 
when particle II is a pion, gamma quantum, or a neutrino 
the limiting fragmentation of nuclei must begin at an 
energy lower than 1 GeV. 
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presents the data on fragmentation of nuclei into deu-
terons in the reaction pA « d (180°). The cross sections 
are in this case normalized to A 5 ' ' 3 which shows the 
existence of Anl dependences with m larger than unity. 
Figure 4 gives new data on the limiting fragmentation 
of the lightest nuclei. The extreme points correspond 
to an almost absolute kinematic limit. Figure 5 shows 
the dependence of the inclusive meson production cross 
sections for different nuclei ( H , D , He , Pb ) on the 
emission angle for fixed meson momenta. 

Protons and pions emitted in the backward direction 
in high energy hadron-nucleus interactions are studied 
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by Fujioka et al:' , 4 / .The energy range is measured to be 
for protons and pions from - 80 to 300 MeV, the energy 
spectra are expressed by exp[ -T/T 0 ] . T 0 for protons 
is 40-45 MeV within the range of primary momenta from 
4 to 205 GeV/c. T 0 for pions is 60-65 MeV within the 
range of primary momenta from 12.6 to 26.5 GeV/c 
(see fig. 6). The data obtained in such a wide energy 
range well supplement the data for low energies and 
demonstrate that the limiting fragmentation of nuclei 
begins at rather low energies (сотр. figs. 2,8 and 6). 
A good illustration of this assertion is fig. 7 from r e f / i v 

which shows the distributions of mainly pions in the 
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(iA) and (pA) reactions up to an energy of 400 GeVover 
the pseudo-rapidities of secondary particles. The region 
of limiting fragmentation corresponds to — 2 < r/ < 1. The 
yield of cumulative protons exceeds by about two orders 
of magnitude that of cumulative pions and the study of 
the cumulative protons had begun long before the notions 
of scale invariance and limiting fragmentation of nuclei 
became of current use. Figure 8 shows the T o values 
for different fragmenting nuclei as functions of the mo
mentum of primary proton.s: 1.22 ОеУ/с(ШИ; 1.28 GeV/c 
(НО0)'17''; 1.39 GteV/cU5D°) / 1 8'.i.86; 4.50; 6.57 GeV/c 
(137°) / 19 /; 8.9 GeV/c (180°)' г 0 The dependences are seen 
to be regular and the agreement wi*h the data of fig. 6 
gives evidence for the validity of limiting fragmentation. 
A special emphasis should be placed on the investiga
tions on proton production from nuclei at large- angles 
performed by Leksin and his co-workers / 1 9 / and dis
cussed in Tbilisi '•". 
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A very interesting confirmation of the universal de
pendences such as expl-T/Tol was obtained in Batavia, 
where the cross section for proton production in the 
backward hemisphere in the antineutrino-neon interac
tions was studied (see the review by Nezrick 2 1 ) and 
on the Erevan acce le ra to r / 2 a , where gamma quanta 
were used as particles II. Figure 9 gives the angular 
dependence of the parameter 3 = l/2mpT0 , where mp is the 
proton mass, obtained in reactions of limiting fragmen
tation of nuclei C 1 2(<j) , Cu 6 3 (\) and P b 2 0 8 ($ ) induced 
by gamma quanta with an energy (E ) * "" "-" 

y'max 4.5 GeV 
from ref/ 2 2 ^The data marked by A are taken from 
ref. / , i 3 'and are relative to an energy ( E y ) l l l a x , 1 . 2 GeV. у /шах 
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It is worth noting that the T 0 value obtained in this 
case for angles close to 180"is in satisfactory agree
ment with the discussed above ( T 0 ~ 40-50 MeV). New 
data on cumulative production of protons and Л hyperons 
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relatively large momentum transfers is shown in ref. - b , 
where the interactions of 6.3 and 8.9 GeV/c deuterons 
with protons and deuterons for four- momenta transfers 
| t |=0.41 and 0.80 (GeV/c)*. resp., were studied (see 
Fig. S). 

Of a particular interest for ше theory is the cumula
tive Л particle polarization measured in ref. a !•'. In ac
cordance with an earlier paper ^ Л where the cumulative 
\ particle polarization was also measured, it reaches 
its maximum possible value for an angle 0 = 90° and is in
dependent according to limiting fragmentation of the nature 
of a bombarding particle. In the paper 2 4 ' t he re is a con
firmation of the important fact established in the work 
of the Institute of Theoretical and Experimental Phys ics ' 2 8 ' 
that the parameter T0 is independent of the multiplicity 
of the protons produced. 

The studies of particle production on nuclei with 
high Pj. bear a direct relation to the limiting fragmen
tation problems. In experiments of the Cronin team s 9 
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the same strong A dependences / 5 9 / as those found 
in the cumulative effect studies were discovered. Re
cently a similar A dependence was de t ec t ed / 3 0 / in the 
hadron jet production in n~ and P beams on nuclei 
at high energies. If it is parametrized as Am, then 
ш (_n~ incident):: 1.о and m ( p incident)-145and is roughly 
constant with p x (3-6 GeV/c). The large values of such 
exponents are a strong evidence for new dynamics. 

A development of the cumulative effect model (eq. 
(3)) on the basis of the quark-parton approach has been 
made by Efremov / 3 / . The model links the cross sections 
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for particle production on nuclei with large P_L with the 
cross sections for cumulative particle production and 
explains qualitatively the hadron polarization in these 
processes. The calculations / 3 I / based on the assump
tion that the cumulative process is defined by the hard 
binary collision of a "fluctuons" parton with the parton 
of an incident particle give 

d(T = 2 P q d < , N ( x a , - i . ) ( l _ <j_ 6(q~l) CO 
The "fluctuons" are multibaryon configurations of mass 
N , m n rcp at small relative distances, P£ is the same 

as P N in eq. (3) 

» <- в " Eif 
The hypothesis about nuclear density fluctuations was 

suggested by Blokhintsev 3 a'for explaining the knocking 
out of light nuclei by protons 3 3 from heavier nuclei 
when the momentum transferred to a light nucleus is 
much larger than the binding energy of this nucleus. As 

ft. 6.3 GeV/c ц . 8.9 G«We 
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the estimates based on the quark bag model s h o w / 3 1 , 3 4 / , 
the probabilities for the existence of multiquark fluctuons 
in nuclei are enough to account for the order of magnitude 
of PN . A parton recombination model of cumulative 
hadron production which is similar to the one of r e f . / 3 1 ' 
was developed by Takagi / 3 5 / -

A very interesting rough version of the model spe
cified by eq. (3) was proposed in ref. / 3 6 / . The simplifi
cation of eq. (3) consists in the following (let particle II 
be a proton): 

Pp ( s-y-Pa.bPp(-N, s,y + loK<N( . , P i ) . ф 
1/3 

where ' N p i A, is the effective number of the nuc-
leons involved in the collision. Dar and some other 
authors showed that eq. (8) is a very economic way for 
describing a large amount of experimental material. In 
r e f s / l b / it is indicated that this version encounters 
some difficulties which seem to some of its a u t h o r s ' 3 7 / 

to be only a restriction on the range of applicability. 
There is also a certain development of the Strikman and 
Frankfurt suggestion / 4 / about the predominance of the 
pairing correlations in the wave function of nuclei for 
explaining the cumulative particle production / 3 8 / - In 
r e f . / 3 9 / it is pointed to the importance of experimental 
study of the vector meson cumulative production and 
to a possibility of observing in these processes mani
festation of the dynamic properties of the conserved 
quantum numbers (isospin, hypercharge and baryon num
ber) suggested by the Yang-Mills theory. 

In r e f s . / 4 0 , 4 1 / the cumulative effect regularities are 
accounted for on the basi^ of the cluster model. In the 
rest system of the nucleus the pion decay spectrum of 
a moving cluster has, contrary to eq. (6), the form 

f - const exp [-PM uM / T 0 I. 

where и** is the four-velocity of the cluster and p the 
four-momentum of the detected pion. The pion production 
outside the kinematic limits for nucleon-nucleon colli-
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sion is in this model due to the large mass of a cluster 
produced in the process of successive collisions. 

At the Tbilisi Conference much attention was also 
paid to the opposite (with respect to the cumulative) 
part of single-particle spectra in the longitudinal rapi
dity space, that is, the region of fast particles produced 
on nuclei, and especially to the problem of attenuation 
of fast particles with increasing atomic number. The 
papers /15.42.45-49/ submitted to the present Conference 
are just devoted to this problem. The importance of the 
study of hadron-nucleus collisions in this region is due 
to the unique possibility of obtaining information about 
the space-time evolution of the collision process and 
the interaction of pre-hadronic matter. 

Figure 12 from the paper by Suzuki 4~ presents the 
comparison of the theoretical calculations by the fireball 
cascade model with the experimental data l r > for the 

ratio R(r>)-- ._M/-— • -r----.where r, - -In tgf/ a is 

the pseudorapidity. In the ranges-5 R becomes smaller 
than unity and strongly decreases with increasing A . 
This manifestation of the many-nucleon effects has for 
the past two years been an object of many theoretical 
investigations including those on the basis of quark-
parton models. In ref. 1 5 'attention is paid to the position 
of the point r/o • where R (r/0) = 1 as a function of energy 
which is especially important in connection with the 
new data on R(i/) at an energy 400 GeV"1-VThe available 
experimental data indicate tnat у ш и х - ' / о •* < : 0 1 i s t Figure 13 
gives the comparison of the dependence ( y l l l a x >i0) as 
a function of energy with the existing theories. The 
curves 1 and 2 are the results of calculations by the 
parton-cascade model 4 3 Alternatively in the eikonal 
type mode l s ' 4 4 this quantity should be constant and 
equal to *• 2.6 (the dotted line) which is in excellent 
agreement with experiment. 

Experiments suggest that the interaction of newly 
produced systems with nucleons inside the nucleus is 
suppressed to a large extent. In order to understand 
these effects there have been various attempts to incor-
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porate the space -time evolution in the model of multiple 
production on nuclei. However, up to the present we 
have at our disposal no theory of a sufficiently predictive 
power, the available theories can mainly give a partial 
explanation of the existing experimental data. 

The ratio of the multiplicities R, for 

pion production on nuclei and protons in the central re
gion (1.10 <.tj< 3.34) was measured by Bellini et a l / 5 0 / . 
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The experimental data can be approximated by the power 
function A" with « = 0.011+0.002 which is in agree
ment with the predictions of the coherent tube model 
and the quark model in the impulse approximation'' 5 1 7 and 
is in disagreement with the version of the parton model 
developed in r e f / 5 2 / 

The above considerations show that in the study of 
the processes of interaction of high energy particles 
with nuclei it is of particular interest to single out 
multiple production events which involve a few nucleons 
of the nucleus (multinucleon interactions). There are 
the following methods of such an extraction: 

1. extraction of cumulative particles in the region of 
limiting fragmentation (see arove), 

2. extraction by the char.ge (hypercharge) of produced 
particles. In the papers submitted to the present Con
ference the multinucleon interactions are singled out 
on the basis of the following criteria: 

a) the charged =n_,-n_, where n, is the number 
of rr+ mesons and fast protons, and n_ is the number 
of negative particles. For the reactions л~ + l a C the 
events with Q > 0 are attributed to the interactions with 
several (i/),_ protons (^> QHI). The data on .т-(гр) in
teractions are compared with those on (n p) at the 

'Пир), 1 w'np 
"in dPiT 

as a function of the longitudinal momentum p L in the 

same energy (40 GeV). The quantity R .* -1— ~ -
CTin " P L 
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lab. frame passes unity forpL= 5-7 GeV/c and R < 1 for 
large p L in agreement with the data discussed above / I f t f 
A detailed comparison of the d a t a / 5 3 / on inclusive reac
tion *~ + 1 2 c- > n+(n~ ) with the presently available theories 
of multiparticle production on nuclei is given in ref. 5 4 { 

b) double charge exchange n-~+A-. л-"1". As the stu
dy/55/ 0 f thiS reaction shows at an incident momentum 
4.7 GeV/c the main part of the cross section is described 
by a two-step mechanism using the well-known data on 
л N interaction. In the high energy tail of the positive 

particle spectrum we should apparently take into account 
the few-nucleon mechanism. 

3. Large possibilities of extracting multinucleon 
interactions come from the investigations with relativistic 
n u c l e i / u / - In addition to the cumulative effect studies 
with relativistic nuclei started as early as in 1971 / 1 0 / , 
the determination of " by the number of the proton 
spectators Z s: <t> > -2(Z-<Z s^ ( z is the incident nucleus 
charge; <Zg ->, the average charge of ^tripped partic'^s) 
was also found to be a good method The latte, 
used to establ ish / 5 6 / that the тГ meson ** fastpi_ 
multiplicities increase in proportion to «bile the 
change in the g -particle multiplicity . /er with 
increasing <v> . 

In the earliest discussions of per spec s of the 
relativistic nuclear physics sceptics assertt that ttie 
nucleus-nucleus collisions would be very complicated 
and would give little information. The invalidity of this 
scepticism is shown in fig. 14 which gi/es a photograph 
obtained from the Dubna propane bubble chamber' . 
The event is a peripheral interaction of a carbon relati
vistic nucleus of an energy of 50 GeV with a carbon 
nucleus of propane with a subsequent central interaction 
of the nucleus fragment with tLe carbon nucleus. The 
multiparticle production of this type is found to be 
simpler from the topological viewpoint than those in 
p-p collisions at an energy of hundreds of GeV. The 
experimental data show that the average number of the 
nucleons of the bombarding nucleus interacting with 
a target-nucleus •; v> is rather large. For example, 
it reaches <i> =. 6.00+0.60 for the collision of the carbon 
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nucleus with the tantalum nucleus. The tantalum plates 
were placed inside the working volume of the propane 
chamber. 

The similarity of multiparticle processes occurring 
in nucleus-nucleus and P - P collisions has clearly been 
proved on a strimer chamber / 5 7 , 2 5 / .Toe inelastic nucleus-
nucleus cross sections are large and agree well with 
a simple geometric p i c t u r e / 5 6 _ 5 8 , 6 0 / . 

CONCLUSIONS 

1. Since the XVIII International Conference in Tbilisi 
a large amount of experimental information on multi-
nucleon interactions has been obtained. 

(a) The range of an approximate validity of the li
miting fragmentation of tiuv „ei has been clarified. , 

(b) The universal energy dependences of the cross 
sections in the cumulative region have been clarified 
and improved. 

(c) Data on the angular distributions and polarization 
of the cumulative particles have been obtained. 

(d) Strong A dependences have been observed not 
only in the cumulative effect and production of particle 
with large Px . but also i>. the production on nuclei o£ 
hadron jets. 

(e) Some dependences of the cumulative particles on 
the quantum numbers have been established. 

2. The study of different manifestation of quark plas-
mons (fluctuons) in nuclei and multibaryon resonances 
predicted by quark models is an important and extensi
vely developed trend of the high energy physics. 

3. The attempts to construct a theory of phenomena 
related to large momentum transfers to multinucleon 
systems must cover all the balk of experimental data 
from (a) to (e). The most promissing candidate for such 
a theory - the quark-parton theory of hard collisions -
needs further development. 
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4. The possibility of studying the space-time picture 
of development of the strong interaction process by 
means of hadron-nucleus interaction and the particle 
formation length concept needs further theoretical and 
experimental grounds. 
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